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Abstract: While certain aspects of hyolingual function have been intensively studied in 

extant archosaurs, including both the crocodylian- and bird-lineages, major aspects 

remain unstudied within their closely related extinct taxa, e.g., basal archosaurs and non-

avian dinosaurs. In archosaurs, the hyoid apparatus and the associated larynx control the 

movement of the tongue and the throat, further affected several essential functions 

including drinking, food intake and manipulation, sound making, as well as panting and 

breathing. In addition to feeding, the hyolingual apparatus has also been identified as 

closely involved in sound production in crocodylians. However, neither the hyoid 

morphology nor the tongue function has been systematically investigated in extinct 

archosaurs (e.g., non-avian dinosaurs or other basal birds) because of the assumed limited 

evidence in the fossil records. So far, little is known about the ability of basal archosaur 

or non-avian dinosaur to produce sound, what their tongue looked like and how they used 

it. Therefore, the major goal of the dissertation is to integrate anatomical and functional 

data on the hyolingual apparatus in Crocodylia and Aves, combined with the most 

comprehensive assessment of hyoid fossils from extinct archosaurs, finally reconstruct 
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the evolution of hyoid morphology and tongue function in Archosauria. The recoveries of 

several key specimens from this study filled the morphologic gap in the hyoid evolution 

from ancestral archosaurs to living birds. New techniques applied as the contrast-

enhanced Computed Tomography Imaging combined with a large number of dissections 

supplement prolific details for inferring the soft-tissues of hyolingual apparatus within 

archosaurs. The synthesis of data on both bony hyoid and associated muscles illustrate 

the major pattern of the hyolingual evolution in dinosaur and shed new light into the 

origin of bird tongue and novel function. 
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Chapter 1:  Introduction 

While certain aspects of tongue morphology have been intensively studied in 

extant archosaurs, especially in extant bird lineages, its early origin and potential 

implication for the tongue function of non-avian dinosaurian remain unstudied. The 

major goal of the dissertation is to integrate the hyolingual morphologies in Crocodylia 

and Aves, compare this particular anatomical unit in both extant and extinct archosaurs, 

and finally reconstruct the origin of avian tongue and novel function. Based on the 

collective data on hyoid anatomy and function in crocodilians and birds, the ‘Extant 

Phylogenetic Bracket’ approaches were applied to evaluate the most relevant fossil 

material and make inferences for the dinosaur tongue.  

Chapter 2 includes one of the most detailed descriptions of the hyolingual 

apparatus in Alligator mississippiensis based on both dissection and contrast-enhanced 

high resolution x-ray compute topography (CT) data. Differing from traditional 

anatomical studies, I am visualizing the bony hyoids with individual hyolingual muscles 

in situ with the 3-D reconstruction to maximize the clearance. I have also clarified the 

attachments of these fine muscular tissues that surrounding the hyolingual apparatus 

previously unclear. Potential homologous muscles were proposed and emphasized within 

lepidosaurs, alligators, and birds. The pattern of bony hyoid features evolved through 

Archosauriformes, stem archosaurs, and Crocodyliformes were revealed. These features 

are proposed to be related to their remarkable shifts in feeding ecology compared to the 

reptilian outgroups during the origin and evolution of Archosauria. Therefore, in addition 

to the previously proposed locomotion, the hyolingual morphology and related feeding 

adaptation are also potential keys to interpret the radiation of archosaurs through 

Permian-Triassic boundary. 
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Chapter 3 investigates the hyolingual apparatus of waterfowl (geese, ducks, and 

swans) and their relationship with specific feeding ecology. Most waterfowl have heavily 

involved the hyolingual apparatus in specialized feeding, categorized as the terrestrial 

grazing, underwater grasping, dabbling and filtering feeding. The clusters of taxa with 

different feeding mode are mostly revealed by the morphometric analysis of cranial and 

hyolingual measurements from a large amount of anatids within a phylogenetic context 

(phyl.pca). I have also examined the skeletal correlates with discrete muscular features to 

explain different functional significance related with filter-feeding and grazing in ducks 

and geese respectively. These approaches, which have been used for examining the 

evolution of feeding mode in extant waterfowl, are proved to be also useful in predicting 

the feeding mode of extinct anatids, for instance, Presbyornis and Thambetochen.  

Chapter 4 is a methodology component that investigates the experiment and 

simulation of iodine staining combined with the computed tomography (CT) scans to 

acquire soft-tissues contrast within avian head. It represented the first effort to 

systematically assess the efficacy and mechanism of contrast-enhanced x-ray CT utilizing 

iodine in large specimens. The integrated experiments and simulation results have 

addressed critical issues in the staining of soft-tissues in large specimens using Lugol’s 

Iodine. Satisfactory results were achieved by significantly extending the staining period 

using a low-concentrated I2KI solution with periodic replacement of the solution. The 

experimental data is also consistent with a numeric simulation based on a Dispersion-

Sorption model. Identified attributes of different tissues that affect the staining rate and 

efficacy include the bulk density, tissue porosity as well as partition coefficient. Based on 

these results, specific protocols customized for tissue size and type are recommend to 

optimize the contrast in iodine staining. These results have expanded our understanding 
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of the diffusion process of iodine molecules, which is also the first study to report 

protocols for effective staining of large specimens. 

Chapter 5 is a synthesized chapter for the investigation of dinosaur hyoid 

evolution and implication. The major theme is to explore the hyoid and tongue evolution 

in non-avian dinosaurs by examination of a large number of fossil material (e.g., stem 

archosaur, avialans, and non-avian dinosaurs), combined with new anatomical details in 

extant birds and Alligator using dissection and contrast-enhanced CT imaging. The 

comparative analyses of hyoid-related features in a phylogenetic context have revealed 

important morphological shift and novelties that occurred along the evolution of 

dinosaur. For instance, the craniad shifted ceratobranchial position evolved quite early 

through the origin of archosaurs; the pectoral-hyoid connection was inferred to reduce 

through the origin of theropods; the shifted laryngeal-hyoid position was inferred to occur 

in avialans. Implications for these step-wised morphological changes imply the origin of 

bird tongue and associated novel features. Underlined by these morphological 

modifications, the evolution of tongue function evolved along bird-line archosaurs as 

well, directly affected the reduction of buccal pumping, enhanced role in hyolingual 

feeding, and origin of bird vocalization.  
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Chapter 2:  New insight into the anatomy of the hyolingual apparatus 
of Alligator mississippiensis and implications for reconstructing feeding 

in extinct archosaurs 

Running title: Hyolingual apparatus of Alligator mississippiensis1 

ABSTRACT  

Anatomical studies of the cranium of crocodilians motivated by an interest in its 

function in feeding largely focused on bite force, the jaw apparatus, and associated 

muscles innervated by the trigeminal nerve. However, the ossified and cartilaginous 

elements of the hyoid and the associated hyolingual muscles, innervated by the facial, 

hypoglossal, and glossopharyngeal nerves, received much less attention. Crocodilians are 

known to retain what are ancestrally the “Rhythmic Hyobranchial Behaviors” such as 

buccal oscillation, but show diminished freedom and movement for the hyobranchial 

apparatus and the tongue in food transport and manipulation. Feeding among 

crocodilians, generally on larger prey items than other reptilian outgroups, involves 

passive transport of the food within the mouth. The tongue in extant crocodilians is 

firmly attached to the buccal floor and shows little movement during feeding. Here, we 

present a detailed anatomical description of the myology of the hyolingual apparatus of 

Alligator mississippiensis, utilizing contrast-enhanced Micro-computed tomography (CT) 

and dissection. We construct the first three-dimensional (3D) description of hyolingual 

myology in Alligator mississippiensis and discuss the detailed implications of these data 

for our understanding of hyolingual muscle homology across Reptilia. These anatomical 

data and an evaluation of the fossil record of hyoid structures also shed light on the 

                                                 
1This chapter is published. Citation: Li, Z., & Clarke, J. A. (2015). New insight into the anatomy of the 
hyolingual apparatus of Alligator mississippiensis and implications for reconstructing feeding in extinct 
archosaurs. Journal of Anatomy, 227(1), 45-61. Conceived project: J.A.C., Z.L.; Collected data: Z.L.; 
analyzed and interpreted data: Z.L, J.A.C.; wrote paper: J.A.C, Z.L; created figures: Z.L.  
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evolution of feeding in Reptilia. Simplification of the hyoid occurs early in the evolution 

of archosaurs. A hyoid with only one pair of ceratobranchials and a weakly ossified or 

cartilaginous midline basihyal is ancestral to Archosauriformes. The comparison with 

non-archosaurian reptilian outgroup demonstrates that loss of the second set of 

ceratobranchials as well as reduced ossification in basihyal occurred prior to the origin of 

crown-clade archosaurs, crocodilians and birds. Early modification in feeding ecology 

appears to characterize the early evolution of the clade. Hyoid simplification has been 

linked to ingestion of large prey items and this shift in hyoid-related feeding ecology may 

occur in early archosauriform evolution. A second transformation in hyoid morphology 

occurs within the crocodilian stem lineage after the split from birds. In Crocodyliformes, 

deflections in the ceratobrachials become more pronounced. The morphology of the 

hyoid in Archosauriformes indicates that aspects of the hyolingual apparatus in extant 

crocodilians are derived, including a strong deflection near the midpoint of the 

ceratobranchials, and their condition should not be treated as ancestral for Archosauria.  

KEY WORDS: Alligator; hyolingual apparatus; muscles; CT; feeding; tongue; 

fossil. 

 

INTRODUCTION 

In comparison with other non-avian reptiles, the hyoid apparatus and tongue in 

crocodilians is significantly simplified morphologically (Sewertzoff, 1929; Schumacher, 

1973; Schwenk, 1986, 2000). Relatively few authors specifically focused on the hyoid 

apparatus or the associated hyobranchial muscles, compared to the prolific work on the 

jaw apparatus and associated trigeminal muscles in crocodilians (e.g., Sewertzoff, 1929; 

Gnanamuthu, 1937; Sondhi, 1958; Schumacher, 1973; Cong et al. 1998; Holliday et al. 
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2013). However, the hyolingual system for reptiles in general, which supports the 

posterior portion of the buccal floor with the larynx embedded, is not only importantly 

involved in drinking, food handling and transport, but also in respiration (e.g., gular 

pumping and panting) and in vocalization (Gnanamuthu, 1937; Britton, 2001; Holliday, 

2006; Riede et al. 2011, 2015).  

Although the cartilaginous and bony hyoid elements are simplified in crocodilians 

compared with their relatively complex counterparts of other reptiles (e.g., lepidosaurs, 

turtles; Schumacher, 1973; Schwenk, 2000; Figs 2.1 and 2.2), the hyobranchial muscles 

show a similar pattern across all non-avian reptiles in general (Sewertzoff, 1929; 

Edgeworth, 1935; Ganamuthu, 1937; Diogo & Abdala, 2010). Those muscles associated 

with the hyoid usually cross the ventral side of the head and neck and are complex in 

both arrangement and function (Tanner & Avery, 1982; Cong et al. 1998). In Alligator, 

some of these hyoid muscles (e.g., M. branchiomandibularis visceralis or M. 

branchiohyoideus) have remarkably deep insertions in the gular region and many of those 

attachments are covered by other cranial muscles and soft tissues. It is a challenge to 

reveal the anatomical detail of these relatively fine muscles associated with the 

hyolingual apparatus through either dissection photographs, or reconstructions through 

illustrations. Previous authors who addressed cranial morphology in Alligator only 

depicted the hyoid muscles in ventral view (e.g., Sondhi, 1958; Schumacher, 1973; Cong 

et al. 1998; Bona & Desojo, 2011). This approach limits adequate and accurate data on 

either the insertion or the origin of these complex muscles. In addition, drawings can be 

difficult to interpret and inhibit comparisons between homologous structures even among 

species of extant crocodilians (e.g., Lubosch, 1933; Sondhi, 1958; Bona & Desojo, 2011). 

Previous work by Edgeworth (1935) provided a comprehensive review of the 

vertebrate cranial muscles and established proposed transformational homologies from 
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fishes to mammals. The large scope of that classic work limited his detailed coverage of 

any one group. Most other early work on hyolingual structures included notes on the 

crocodilian hyoid and associated muscles with descriptions of other non-avian reptilians 

(e.g., lizards and snakes) without comparing birds or addressing homology issues 

between lepidosaurs and archosaurs (Gnanamuthu, 1937; Sondhi, 1958; Tanner & Avery, 

1982). Detailed descriptions of jaw and hyolingual muscles from a variety of reptilians, 

including Alligator mississippiensis and turtles was provided by Schumacher (1973). 

However, several labels for illustrations of the hyolingual muscles in Alligator 

mississippiensis are identified as incorrect here (e.g., M. coracohyoideus; figure 56; 

Schumacher, 1973). Two studies treated the hyolingual apparatus in other crocodilians 

(Gavialis gangeticus and Caiman latirostris; Sondhi, 1958; Bona & Desojo, 2011). Their 

work is reviewed in a comparative framework. Laryngeal myology in Alligator has 

recently been described (Riede et al. 2015) and is not treated here.  

All previous descriptions of hyolingual anatomy relied on traditional dissection 

and explanatory two-dimensional (2D) illustrations. However, advent of X-ray computed 

tomography (CT) scans allows for the acquisition of detailed and accurate presentation of 

three-dimensional (3D) anatomical data that can be used in concert with data from 

dissection (e.g., Endo & Frey, 2008). Recently, the introduction of the use of contrasting 

agents in high-resolution Micro-CT scans allowed for significant soft tissue definition 

(muscles, cartilages, and major nerves) largely unavailable in CT scans of untreated 

tissues (Metscher, 2009ab; Holliday et al. 2013). In this study, we utilized both dissection 

and contrast-enhanced high-resolution X-ray CT to reveal the soft- and hard-tissue 

anatomy around the hyoid apparatus of Alligator mississippiensis in a few specimens 

ranged from post hatching, juvenile, to adult. The first three-dimensional reconstruction 

of the hyoid apparatus and associated muscles was made possible by these new CT 
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datasets (Figs 2.3 and 2.4), and the detailed morphology of hyolingual elements and 

muscle attachments are described and illustrated (Figs 2.5–2.8). These new data also 

allow for a comparative assessment of the anatomy of this region in extant crocodilians 

and identification of shared features within this clade.  

 

MATERIALS AND METHODS  

Six specimens of Alligator mississippiensis were obtained from the Rockefeller 

Wildlife Refuge (Grand Chenier, Louisiana), University of California, Irvine, and 

University of Utah, Salt Lake City (see Table 2.1 for specimens list). These specimens 

were formalin-fixed prior to the study and all specimens were prepared at the Texas 

Natural Historical Collection (TNHC). One adult and two juvenile specimens were 

dissected and photographed (Table 2.1: no. 4, no. 5, and no. 6). Three specimens 

prepared for contrast-enhanced CT scans, including the two heads from juveniles and the 

tongue from the adult. The two smaller juvenile heads (Table 2.1: specimen no. 1 and no. 

2; Figs 2.3 and 2.4) were stained using I2KI solution (iodine and potassium iodine 

dissolved in aqueous formalin) using the similar approach of Jeffery et al. (2011). The 

isolated adult tongue (Table 2.1: specimen no. 3) was dehydrated using ethanol (>99.8%) 

for 8 days and thereafter was stained used an elemental iodine solution (I2E, metal iodine 

dissolved in pure ethanol; Metscher, 2009ab). Both of these contrast enhancing 

approaches provided adequate distinction between different tissues, such as bone, 

muscular fibers, connective tissues, and even major nerve tissues (e.g., trigeminal 

ganglia) in the CT images (Figs 2.3 and 2.4). The adoption of a low iodine concentration 

(via I2E)  in the staining of that large, adult specimen was found to be superior to the 

I2KI staining approach in the rendering of bone during post-processing of the CT dataset. 
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Even after staining, bony and cartilaginous parts still show distinctly higher grayscale 

values than the soft tissues in the CT images if the low concentration of I2E staining 

approach is used.  

All the CT scans were acquired at the University of Texas at Austin High-

Resolution X-ray Computed Tomography Facility (UTCT). The head from the recently 

hatched juvenile specimen was able to be scanned on an Xradia MicroXCT scanner 

because of its small size (Table 2.1: specimen no. 1). The other two specimens (no. 2 and 

no. 3) were scanned in the High-Resolution subsystem. Scanning parameters are provided 

in Table 2.2. Selected coronal sections (cranial to caudal) of the CT images are shown in 

Figures 2.3 and 2.4 (specimens no. 1 and no. 2) with the target hyoid structures colored 

and labeled in Figure 2.3. Two CT datasets (for specimens no. 2 and no. 3) were used in 

the digital reconstruction of the major hyoid muscles, hyoid skeletal and cartilages. These 

were imported as TIFF files into Avizo 6.1 (FEI FEI Visualization Sciences Group) for 

segmentation. One of these specimens was used to generate a complete visualization of 

the hyoid apparatus and muscular tissues (specimen no. 2). The scan of the lingual 

specimen (no. 3; Figs 2.1 and 2.2) was primarily used to illustrate the detailed anatomy of 

the bony hyoid, which is poorly ossified in smaller, juvenile specimens.  Due to weak 

ossification of the hyoid elements in crocodilians generally, use of museum specimens to 

assess interspecific or intraspecific variation in hyoid skeletal materials was not possible. 

But, our new CT data for both juvenile and adult specimens do show slight differences in 

hyoid morphology. 

 



 10 

TERMINOLOGY AND NOVELTY 

Previous anatomical descriptions of the hyolingual anatomy in Alligator 

mississipensis are limited and homology has been poorly understood because different 

terminology was used to describe these muscles in Alligator and other crocodilians, 

obscuring their homology across Reptilia (Edgeworth, 1935; Schumacher, 1973). While 

the general morphology of the hyoid and the associated muscles are known in Alligator 

mississipensis, detailed attachments of these muscles on the hyoid elements have not 

been described or clearly visualized. By contrast, we describe and precisely visualize 

these attachments in 3D reconstructions from the CT data (Figs 2.3 and 2.4), addressing 

outstanding homology issues. These new data clarify muscle homology among Alligator, 

lepidosaurs and birds and provide a comparative basis and context to investigate hyoid 

variation and evolution in Reptilia. 

Different myological nomenclature and grouping systems (e.g., based on origin, 

position, or innervation) have been used in the description of hyoid muscles by previous 

authors (e.g., Gnanamuthu, 1937; Sondhi, 1958; Schumacher, 1973; Cong et al. 1998; 

Cleuren & De Vree, 2000). Because of a lack of a standardized terminology across 

crocodilians, birds, and other reptiles (Diogo & Abdala, 2010), assignment of different 

names to the homologous muscles, and assignment of the same name for non-

homologous muscles, has occurred. The hyolingual muscle terminology adopted here 

primarily follows Diogo & Abdala (2010) to facilitate a larger scope of comparison 

across tetrapods and to indicate proposed homology. However, we do also provide the 

names that have been used only within crocodilians (e.g., Schumacher, 1973; Cong et al. 

1998) at first use and treat the three groups of hyoid muscles identified by Sondhi (1958) 

and Schumacher (1973) in order to facilitate access to this literature (Table 2.3). 
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RESULTS 

Bone and cartilage hyoid elements in Alligator mississipensis 

The hyoid apparatus (Figs 2.1 and 2.2) of Alligator mississipensis is composed of 

a midline basihyal (Bh, Corpus hyoidei, sensu Schumacher, 1973) and paired 

ceratobranchials (CB I, Cornu branchiale I, sensu Schumacher, 1973).  Collectively, the 

hyoid elements (basihyal and ceratobranchials) were also called the hyobranchial 

apparatus, referencing their derivation from the hyoid and the branchial arches (McClearn 

& Noden, 1988). Although both basihyal and paired ceratobranchials are mostly 

cartilaginous, their outlines are discernible in CT images (Figs 2.3 and 2.4: Bh and Cb) 

after the staining; the exterior surfaces of these cartilages and bones were brighter in 

grayscales than the interior portion and were also distinct from the surrounding muscles. 

This is because the contrast agent (i.e., iodine molecules) tends to accumulate on the 

boundary surface, and accumulate within the muscular tissues. As shown in the 

reconstruction (Fig. 2.1), the basihyal is a shovel-shaped cartilage, rounded in the front 

edge and convex ventrally. The incisures (or notch-like structure) are present in the 

anterior edge of the basihyal in adult specimens (Fig. 2.1: Ic), but not apparent in 

juveniles. The notches were also reported to be enclosed as a fenestra and covered (Fig. 

2.2: Fe) by membranes in some crocodilians (Fig. 2.2; Schumacher, 1973). No function 

for these notches has been identified experimentally, and they appear to be filled with 

thinner connective tissue. No nerves or vascular structures lie in them. They may be 

related to the mode of attachment of the fleshy tongue. The ceratobranchials are a pair of 

rod-like bones that are comparatively robust and commonly ossified in adults (Figs 2.1 

and 2.2: Cb). The proximal head of the ceratobranchial contacts the anterolateral notch 

(Fig. 2.1: Ant) of the basihyal, and distal terminus of ceratobranchials is slightly 

expanded. The free end of the ceratobranchial, which is especially weakly ossified, was 
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previously interpreted as possibly representing a cartilaginous epibranchial (Schumacher, 

1973; Fig. 2.1: Ep ?), an osseous element in birds that has otherwise been considered an 

avian neomorph. However, the structure in Alligator mississipensis and other crocodilians 

differs from those in birds in that it is not an independent element from the 

ceratobranchial. This element in crocodilians is absent in early ontogeny and no separate 

ossification center was found for this element (Ep?) during later development 

(Schumacher, 1973). Ossification of these hyoid elements was reported to be generally 

greater in older individuals (Cleuren & De Vree, 2000), which was confirmed here 

through the comparison of the adult and juvenile specimens. In comparison with the 

juvenile, the hyoid skeleton of the adult has greater ossification overall. For example, 

ossification occurring at the anterolateral corner (Fig. 2.1: Ac) of the basihyal in the 

adults is not present in juvenile (Schumacher, 1973; Cong et al. 1998) and no ossification 

of the epibranchial was observed at any stage. Ceratobranchials are better ossified than 

the basihyal in both juveniles and adults. Within an individual, ossification varied along 

the ceratobranchials, with the distal ends much less ossified than the proximal and medial 

portions in juveniles.  

There is a notable proximal dorsomedial deflection in the anterior two-thirds of 

the ceratobranchial (Fig. 2.1: here abbreviated “Def. I”). A second distal deflection (Fig. 

2.1: here abbreviated “Def. II”) is ventromedial and conspicuous in the adult but not well 

developed in the juvenile Alligator mississipensis. Both of these deflections are linked to 

muscular attachments on the ceratobranchial described in the following section on 

myology.   

The midline element (basihyal), the first ceratobranchial (CB I), and cartilaginous 

end (epibranchial?) have been homologized across reptilians based on their similar 

topographic position and generally similar morphology. The second paired 
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ceratobranchials in Lepidosauria (CB II, or Cornu branchiale II, sensu Schumacher, 

1973), is absent as a separate element in both crocodilians and birds, so homology (for 

CB II) across crocodilians, birds, and other reptiles is unknown. The posterior corner 

(Fig. 2.1: Pc) of the basihyal in crocodilians might represent the homologous portion of 

the CB II in other reptiles (Fürbringer, 1922; Schumacher, 1973).  

 

Myology 

Group A. Muscles of the buccal floor and neck region not connected with the hyoid. 
Muscles in “Group A” have also been called “Muscles of the Mandibular Segment” 
(Kesteven, 1944) based on their derivations, or the “Transverse Muscles” based on 
their general similar orientation of fibers (Gnanamuthu, 1937). 

M. intermandibularis. M. intermandibularis is the most superficial muscle layer 

in the ventral head region of Alligator mississippiensis. This thin sheet-like muscle is 

broad and flat. It attaches to the mandibular rami and is oriented perpendicular to the 

cranial midline (Fig. 2.5: Mim). It does not extend forward to cover the most anterior 

portion of the buccal floor. The muscle arises from the medial surface of the mandible, 

mostly on the dorsal splenial (Fig. 2.3). Although this muscle is usually described along 

with the jaw musculature, functionally it acts on the hyoid apparatus when contracted by 

elevating the buccal floor at the base of the tongue (Holliday, 2006). This muscle also 

was called M. mylohyoideus anterior (Edgeworth, 1935; Gnanamuthu, 1937; Sondhi, 

1958), or M. constrictor I ventralis (M.C1v; Kesteven, 1944) and consistently described 

in other crocodilian species with similar attachment and morphology (Sondhi, 1958; 

Cong et al. 1998; Bona and Desojo, 2011). Because there is no attachment of this muscle 

with the hyoid apparatus, we prefer the name M. intermandibularis rather than M. 

mylohyoideus anterior. In addition to indicating the attachment, the name M. 
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intermandibularis also better reflects the position of the muscle. The mandibular ramus 

of the trigeminal nerve (CN V) supplies this muscle (Sondhi, 1958; Cong et al. 1998).   

M. constrictor colli (pars anterior). This muscle is the superficial layer 

underlying the neck region, posterior to the M. intermandibularis (Figs 2.3–2.6: Mcc). 

The muscle arises from a superficial tendinous aponeurosis of the M. pterygoideus 

posterior (Pterygoideus-tendon aponeuroses I; Schumacher, 1973; Cong et al. 1998). 

Near the posterior M. intermandibularis, the boundary between these two muscles can 

only be approximately detected by the small triangular-shaped gap (Trigonum 

intermandibulare posterius; Schumacher, 1973; Fig. 2.6: Tr-g) on the medial surface of 

the mandible. Fibers of the M. constrictor colli are rather loosely attached to the ventral 

cervical fascia for insertions (Fig. 2.3C, D; Schumacher, 1973). A ventral branch of the 

facial nerve (CN VII) supplies the muscle (Sondhi, 1958; Cong et al. 1998).  

M. constrictor colli profundus. This thin muscle is deep to the M. constrictor 

colli and restricted to the gular region (Figs 2.3–2.7: Mcp). The muscle arises from a thin, 

tendinous aponeurosis on the lateral surface of the second cervical rib (Figs 2.3D and 

2.6C). Its two lateral heads pass medially to insert on each other without forming a 

midline raphe. Medially, the M. constrictor colli and M. constrictor colli profundus are 

extremely thin and difficult to separate from each other in the gular region. The 

coalescence of these two muscles on the midline was noticed by Schumacher (1973), and 

is particularly notable as absent in juveniles (Fig. 2.3C, D, Mcp), in which the two heads 

do not contact on the midline. We further confirm the status of the M. constrictor colli 

profundus as an independent muscular layer from the M. constrictor colli.  However, 

mixing of fibers occurs more or less at the gular midline with those of the M. constrictor 

colli (Fig. 2.3C, D and Fig. 2.4C, D). The twisted shape of the dorsolateral edge of the 

muscular sling (Fig. 2.3C, D) indicates a loose connection with the cervicals. The 
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esophagus, trachea, hyoid plate (basihyal), and the hypobranchial longitudinal muscles all 

are wrapped inside the muscular sling formed by the M. constrictor colli profundus 

within the gular region (Figs 2.3C, D and 2.7). Potential function of this muscle involves 

the constriction of the pharyngeal region and, therefore it has also been called M. 

constrictor pharyngis (Gnanamuthu, 1937). A dorsal branch of the facial nerve (N VII) 

innervates this muscle (Sondhi, 1958; Cong et al. 1998).   

Group B. Muscles of the deep layers of the buccal floor that are connected with the 
hyoid 

Glossopharyngeal muscles 

M. branchiohyoideus. (M. branchiomandibularis visceralis, sensu Schumacher, 

1973) This muscle was called M. mandibulo-hyoideus in Gaviails (Sondhi, 1958). The 

same muscle had also been named as the M.  branchiomandibularis visceralis in 

Alligator (Nishi, 1967), a name frequently used by subsequent authors (Schumacher, 

1973; Cong et al. 1998). Here, we suggest using M. branchiohyoideus instead of M. 

branchiomandibularis visceralis to indicate potential homology across reptiles and 

correctly reference its branchial origins (Diogo & Abdala, 2010).   

 This muscle was identified as having only one part (Schumacher, 1973), but we 

observed two distinct parts, named here the pars dorsalis (deep) and ventralis (shallow) 

in Alligator mississipensis. This muscle also was described as having two parts in 

Alligator sinensis (Cong et al. 1998), as again with deeper and shallower parts. Only a 

small portions of each (Figs 2.3–2.7: Mbhd and Mbhv) are visible ventrally; they are 

exposed between the M. intermandibularis and the M. constrictor colli. Tracing the 

extension of the muscle through a series of coronal section in the CT images (Fig. 2.3B), 

the muscle clearly extends dorsally and posteriorly along the primary axis of the 
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ceratobranchial. The two parts both have an origin on the ceratobranchial and an insertion 

on the mandible. 

The pars dorsalis of the M. branchiohyoideus is broad and extensive compared to 

the pars ventralis (Fig. 2.6). The pars dorsalis originates widely on the distal 

ceratobranchial and the connective tissue between the ceratobranchial and the 

dorsolateral wall of the esophagus (Fig. 2.3B); this configuration makes it an important 

muscle for hyoid suspension. Anteriorly, its fibers run lateral to the pars ventralis and 

insert on the ventral surface of the mandible (Fig. 2.7). The pars ventralis is rather slim 

and thin (Fig. 2.5: Mbhv). Posteriorly, the muscular fibers originate from the distolateral 

ceratobranchial, running dorsally to the M. omohyoideus. Anteriorly, the muscle extends 

laterally to the M. episternobranchiotendineus and penetrates between the fibers of M. 

intermandibularis and M. constrictor colli, ultimately inserting on the mandible medially, 

close to the mandibular (or gular) gland (Figs 2.6 and 2.7).  

The dorsal attachment of the M. branchiohyoideus (both portions) on the hyoid is 

associated with the distal deflection (Def. II) of the ceratobranchial. The attachment site 

is distal to the deflection point. The muscle fibers have extensive contact with this distal 

area of the ceratobranchial, forming a half-sheath on the shaft (Fig. 2.6). In addition to 

linking the hyoid with the mandible, this muscle also suspends the hyoid by connecting 

the ceratobranchial ramus to the lateral surface of the esophagus. This observation also is 

supported by the attachment of this muscle to the esophageal wall (Lubosch, 1933). 

Interestingly, it is the only muscle that is embryonically derived from branchial arches 

but innervated by the glossopharyngeal nerve (IX) (Cong et al. 1998).  

Tongue muscles  

This M. hyoglossus. This muscle comprises the major muscular portion of the 

tongue (Figs 2.6 and 2.7: Mhg). It originates close to the midsection of the 
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ceratobranchial ramus. The muscular bundles wrap around the dorsolateral and ventral 

sides of the ceratobranchial (Fig. 2.3B: Mhg). The lateral portion of the muscle also 

arises from the lateral edge of the ventral basihyal. Anteriorly, muscular fibers from the 

left and right sides interweave with each other (Figs 2.3A and 2.6). Dorsally, the muscle 

inserts over a broad area of the fatty pad of the tongue. The basal portion of this muscle, 

close to the junction of basihyal and ceratobranchial, was given a distinct name in 

Gavialis, M. ceratohyoideus (Gnanamuthu, 1937; Sondhi, 1958). The muscle was 

considered to be innervated by the hypoglossal nerve (N XII) (Sondhi, 1958; Tanner & 

Avery, 1982). Given that this portion is not visibly separate from the main part of the 

muscle in Alligator mississipensis, we do not adopt the name M. ceratohyoideus.  

M. genioglossus (Pars medialis and lateralis). This muscle is comprised of two 

bundles, connecting the tongue to the mandibular symphysis. Anteriorly, the muscle 

arises from the mandibular symphysis via connective tissue. The pars lateralis and 

medialis (Figs 2.6 and 2.7: Mgl and Mgm) are united at their origins on the mandible and 

then increasingly diverge toward their insertions. M. genioglossus pars lateralis inserts 

on the basal portion of the tongue, in contact with the lateral side of the M. hyoglossus. 

Pars medialis of the M. genioglossus is quite slim and is significantly narrower than the 

pars lateralis (Fig. 2.6). Both the hyoglossus and genioglossus muscle are innervated by 

the lingual braches of the hypoglossal nerve (N XII) (Cong et al. 1998).  

Group C. Longitudinal hypobranchial muscles 

As the name indicates, these muscles all run longitudinally and parallel to the 

trachea (Fig. 2.8). These muscles establish the link of the hyoid apparatus with the 

shoulder and pectoral girdle. Because these muscles are so closely situated to each other, 

individual muscles are visualized separately in Figure 2.8 (A–D). All these longitudinal 
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hypobranchial muscles are innervated by the hypoglossal nerve (N XII) (Cong et al. 

1998).  

M. geniohyoideus (M. branchiomandibularis spinalis, sensu Schumacher, 1973) 

This is a wide ribbon-like muscle (Fig. 2.7: Mgh). The muscle originates from the 

ventrolateral edge of the ceratobrachials, close to the dorsal deflection (Def. I). The M. 

geniohyoideus differs from the M. branchiohyoideus, which originates from the posterior 

half of the hyobranchial shaft, by arising from the anterior half of the shaft close to M. 

hyoglossus (Fig. 2.7). The muscle extends anteriorly and laterally, inserting on the 

mandible dorsal to the splenial and medial to the attachment of the M. intermandibularis. 

Its fibers are so close to the anterior portion of M. episternobranchiotendineus that it was 

mislabeled by Schumacher (1973, figures 56 and 57). Here, these muscles are clearly 

shown to be independent of one another and are depicted separately (Fig. 2.8A, B). M. 

geniohyoideus is conspicuously positioned ventromedially relative to the attachment of 

M. episternobranchiotendineus on mandible (Fig. 2.8).  M. geniohyoideus was 

commonly called M. branchiomandibularis spinalis (Sewertzoff, 1929; Gnanamuthu, 

1937; Sondhi, 1958) and was grouped with glossopharyngeal muscles with the potential 

confusion of its innervations of the glossopharyngeal nerve; it is actually innervated by 

the hypoglossal nerve (Schumacher, 1973; Rieppel, 1978).  

M. omohyoideus and M. sternohyoideus (M. coracohyoideus, M. 

episternobranchiotendineus, and M. episternobranchialis; sensu Schumacher, 1973) M. 

omohyoideus and M. sternohyoideus generally reference muscles that connect the 

pectoral girdle elements to the hyoid in tetrapods (Diogo & Abdala, 2010). These 

muscles are diversified into three independent stripes in Alligator mississipensis, which 

originated from coracoid (M. omohyoideus) and episternum respectively (M. 

episternobranchialis and M. episternobranchiotendineus). 
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M. omohyoideus. This is the dorsal-most hypobranchial longitudinal muscle (Fig. 

2.3C, D: Moh). The muscle originates from the omal end of the coracoid with a 

ligamentous attachment. The muscular fibers run anteriorly and dorsally, inserting on the 

lateral ceratobranchial, close but slightly medial to the attachment of M. geniohyoideus 

(Fig. 2.8C).  

M. episternobranchiotendineus. This muscle is the lateral-most representative of 

the hypobranchial longitudinal muscles and the longest one as well. Its fibers originate 

from the ventral part of the episternum, close to the origination of M. 

episternobranchialis, but slightly lateral to the attachment site of M. episternobranchialis 

(Fig. 2.8A, B). Anteriorly, its fibers become narrowed and constricted, with maximal 

constriction occurring close to its midpoint (Fig. 2.8). Wrapping around the 

ceratobranchial at its proximal deflection point (Def. I), the muscle extends farther 

anteriorly and attaches to the mandible medial to the M. intermandibularis attachment 

and dorsal to that of the M. geniohyoideus. It was also called M. sternomandibularis or 

M. tendineomandibularis (Lubosch, 1933; Cleuren & De Vree, 2000).  

M. episternobranchialis. This muscle is the medial-most representative of the 

hypobranchial longitudinal muscles, directly contacting the tracheal wall along the lateral 

surface. Its fibers also originate from the episternum, and insert anteriorly on the 

posterolateral corners of the basihyal (Fig. 2.8D).  

 

DISCUSSION 

Hyolingual apparatus variation within crocodilians 

Previous authors have described aspects of the hyoid apparatus and associated 

muscles in Gavialis, Crocodylus, Caiman, and Alligator (Gnanamuthu, 1937; Sondhi, 
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1958; Schumacher, 1973; Cong et al. 1998; Bona & Desojo, 2011). A comprehensive 

review reveals an overall consistency in the major morphologies of bony and muscular 

anatomy across different taxa. For the bony elements, only variations noticed were in the 

shape of the basihyal: it is approximately a rectangular shape in Alligator and 

Crocodylus, but has a much narrower posterior margin in other crocodilians (Fig. 2.2; 

Crocodylus and Caiman).  

With respect to the hyoid and gular muscles of crocodilians, the most detailed 

work was done on Alligator sinensis (Cong et al. 1998), with less comprehensive studies 

of several other species (e.g., Gavialis and Caiman; Sondhi, 1958; Diogo & Abdala, 

2010; Bona & Desojo, 2011). Review of this literature and comparison with the new data 

on Alligator mississippiensis indicates many similarities shared by Caiman and Alligator; 

while Gavialis has a few unique features. For instance, M. geniohyoideus has an insertion 

close to the middle of the ceratobranchial in Gavialis (Sondhi, 1958) rather than close to 

the proximal portion of the ceratobranchial in Caiman and Alligator. The M. 

omohyoideus was found to have both dorsal and ventral parts in Gavialis, but only one 

head is identified in Alligator and Caiman. In addition, one of the hypobrachial 

longitudinal muscles (M. episternobranchiotendineus) appears to be absent in Gavialis 

(Sondhi, 1958).   

Within Alligator, the only difference noted between A. sinensis and A. 

mississippiensis was in one longitudinal hypobranchial muscle. A separate M. 

episternohyoideus muscle was reported in A. sinensis, very close to the M. 

episternobranchialis. The two muscles are similar in origin, but differ in their insertions 

in that taxon (Cong et al. 1998). By contrast, because in A. mississippiensis, two 

insertions are not discernible, we and other authors (Schumacher, 1973; Cleuren & De 

Vree, 2000) do not recognize the presence of a distinct M. episternohyoideus.   
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Despite minor variation in the hyoid skeletal and muscular anatomy among 

crocodilians noted above, most features described in Alligator are known from Caiman 

and Crocodylus (Gnanamuthu, 1937; Schumacher, 1973; Cleuren & De Vree, 2000; Bona 

& Desojo, 2011). A few unique features in Gavialis are inferred to represent 

autapomorphies, such as the lack of M. episternobranchialis and two parts of the M. 

omohyoideus discussed above. Data on the morphology of the hyolingual apparatus of 

Tomistoma and other rare crocodilian species is lacking. We believe the hyolingual 

features of Alligator we treat in our discussion here are a reasonable approximation of the 

ancestral condition of the crown clade given the relatively basal phylogenetic position of 

Alligator (Oaks, 2011) and limited variability among studied extant crocodilians. The 

limited variation in hyolingual morphology among living is also consistent with their 

recently-proposed low rates of genome evolution compared to their extant sister taxa, 

birds (Green et al. 2014). 

Hyoid muscle homology within Reptilia 

A framework for investigating cranial muscle homology among the major clades 

of vertebrates was previously proposed from developmental data by Edgeworth (1935). 

More recently, Diogo et al. 2008 and Diogo & Abdala (2010) generated and synthesized 

new data from detailed dissection and developmental and molecular data, establishing in 

more detail the homologous muscles in Reptilia (Diogo & Abdala, 2010). The data from 

the present study served to evaluate some of these previous hypotheses of homology for 

crocodilians. Both morphologies (origin and insertion) and innervation were utilized. 

Although our assessments largely agree with previous hypotheses (Rieppel, 1978; Diogo 

& Abdala, 2010), here we particularly assess problematic homology issues (Fig. 2.9) 
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regarding the M. geniohyoideus and M. branchiohyoideus (both previously called the M. 

branchiomandibularis) in Lepidosauria and Archosauria. 

The proposed homolog of the M. geniohyoideus in lepidosaurs is the M. 

mandibulohyoideus (Fig. 2.9) (Diogo & Abdala, 2010). The M. geniohyoideus and M. 

mandibulohyoideus are both innervated by the hypoglossal nerve (N XII). Because of 

significant differences in attachment and morphology, their potential homology has only 

been identified and proposed recently (Diogo & Abdala, 2010).  As a second set of 

ceratobranchials (CB II) and the ceratohyal (CH) are absent in archosaurs (Fig. 2.1), M. 

geniohyoideus only retains the attachment on CB I. This is true in A. mississippiensis, A. 

sinensis as well as other crocodilian species and birds (Sondhi, 1958; Vanden Berge & 

Zweers, 1993). The muscle was largely reduced along the development of neognathous 

birds and is reported to be absent from adult Gallus (Vanden Berge & Zweers, 1993; 

Müller & Weber, 1998).    

Another muscle, which was easily confused with M. geniohyoideus in Alligator, is 

the M. branchiohyoideus because of the misleading name previously used for both 

muscles (i.e., M. branchiomandibularis; Schumacher, 1973). Although the two muscles 

share a few general similarities in their position and shape (Fig. 2.7), detailed 

examination suggested they are quite distinctive from each other in both innervation and 

development. M. geniohyoideus is a hypobranchial muscle, which is derived from 

anterior somites in development (Oisi et al. 2015); while M. branchiohyoideus is a 

branchial muscle, which derived from more posterior somites (Noden, 1984). Here, we 

agree that the muscle homologous with the M. branchiohyoideus in archosaurs is the M. 

branchiohyoideus or the M. ceratohyoideus in lepidosaurs (Fig. 2.9; Jones et al. 2009; 

Diogo & Abdala, 2010). In lepidosaurs, those muscles link the hyoid elements (CH, CB I; 

Herrel et al. 2005); but in Alligator, and very likely in other members of Archosauria, 
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because the ceratohyal is absent, the homologous glossopharyngeal muscle (M. 

branchiohyoideus) alters its anterior insertion to the mandible rather than on the 

ceratobranchial. This muscle is further derived in birds (M. branchiomandibularis, 

Vanden Berge & Zweers, 1993) where it is significantly more elongate (associated with 

elongation of the epibranchials), but its origin and insertion are considered homologous 

as those observed in Alligator. The extension of the M. branchiohyoideus to the mandible 

in archosaurs represents a derived condition in comparison with that of basal lepidosaurs 

in reptilian evolution; that is why the name M. branchiomandibularis was commonly 

used in both Alligator and birds. This usage has confused its homology in other reptiles. 

The extension of this muscle on to the mandible for the insertion has also been noticed in 

turtles, which potentially support their close relationship with other extant archosaurs 

(Chiari et al. 2012; Field et al. 2014). Functionally, this muscle plays a critical role in the 

hyoid suspension as well as hyobranchial kinetics within archosaurs, especially for birds 

(Homberger & Meyers, 1989). Both M. branchiohyoideus (or M. ceratohyoideus) and or 

the M. branchiomandibularis (for birds) are innervated by the glossopharyngeal nerve (N 

IX) in lepidosaurs, turtles, Alligator, and birds (Edgeworth, 1935; Meyers et al. 2002).  

Implications for inferring hyolingual function during inertial feeding  

Employed by many reptiles, inertial feeding is a passive way for transporting food 

to the back of the oral cavity by mainly utilizing the posterior inertial motion of the food 

object as it is released from the jaw (Gans, 1969). The role of the hyolingual apparatus 

plays in the inertial feeding of crocodilians is not clearly understood (Cleuren & De Vree, 

2000). Previously interpretations restricted the hyolingual apparatus to a role in the 

passive dorsoventral movement associated with the raising and lowering of the buccal 

floor in crocodilians (Sondhi, 1958; Busbey, 1989). However, data from cineradiography 
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revealed an unexpected role for the hyoid and lingual apparatus during feeding in both 

Alligator mississipensis and Caiman crocodilus, in which both a slight dorsoventral and 

anteroposterior movement of the hyoid and tongue during the feeding cycles were found 

(Busbey, 1989; Cleuren & De Vree, 1992). Although a potentially active role of the 

hyolingual apparatus was tentatively proposed from these primary observations, no 

explicit anatomical structures or muscles have been identified as playing a role in these 

movements. Meantime, no electromyography studies have tested the role of specific 

hyoid muscles during feeding or other related activities in crocodilians. Here we propose 

muscles that may be involved to inform, and subject to testing by, electromyographic 

work on hyolingual muscle activation during feeding.  

The hyoid role in intra-oral transport was considered limited because of the 

reduction of tongue in crocodilians. Cleuren & De Vree (1992), however, revealed the 

tongue in helping to push the food item dorsally before releasing in the intra-oral 

transport process. In addition, in the middle of swallowing phase, the hyoid has an 

important role in pushing food back into esophagus by moving circularly. This observed 

motion by Busbey (1989) involves the depression of the ceratobranchial against the throat 

skin during swallowing. As seen from the new CT data, the distal deflection of the 

ceratobranchial (Fig. 2.1: Def. II) hangs over the dorsolateral wall of the esophagus when 

relaxed. Because it is intimately attached with both the lateral and medial portions of the 

distal ceratobranchial, contraction of the M. branchiohyoideus (dorsal portion) would pull 

the shaft ventrolaterolly, further leading to the ventral-most portion of the ceratobranchial 

pressing against the skin around the throat. This particular skeletal-muscular 

arrangement, first noticed here in Alligator mississipensis, explains well unexpected 

hyoid function observed by Busbey (1989). The deflected distal portion of the 

ceratobranchial (Def. II) serves not only for the suspension of hyoid with the esophagus, 
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but also serves as a stable anchor for the dorsal portion of the M. branchiohyoideus, 

enforcing the muscular control of the hyoid. For the suspension role of hyolingual 

muscles, M. constrictor colli profundus might also be important due to the special 

muscular attachment with the cervical ribs. This bony attachment is helpful in stabilizing 

the tissues encased by the muscular sling. In addition, contraction of this muscle can also 

raise the gular region to facilitate food transportation during swallowing.    

Another series of motions that have been confirmed are the protraction and 

retraction of the hyolingual apparatus during intra-oral transport of feeding in Alligator 

mississipensis, which are closely related to arrangements of the hypobranchial 

longitudinal muscles. With the direct or indirect attachment on the hyoid, muscles 

affecting the protraction-retraction of the tongue include M. geniohyoideus, M. 

omohyoideus, and M. sternohyoideus (i.e., M. episternobrachialis and M. 

episternobranchiotendineus). The contraction of the M. omohyoideus and the M. 

episternobrachialis would retract the hyoid backward and downward; the M. 

geniohyoideus can pull the hyoid slightly anteriorly. The well-developed nature of these 

muscles even in juvenile specimens of Alligator mississipensis supports their potential 

role in relation to hyolingual movement during transport of food from the buccal floor to 

the esophagus.  

The hyoid apparatus also plays an active role in food acquisition and movement 

within the buccal cavity in birds, the small circular movements in crocodilians could 

imply at least some role for the tongue in feeding as a homologous condition of 

Archosauria. However, evaluation of the outgroup condition in basal lepidosaurs such as 

Sphenodon and in turtles as well as the morphology of fossil taxa is key to assessing this 

hypothesis. Below we discuss evidence bearing on the evolution of hyolingual function. 
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Hyolingual structures in Archosauriformes and crocodilian-line archosaurs 

Comparison of the bony hyoids in extant crocodilians, birds, turtles, and 

lepidosaurs, indicates that the shared homologous elements comprise the basihyal and the 

first ceratobranchial (CB I), although those elements are variable in their degree of 

ossification. One remarkable feature that characterizes the crown-clade archosaur 

(crocodilians and birds) hyoid is the absence of Ceratobranchial II and ceratohyal. The 

largely cartilaginous basihyal and better ossified single pair of ceratobranchials are 

inferred to represent the ancestral condition for this clade (Archosauria). An ossified 

basihyal has not been reported from extinct archosaurs even in Archosauriformes, with 

the exception of several derived dinosaurian species (e.g., Hongshanornis; Zhou & 

Zhang, 2005). Ossified single sets of ceratobranchials are quite frequently found in 

extinct Archosauriformes and dinosaurian species (Ewer, 1965; Weishampel et al. 1990; 

Zhou & Zhang, 2002; Li et al. 2006; Delfino et al. 2008; Lü et al. 2008; Kley et al. 2010; 

De França et al. 2013). Assessment of available ceratobranchial morphology in 

Archosauriformes indicates their length relative to total skull length is significantly 

reduced to less than the third of the skull close to crown clade Crocodylia in Simosuchs 

(Crocodyliformes; Kley et al. 2010; Nesbitt, 2011; Fig. 2.10). The general appearance of 

the hyoid of Simosuchus is quite similar to that of extant alligators (Fig. 2.10), with a 

markedly dorsomedial deflection (Def. I) in the short ceratobranchials. By contrast, they 

are relatively thin, elongate elements in basal archosaurs including basal dinosaurs (e.g., 

Qianosuchus, Jeholosaurus, and Syntarsus; Rowe, 1989; Li et al. 2006; Han et al. 2012). 

In Archosauriformes, outside crown clade Archosauria, they are relatively more elongate 

with only a slight medial curvature in the ceratobranchials (Fig. 2.10; Ewer, 1965; 

Cruickshank, 1972). A relatively long CB I with the markedly dorsal deflection was 

found in both the lepidosaurs and turtles (Lemell et al. 2000; Jones et al. 2009); therefore, 
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the lack of these features in basal archosaurs indicates the hyoid reduction might occur 

during their early evolution, possibly associated with a shift in feeding and respiratory 

behavior (Fig. 2.10). The acquisition of other novel cranial features also occur early in 

Archosauriformes, e.g., “socketed” teeth (“thecodont tooth implantation”) and novel 

dental morphologies as well as antorbital and lateral mandibular fenestrae and increased 

cranial kinesis (Nesbitt, 2011; Holliday & Nesbitt, 2013). Reduction of the bony hyoid 

apparatus and major changes in hyolingual muscles may be related to consumption of 

larger prey items or acquisition of a hypercarnivorous behavior within the clade.  

Associated with skeletal reduction, the hyoid muscles which are attached to these 

bony components show a major shift or rearrangement in archosaurs. The attachments of 

the hypobranchial muscles shift (Fig. 2.9: parallel arrows) and the muscles in the buccal 

floor of crocodilians and birds are significantly reduced or simplified. In addition to the 

M. intermandibularis shared by all reptilians, the massive and multilayered muscles of 

the M. mandibulohyoideus (also called M. geniohyoideus; Schwenk, 2000), that are 

present in lepidosaurs and turtles, are reduced or absent in archosaurs (Müller & Weber, 

1998). They are the muscular sheets that connect the mandibular ramus to the 

hyobranchials (CB I, CB II, and CH). These muscles are variably developed in turtles and 

lepidosaurs; as many as three parts are identified, namely M. mandibulohyoideus I, II and 

III (Schwenk, 2000; Herrel et al. 2005). In addition, the intrinsic tongue muscles are 

absent in crown archosaurs with the exception of a few birds (e.g., parrots) in which they 

are considered to be secondarily derived features (Tomlinson, 2000). Therefore, less 

ossification of the bony hyoid, loss of the hyobranchial elements, and the rearrangement 

of various hyoid muscles and the reduction of intrinsic tongue muscles are inferred to 

occur prior to the origin of the clade. However, due to limited fossil hyoid evidence and 

the lack of solid evidence to assess these soft tissues associated with the hyoid, the 
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inferences for timing of these changes are only a minimum estimation. The longitudinal 

hypobranchial muscles are largely retained in archosaurs (Edgeworth, 1935) even though 

they have different attachments. These muscles have been observed to be extensively 

active during gular or buccal pumping and oscillation, a respiratory behavior intensified 

during locomotion in lizards (Brainerd, 1999; Owerkowicz et al. 1999, 2001). In 

Alligator, although a similar gular oscillation is present, differing from lizards, this 

behavior does not increase their lung ventilation (Brainerd & Owerkowicz, 2006). This 

reduction in hyoid complexity thus may be linked to the loss of a role in respiration 

(Brainerd, 1999). 

 

CONCLUSIONS 

Assessment of the hyolingual morphology across crocodilian-line archosaurs and 

early Archosauriformes indicates, compared to outgroups, both the hyobranchials and the 

anterior portions of the hyolingual muscles are largely rearranged or reduced as 

characterizing the clade Archosauria or even the Archosauriformes. By contrast, the 

longitudinal hypobranchial muscles, involved mostly in swallowing, food handling, as 

well as buccal pumping and panting (the “Rhythmic Hyobranchial Behaviors”; Brainerd, 

1999), are retained in extant archosaurs and inferred to be present in basal archosaurs but 

with a different attachment (Figs 2.9 and 2.10). These findings imply that beyond 

described locomotion novelties, shifts in feeding ecology in Archosauriformes could be 

another key factor in the rapid diversification of Archosauria in the Triassic (Nesbitt, 

2011). The evolutionary changes in the hyolingual apparatus that a shift in feeding 

ecology occur prior to the origin of Archosauria, perhaps linked to hypercarnivory and/or 

feeding on larger prey. This hypothesis is consistent with a more inclusive morphological 
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analysis of basal stem archosaurs, in which the synapomorphies identified for 

Archosauriformes are exclusively cranial features (e.g., Nesbitt, 2011) that may be 

related to this shift in feeding ecology. Combined assessment of hyoid structure with 

other cranial and postcranial features is needed to provide further insights into potential 

links between the evolution of novel feeding, respiratory and locomotor modes in 

Archosauriformes.  
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Alligator 
mississippiensis(#) Specimen origin Approximate 

Head length  Age 
Staining 
solution 
(W/V) 

Incubation 
time 

Scanned 
Specimen  
 

no. 
1 

TNHC 
uncatalogued  2cm Post hatching  7% I2KI Over 3 weeks 

no. 
2 

TNHC 
uncatalogued  8cm Juvenile  11% I2KI 3 days 

no. 
3 

TNHC 
uncatalogued  40cm Adult  1% I2E 10 days 

Dissected 
Specimen  

no. 
4 

TNHC 
uncatalogued  20cm Adult   

no. 
5 

TNHC 
uncatalogued  10cm Juvenile    

no. 
6 

TNHC 
uncatalogued  10cm  Juvenile    

Table 2.1: Processed Alligator specimens information for staining and dissection.  
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Specimen 
Scanned 

Images 
(tiff) 

Voltage 
(kV) 

Current 
(mA) 

Slice 
thickness 
(mm) 

Inter-slice  
spacing 
(mm) 

Field of  
reconstruc
tion 
 (mm) 

No. of 
slices 

no. 2 (head)  
1024x1024  
16-bit 

150 0.4 0.08638 0.08638 82 1538 

no. 1 (head-
shoulder) 

1024x1024  
16-bit 90 0.11 0.03597 (voxel size) 1390 

no. 3 (tongue)  
1024x1024  
16-bit 

150 0.13  0.126 (voxel size)  1732 

Table 2.2: Scanning parameters used for contrast-enhanced computed tomography.  
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Group  Muscle Origin Insertion Proposed 
function 

Estimated 
Directions of 
lingual motion 
involved 

A 

M. intermandibularis Medial 
mandible Middle raphe Raising 

basihyal Dorsal 

M. constrictor colli 
Medial 
mandible Middle raphe 

Raising 
pharynx, 
throat 
region 

Dorsal 

M. constrictor profundus Second cervical 
rib  Middle raphe 

Throat 
contraction 
and raising 
hyoid 

Dorsal  

B 

M. genioglossus Mandibular 
symphysis Tongue 

Protract the 
tongue 
cranial-
dorsally 

Dorsorostral  

M. hyoglossus Ceratobranchial 
shaft 

Middle of the 
tongue 

Lingual 
motion Caudolateral  

M. branchiohyoideus Later edge of 
ceratobranchial Mandible  Hyoid 

suspension Dorsoventral 

C 

M. 
episternobranchiotendineus Episternum Mandible  

Protract and 
retract 
hyoid 

Rostra-caudal 

M. episternobranchialis Episternum Basihyal Retract 
hyoid Caudal 

M. geniohyoideus Ceratobranchial Splenial bone 
Cranial 
dorsal move 
hyoid 

Rostrodorsal 

M. omohyoideus Coracoid Ceratobranchial Retract 
hyoid Caudal 

Table 2.3 
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Table 2.3: Described hyoid muscles with their synonyms in the previous studies and 
proposed function. Simplified insertion and origin are indicated and see 
details in the main text. Synonyms: M. intermandibularis (Schumacher, 
1973; Edgeworth, 1935; Bona & Desojo, 2011)–M. mylohyoideus anterior 
principalis (Sondhi, 1958); M. constrictor colli (Schumacher, 1973; 
Edgeworth, 1935; Bona & Desojo, 2011)–M. constrictor pharyngis (Sondhi, 
1958); M. constrictor profundus (Schumacher, 1973; Edgeworth, 1935)–M. 
constrictor pharyngis (Sondhi, 1958); M. branchiohyoideus (Diogo & 
Abdala, 2010)–M. branchiomandibularis viseralis (Schumacher, 1973; 
Bona & Desojo, 2011)–M. mandibulohyoideus (Sondhi, 1958)–M. 
branchiomandibularis (Edgeworth, 1935); M. episternobranchiotendineus 
(Schumacher, 1973; Bona and Desojo, 2011) and M. episternobranchialis 
(Schumacher, 1973)–M. sternohyoideus (Sondhi, 1958; Edgeworth, 1935); 
M. geniohyoideus (Edgeworth, 1935; Sondhi, 1958)–M. 
branchiomandibularis spinalis (Schumacher, 1973; Bona & Desojo, 2011); 
M. omohyoideus (Sondhi, 1958; Edgeworth, 1935)–M. coracohyoideus 
(Schumacher, 1973; Bona & Desojo, 2011). 
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Figure 2.1: The bony hyoids in reptilians (A) with a detailed reconstruction of the hyoid 
in Alligator mississippiensis (B) based on X-ray CT data from this project. 
Anatomical abbreviations: Ac, anterior corner; Ant, anterolateral notch; Bh, 
basihyal; Ic, incisure; Cb, ceratobranchial; Ep?, epibranchial; Def. I, 
deflection I; Def. II, deflection II; pc, posterior corner (see main text); 
ventral views of the reptilian skulls are all adopted from “digimorph.org.” 
Agama agama (FMNH 47531), Glyptemys muhlenbergii (UF 85274), 
Alligator mississippiensis (TMM M-983), Coragyps atratus (TMM 
Collections uncatalogued).  

 

http://www.flmnh.ufl.edu/herpetology/
http://www.tmm.utexas.edu/vpl/index.html
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Figure 2.2: Ventral view of the hyoid apparatus in crocodilians. A–E: after Corsy 1933, 
Schumacher 1973, and Cong et al. 1998; F: from this project (specimen no. 
3). A and B: Crocodylus porosus (juvenile); C: Caiman crocodilus; D: 
Crocodylus cataphractus; E: Alligator sinensis; F: Alligator 
mississippiensis. Anatomical abbreviations: Ic, incisure; Fe, fenestra. 
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Figure 2.3: Select CT coronal sections from cranial to caudal (A–D) region in the head 
of Alligator mississippiensis. The inset (orange line) shows the locations of 
these coronal sections. The hyoid and the associated muscles are highlighted 
in different color. Anatomical abbreviations: Bh, basihyal; Cb, 
ceratobranchial; Mcc, M. constrictor colli (pars anterior); Mbhd and Mbhv, 
M. branchiohyoideus (dorsalis and ventralis); Mcp, M. constrictor colli 
profundus; Meb, M. episternobranchialis; Mebt, M.   
episternobranchiotendineus; Mgh, M. geniohyoideus; Mgl and Mgm, M. 
genioglossus lateralis and medialis; Mhg, M. hyoglossus; Mim, M. 
intermanibularis; Moh, M. omohyoideus; 
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Figure 2.4: Select CT coronal sections from cranial to caudal (A–D) region of heads of 
Alligator mississippiensis. Similar muscles are discerned from this post-
hatching specimen (no.1) as well. The hyoid and the associated muscles are 
labeled with the same anatomical abbreviations as in Figure 3. 
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Figure 2.5: Ventral view showing the superficial layered muscles of head region in 
Alligator mississippiensis. A: CT reconstruction of the specimen (no. 2); B: 
dissection (no. 4). Anatomical abbreviations: Mbhd and Mbhv, M. 
branchiohyoideus (dorsalis and ventralis); Mcc, M. constrictor colli (pars 
anterior); Mcp, M. constrictor colli profundus; Mggl, M. genioglossus; 
Mim, M. intermanibularis. 
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Figure 2.6: Dorsal view of the 3D reconstruction of the hyoid apparatus with the 
superficial layered (A), and deep-layered muscles (B) in Alligator 
mississippiensis (specimen no. 2). To better distinguish the two portions of 
M. branchiohyoideus, only partial of the M. branchiohyoideus (dorsalis) is 
visualized in the left side, in comparison with the whole set of the muscle in 
the right side of the head in (B). (C) The coronal section from CT image to 
indicate the attachment of M. constrictor colli profundus associated with the 
second cervical rib. The position of this slice is indicated as a dashed line in 
A and B. Anatomical abbreviations: Bh, basihyal; Cb, ceratobranchial; 
Mbhd and Mbhv, M. branchiohyoideus (dorsalis and ventralis); Mcc, M. 
constrictor colli (pars anterior); Mcp, M. constrictor colli profundus; Mhg, 
M. hyoglossus; Mgl and Mgm, M. genioglossus lateralis and medialis; Mim, 
M. intermanibularis; Tr-g, triangular gap; 2nd cer, second cervical rib.    
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Figure 2.7: Ventral view of the deep layered muscles with CT reconstruction (A, B: 
specimen no. 2) and viewed in dissection (C, D: specimen no. 4 and no. 5), 
with emphasis on the glossopharyngeal muscles and tongue muscles in 
Alligator mississippiensis. Anatomical abbreviations: Bh, basihyal; Cb, 
ceratobranchial; Gl, mandibular gland; Mbh (v+d), M. branchiohyoideus 
(dorsalis and ventralis); Mcp, M. constrictor colli profundus; Mgh, M. 
geniohyoideus; Mgl and Mgm, M. genioglossus lateralis and medialis; Mhg, 
M. hyoglossus.  
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Figure 2.8: Ventral view of the highlighted hypobranchial longitudinal muscles viewed 
in CT reconstruction (A–D, specimen no. 2) and dissection (specimen, no. 
6) for Alligator mississippiensis. Anatomical abbreviations: Meb, M. 
episternobranchialis; Mebt, M. episternobranchiotendineus; Mgh, M. 
geniohyoideus; Mhg, M. hyoglossus; Moh, M. omohyoideus; tr, trachea.   
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Figure 2.9: Proposed homologous hyoid muscles (linked by red line) mapped in 
Alligator mississippiensis (A, C) and Sphenodon punctatus (B, D) of the 
same color. The muscles of Sphenodon are modified from Jones et al. 2009. 
Anatomical abbreviations: CB 1, ceratobranchial I; CB 2, ceratorbanchial II; 
CH, ceratohyal; Mceh, M. ceratohyoideus; Mggl, M. genioglossus; Mhg, M. 
hyoglossus; Mmh: M. mandibulohyoideus; Moh, M. omohyoideus; Msh, M. 
sternohyoideus. Black arrows indicate the major attachments of the hyoid 
muscles on the ceratobranchial I. 
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Figure 2.10 
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Figure 2.10: Hyoid remains preserved in close-to-life position in Archosuriformes and 
crown-clade crocodilians compared to selected extant outgroups: A: 
Lepidosauria: Sphenodon punctatus (YPM 9194); B: Testudines: Glyptemys 
muhlenbergii (UF 85274); C, D: Proterosuchus fergusi (C, NMC. 3016 and 
D, BP/1/4016); E: Euparkeria capensis (SAM 5867); F: Simosuchus clarki 
(UA 8679; adopted from Kley et al. 2010.); G: Alligator prenasalis (SDSM 
243) and H: Alligator mississippiensis. The major features and related 
functional shifts inferred along crocodilian-line archosaurs are labeled (see 
text also). Phylogenetic relationships within Archosauriformes are based on 
Nesbitt (2011). Curved arrows and black stars indicate major shifts hyoid 
morphology and inferred feeding ecology in Archosauriformes; the parallel 
black and grey arrows indicate the attachment site of the major 
hypobranchial muscles on ceratobranchial I in lepidosaurs, turtles, Alligator 
and position of these attachments inferred in extinct Archosauriformes. 
Anatomical abbreviations: Cb, ceratobranchial; Def. I, deflection I. 
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Chapter 3:  The craniolingual morphology of waterfowl (Aves, 
Anseriformes) and its relationship with feeding mode revealed through 
contrast-enhanced X-ray computed tomography and 2D morphometrics  

Running title: The craniolingual morphology of waterfowl2 

ABSTRACT 

Within Anseriformes, waterfowl (ducks, geese, and swans) exhibit three 

specialized feeding modes that are distinctive among Aves: filter-feeding with fine and 

dense keratinous lamellae on a flat, mediolaterally expanded bill; cropping or grazing 

vegetation with large and robust lamellae with a dorsoventrally expanded bill; and sharp 

lamellae associated with a narrow bill used in acquiring mixed invertebrates and fish 

underwater mainly by grasping. Here we assess morphometric variation in cranial and 

hyolingual structures as well as hyolingual myology in a diverse sample of Anatidae to 

explore the relationship of tongue variation and feeding mode. Phylogenetically informed 

principal component analysis (phyl.PCA) of cranial-lingual measurements for 67 extant 

and two extinct anatids recovers grazers and filter-feeding taxa in largely distinct areas of 

morphospace, while underwater graspers and other mixed feeders show less distinct 

clustering. The relationship between morphometric differences in skeletal features and 

muscular variation was further explored through a reassessment of hyolingual 

musculature enabled by contrast-enhanced X-ray computed tomography (CT) imagery 

acquired from three exemplar species (Branta canadensis, Chen caerulescens, and 

Aythya americana) with distinctive ecologies and morphologies of the bony hyoid. Data 

for these duck and geese exemplars reveal further significant, and previously unstudied, 

morphological differences between filter-feeding and grazing species. Grazers have a 

larger hyolingual apparatus with highly-developed extrinsic hyoid muscles; while filter-
                                                 
2This chapter is accepted by the journal Evolutionary Biology, Li and Clarke, accepted 2015. 
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feeding species are characterized by relatively more diminutive extrinsic muscles and 

larger intrinsic muscles. The feeding mode of two extinct taxa (i.e., Presbyornis. and 

Thambetochen) was also estimated from morphometric data. The results indicate a 

derived terrestrial browsing or grazing ecology for Thambetochen but do not 

unequivocally support a specialized filter-feeding ecology for Presbyornis, which is 

recovered with mixed feeders including swans. The combination of detailed, CT-

mediated acquisition of fine muscular anatomy with morphometric approaches shows 

promise for illuminating form-function relationships in extant taxa more generally. 

 

Keywords: Anatidae, feeding modes, hyoid, morphometrics; 

 

BACKGROUND 

Anseriformes comprise 150 species with a global distribution (Carboneras 1992). 

Nearly all of these species are in Anatidae, a clade of waterfowl including ducks, geese, 

and swans; Baldassarre et al. 2006). Numerous anatomical cranial and postcranial 

features have been described as linked to both feeding ecology and habitat utilization in 

waterfowl (Tremblay and Couture 1986; Lagerquist and Ankney 1989; Nummi 1993; 

Nudds et al. 2000; Gurd 2007). Three broad categories of anatid feeding behavior and 

ecology have been recognized (Goodman and Fisher 1962; Batt et al. 1992; Kear 2005; 

Fig. 3.1). These include includes filter-feeding taxa or dabblers with a large number of 

fine ramphothecal lamellae on the bill, anatids that graze or grub on land vegetation using 

with stout ramphothecal lamellae, and taxa that feed primarily on invertebrates and fish 

while diving (Goodman and Fisher 1962; Carboneras 1992; Batt 1992; Kear 1995). 

Filter-feeding has been hypothesized to be a key innovation in anseriform radiation with 



 48 

the earliest known filter-feeding taxon within Anseriformes, Presbyornis, known from 

the Paleocene and Eocene (Olson and Feduccia 1980; Feduccia 1999).  

Anatidae that mainly obtain food through grazing or grubbing include geese and 

several duck species (e.g., wigeons), whose niches are mostly restricted to terrestrial open 

environments (e.g., grassland and farmland). The so-called “true geese” (Anser, Branta, 

and Chen; Carboneras 1992) and other geese (e.g., Cereopsis, Plectropterus, and 

Anseranas) are superficially similar in morphological modifications inferred to be related 

to grazing, even though they are not phylogenetically related closely (Donne-Goussé et 

al. 2002; Fig. 3.1.). For a few ducks (e.g., wigeons and the Maned Duck), grazing 

behavior has been considered to be a secondary adaptation based on their derived 

phylogenetic position and use of the feeding apparatus in both grazing and filtering (Van 

Der Leeuw et al. 2003). Food resources consumed by these grazers include mostly plant 

materials (e.g., grass, herbs, seeds, and leaves; Carboneras 1992; Durant 2013), while 

animal resources account for only a small portion of their diet and are much less 

important (Kear 2005). Specialized filter-feeding taxa include dabbling ducks (Anatini) 

and several diving ducks (Aythyini) (Goodman and Fisher 1962). The majority of these 

taxa are surface feeders or dabblers; the few exceptions sieve debris at the water bottom 

(e.g., Freckled Duck; Carboneras 1992). Anatini is the most speciose group of Anatidae 

and cover a broader spectrum in both feeding ecology and diet variety than grazers 

(Green 1992; Kear 2005). Mergini (mergansers and allies) or the so-called sea-ducks, and 

a few pochards find food mainly by diving underwater (Tome and Wrubleski 1988) and 

use a strong grasping motion to acquire prey (Goodman and Fisher 1962). Both of these 

Mergini and pochards consume a large variety of animal material and some aquatic 

vegetation and show seasonal changes in diet (Kear 2005). For these sea ducks and 

diving ducks, invertebrates are important components of their diet. In addition, as superb 
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divers, some taxa (i.e., mergansers) are specialized piscivores (Kear 2005). Other anatids 

do not exclusively specialize on a particular feeding mode but rather show a combination 

of two or more (Goodman and Fisher 1962). Here, we place them in a fourth category as 

“mixed feeders.” This category includes whistling ducks, swans, and a few dabbling and 

diving ducks (Fig. 3.1).The variation in feeding ecology between these distinct groups 

makes Anatidae an ideal clade for investigating aspects of evolutionary adaptation 

(Rylander and Bolens 1974; Owen and Black 1990; Harvey and Pagel 1991). The general 

correlation of the cranial shape of waterfowl (e.g., skull length and skull height) with 

filtering-feeding and grazing in Anatidae has been noted (Goodman and Fisher 1962; 

Zweers 1974; Pöysä 1983; Kehoe and Thomas 1986; Owen and Black 1990) but not 

systematically investigated in a phylogenetic context. For instance, short-faced geese are 

specialized grazers while the more elongate, shallower cranial shape in ducks has been 

considered to be related to specialization for filter-feeding (Kear 2005). The fleshy 

tongue and bony hyoid are strikingly well developed within almost all anatids and are 

heavily involved in both filtering and grazing (Zweers 1974, Zweers et al. 1977; Kooloos 

et al. 1989; Lagerquist and Ankney 1989) but have not been the focus of comparative 

study. Extrinsic and intrinsic hyoid muscles are responsible for all lingual movement 

(Suzuki and Nomura 1975; Homberger and Meyers 1989). We investigate whether 

feeding mode will be reflected in systematic variation in cranial and hyolingual 

morphologies accessed via morphometric and contrast-enhanced CT-mediated 

assessment of myology. We also test previous hypotheses regarding the feeding modes of 

two extinct anatids, Presbyornis, and Thambetochen using the morphometric dataset. 
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MATERIALS AND METHODS 

Multivariate Analyses: Twelve measurements of the hyoid apparatus and skull 

(Fig. 3.2) were taken from 67 Anatidae species (34 of 41 genera; Fig. 3.1) represented by 

102 skeletal specimens (specimen number was indicated in Appendix A) from the 

National Museum of Natural History, Smithsonian Institution (NMNH) and American 

Museum of Natural History (AMNH). For a few specimens measured (Appendix A), the 

two skeletons with significant size variation were chosen. Most are linear measurements, 

except ceratobranchial and epibranchial length, which were marked on a flexible plastic 

tape. The phylogeny and branch-length information used in the phylogenetic principle 

component analyses is from Jetz et al. (2012; Fig. 3.1, Appendix C). Sixty-seven species 

were identified to one of four feeding modes: (1) grazing, (2) filtering-feeding, (3) diving 

grasping, and (4) mixed feeding based on previous studies of anatid feeding ecology 

(e.g., Goodman and Fisher 1962); the assignment of each species by those authors was 

re-checked against multiple resources on anseriform ecology (e.g., Owen and Black 

1990; Carboneras 1992; Kear 2005).  

We evaluated the relationship between feeding modes and cranial and hyolingual 

measurements and estimate the feeding mode of extinct taxa using phylogenetic principal 

component analyses in phyl. PCA. (Revell 2009). The skeletal measurements are ‘size-

corrected’ utilizing log body mass (phyl.resid. in ‘R’, Revell 2009) following standard 

procedures (e.g., Garland et al. 1992; Revell 2012; Blackburn et al. 2013) and residuals 

were analyzed. The body mass data for each species (mean values) were taken from the 

literature (Carboneras 1992; Iwaniuk 2004; Dunning 2008; Zelenitsky et al. 2011; 

Appendix A). Phyl.PCA space reflects corrected shape differences by taking into account 

phylogenetic relationships (Monteiro 2013; Polly et al. 2013). These analyses cannot 

evaluate measurement sets for which there are missing values; thus fewer variables could 
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be used to assess the extinct taxa. Nine out of the 12 variables could be used to assess 

these extinct taxa. Thambetochen chauliodous (USNM uncatalogued) and Presbyornis 

sp. (USNM PAL 299846, 299847; Appendix A). Their phylogenetic position within 

Anseriformes was based on previous hypotheses (Livezey 1997ab; Sorenson et al. 1999). 

Branch lengths for these taxa were scaled using their reported geologic age (~25 Ka and 

~50 Ma, respectively for Thambetochen and Presbyornis; Olson and James 1991; Leggitt 

et al. 1998). Phylomorphospace was visualized in ‘R’ and in ‘Mesquite’ using the Plot 

Tree 2D algorithm in the Rhetenor module (Dyreson and Maddison 2003; Maddison and 

Maddison 2011).  

Computed Tomographic (CT) Data: Detailed hyolingual muscular features from 

contrast-enhanced high-resolution X-ray CT imagery datasets are compared in three 

exemplar species, Branta canadensis, Chen caerulescens, and Aythya americana (TMM 

M-12684, TMM M-12680, and TMM M-12045, respectively). Heads of Branta 

canadensis and Aythya Americana were perfused within 10% Neutral Buffered Formalin 

(NBF) solution for ~ two months and then transferred to the 6 % (w/v) I2KI solution 

(Metscher 2009ab; Jeffery et al. 2011) for staining. The incubation period lasted ~ two 

months with solution replacement before the high-resolution X-ray (CT) scans were 

made. The staining effect obtained here enabled the delicate hyolingual muscular fibers 

to be clearly distinguished even in the relatively large-sized Branta canadensis. Another 

protocol was applied for Chen caerulescens; after the similar fixation using NBF 

solution, the specimen was dehydrated in ethanol (>99%) for two weeks and then was 

transferred to 1% elemental iodine solution (e.g., 1 gram iodine per 100ml pure ethanol) 

for staining about a month before the scan.  

All samples were scanned using a custom instrument built by North Star Imaging 

(Rogers, MN) and operated at the University of Texas High-Resolution X-ray CT facility 



 52 

(UTCT). Images obtained were 1024×1024 16-bit Tiff format. Total slices were 2439 

slices for Branta canadensis, 1817 slices for Chen caerulescens, and 1675 slices of the 

scan of Aythya americana (Fig. 3.3). Scan parameters for Branta canadensis were 180 

kV, 0.3 mA, slice thickness 0.07283 mm, an interslice spacing of 0.07283mm and a field 

of reconstruction of 68 mm; scan parameters for Chen caerulescens were 125kV, 0.15mA 

with a voxel size of 0.0768mm; scan parameters for Aythya americana were 200 kV, 0.22 

mA, slice thickness 0.07144 mm, an interslice spacing of 0.07144mm, and a field of 

reconstruction of 68 mm. Hyolingual bones and the associated muscles were clearly 

identified from the CT imagery dataset (Fig. 3.3); individual hyoid elements and muscles 

were manually segmented and digitally rendered using 'Surfacegen' in Avizo 6.1 (FEI 

Visualization Sciences Group). Individual materials (e.g., hyoid bones and muscles) were 

further measured using ‘Material-Statistics’ in Avizo 6.1 (Table 3.1) for volume 

comparison. The original muscle volumes were scaled to head volume to remove the 

effect of body size differences. These scanned anatids specimens are deposited at TMM 

Collections at The University of Texas Vertebrate Paleontology Laboratory.  

 

RESULTS 

Morphometric Analyses: 

The first three principal component axes (PCs) accounted for over 90% of the 

total shape variation (Appendix B). Most explained variance is primarily distributed 

within the first two axes (Fig. 3.4). The first PC axis (PC 1) accounts for about 86% of 

the total variance. All variables were loaded negatively for PC 1, and this was most 

pronounced for skull and mandible lengths (SKL and MDL). The second axis (PC 2) 

reflects variation in the length of the hyolingual apparatus and skull height, both of which 
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received high positive loading (e.g., BHU, BH, CB, and EP), and the skull height (SKH) 

(Appendix B).   

Clear separation of species classified by different feeding modes can be discerned 

from the plots of first two PC axes, especially for grazers and filter-feeding specialists 

(e.g., shoveler ducks; Fig. 3.4). These two groups are mostly separated from each other 

along the PC1, indicating major differences in skull and mandible length. Grazers are 

characterized by having a relatively shorter skull but relatively longer hyolingual 

elements (BHU, CB, and EP). Filter-feeding taxa are characterized by having a relatively 

longer skull with shorter hyolingual elements. Grazing specialists (‘true geese’) are 

distant from in the morphospace. A few mixed feeders, e.g., whistling ducks 

(Dendrocygna) and Muscovy duck (Carina moschata), occupy a transitional area near 

some filter-feeding taxa that lie close to the morphospace occupied by grazers. These 

mixed feeders are considered to use both grazing and filtering (Goodman and Fisher 

1962).  

By contrast, diving, prey-grasping species are widely distributed along PC2; skull 

length is less variable than the skull height in these species (Fig. 3.4). Rather than the 

skull length, a shallower cranial height (SKH) and the reduction or the shortening of 

several hyolingual elements (BHU, CB, and EP) appear to be the most significant 

variables associated with acquiring food by grasping while diving. Modification of 

cranial and lingual shape has been explained by the hydrodynamics of foraging 

underwater (Lovvorn et al. 2001). Anatids that are specialized for grasping are the group 

least utilizing the hyolingual apparatus for feeding, a pattern most pronounced in 

piscivorous taxa (e.g., Mergus), which have reduced bony elements and fleshy tongue. 

Mixed feeders are separate from grazers but cannot be distinguished from either the 

diving graspers or other filter-feeding species.  
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The large-bodied flightless duck from the Hawaiian Islands, Thambetochen, was 

proposed to be a browser in an environment in which other large, herbivorous vertebrates 

were absent (James and Burney 1997; Sorenson et al. 1999). Here, it is recovered in the 

cluster of grazing taxa in the PCA morphospace. Its location in cranio-lingual 

morphospace is far from the dabbling ducks (Fig. 3.5) to which it is closely related 

(Sorenson et al. 1999). The strikingly short mandible combined with relatively longer and 

robust lingual elements distinguish Thambetochen chauliodous from other diving or 

filter-feeding species. A browsing behavior has been inferred from analysis of coprolites 

that revealed ferns comprised a major part of diet of Thambetochen chauliodous. 

However, no extant waterfowl adopt browsing as a major feeding mode (Kear 2005). A 

terrestrial grazing or browsing ecology was also inferred from paleovegetation data 

(Givnish et al. 1994). Our data are consistent with a grazing terrestrial ecology similar to 

that of other extant anatids such as geese and do not indicate modifications for a unique 

feeding mode (e.g., browsing). However unique ferns or browsing maybe within 

Anatidae, cranial and hyolingual morphologies relative to outgroups are similar to those 

observed in grazing taxa. Given that this species is only estimated to diverge from other 

dabbling ducks approximately 25,000 years ago (Olson and James 1991; Sorenson et al. 

1999), rapid convergent evolution on a more goose-like skull shape and hyolingual 

morphology is indicated. 

The long-necked wading taxon Presbyornis has a low, elongate duck-like skull 

assumed to function in filter feeding (Olson and Feduccia 1980). It has been recovered 

previously as the sister taxa of Anatidae or to Anseriformes (Olson and Feduccia 1980; 

Erickson 1997; Livezey 1997ab). Here it is recovered in a part of morphospace relatively 

close to a few mixed feeders (e.g., swans; Cygnus olor) and several specialized filter-

feeding taxa (e.g., freckled duck, Stictonetta naevosa; Fig. 3.6). In both cranial and 
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lingual proportions, it is most similar to these two taxa. The elongated neck in 

Presbyornis would have enabled this species to reach a considerable depth for browsing 

on aquatic plants in a lacustrine environment; in this respect, its feeding mode would be 

similar to species of long-necked Cygnus, which almost entirely relies on plant diet 

(Owen and Black 1990). The shallow skull of Presbyornis has a marked upwardly 

recurved rostrum similar to that of the filter-feeding Stictonetta. We conclude that both 

underwater grazing and filter feeding may have been employed by Presbyornis but 

caution that the morphology of this species has no analogue among extant anatids and has 

not been identified as part of that clade but closely related to it. 

Musculoskeletal variation in the anatid hyoid apparatus: 

Epithelial structures of the tongue in waterfowl have been found to be specialized 

for distinct feeding ecologies at both the macroscale and microscale (Kooloos et al. 1989; 

Iwasaki et al. 1997; Van Der Leeuw 2003; Jackowiak et al. 2011). These findings are 

consistent with our morphometric analyses, in which the measurements of the bony 

elements distinguish distinct grazing and filter-feeding groups (Fig. 3.4). We examined 

the discrete myology characters as well as the skeletal correlates in the hyolingual 

structure of Branta canadensis, Chen caerulescens, and Aythya americana through 

contrast-enhanced CT-mediated imaging to track the relationship between differences 

observed in bony morphology of the hyoid and differential development and placement 

of tongue muscles. Muscular arrangements among the three species are generally similar. 

Only six muscles showed significant variation, including M. intermandibularis ventralis, 

M. hyoglossus anterior and obliquus, M. ceratoglossus, M. stylohyoideus, and M. 

serpihyoideus. As discussed below, all of these muscles have an important role in 

waterfowl feeding (Goodman and Fisher 1962; Zweers 1974).  
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M. intermandibularis ventralis 

The thin sheet-like M. intermandibularis ventralis originates from the medial 

surfaces of the mandibles. Its two parts extend medially and meet at the midline of the 

buccal floor in a ventral raphe (Figs 3.3 and 3.7). The whole muscle is hammock-like, 

extending below the larynx and connecting the mandibular rami near their midpoint. The 

anterior extension of this muscle only reaches urohyal/basihyal junction in Aythya, but 

passes below the basihyal in Branta and Chen. The elongation of M. intermandibularis 

ventralis in geese (e.g., Branta and Chen) explains its relatively larger volume in these 

taxa compared to the duck. 

M. stylohyoideus and the M. serpihyoideus 

Both M. stylohyoideus and M. serpihyoideus originate on the lateral and ventral 

aspects of the caudal mandible (primarily on the retroarticular process) and insert on the 

hyolingual apparatus anteriorly (Vanden Berge and Zweers 1993). As the major external 

hyolingual muscles, they link the hyoid to the mandible (Figs 3.7 and 3.8), and function 

as the major lingual retractor (Vanden Berge and Zweers 1993). They share a close 

attachment to M. mandibular depressor but lie in a more lateral position on the posterior 

tip of the mandible.  

M. stylohyoideus and M. serpihyoideus are not separate from each other at their 

origins. They are distinguishable at the point that they extend ventrally to the mandibular 

rami as they pass anteriorly toward ceratobranchials and urohyal (Fig. 3.7). M. 

serpihyoideus runs farther anteriorly and dorsally than M. serpihyoideus. In Branta 

canadensis and Aythya americana, M. serpihyoideus inserts on a median raphe associated 

with the ventral surface of the urohyal. The insertion of M. stylohyoideus differs 

markedly between Aythya americana, Branta canadensis and Chen caerulescens; it 

inserts on the dorsal surface of the basihyal in Branta canadensis, leaving a significant 



 57 

scar (Figs 3.7 and 3.8), but inserts on the proximal-most portion of the ceratobranchial in 

Aythya americana and other ducks (Figs 3.7 and 3.8; Zweers 1974). The insertion 

observed here in Branta canadensis differs from that reported in a previous study, in 

which it was incorrectly proposed to insert on the ventral surface of basihyal (Goodman 

and Fisher 1962).  

M. hyoglossus obliquus and anterior 

M. hyoglossus obliquus and anterior are the two major intrinsic hyolingual 

muscles in birds, which are mainly associated basihyal and paraglossal. The paired 

muscles of M. hyoglossus obliquus and anterior are both well developed in geese and 

duck with a similar arrangements. M. hyoglossus obliquus attaches to the lateroventral 

surface of basihyal, sandwiching the bone mediolaterally. M. hyoglossus anterior is rather 

anteriorly positioned relative to M. hyoglossus obliquus; it origins from the ventrolateral 

corner of the paraglossal and filling the concaved groove on the ventral side of 

paraglossal in duck and geese. The paired M. hyoglossus anterior in duck appeared to 

contact each other in front from left and right side, but being separated in geese. The 

extension of fibers is relatively longer in ducks, over half the length of its paraglossal but 

shorter in geese, which is less than the half length of their paraglossal.  

M. ceratoglossus 

The origin and insertion of M. ceratoglossus is derived in geese, ducks and in 

screamer (e.g., Chauna) compared to Galliformes. The name for this muscle is 

misleading for geese and duck in that rather than passing from the ceratobranchial to the 

paraglossal, the muscle originates from the proximal end of the epibranchial as well as 

the distal end of the ceratobranchial; it extends along the dorsal surface of the 

ceratobranchial and inserts on proximal region of the ceratobranchial. The muscle covers 

almost all of the dorsal surface of the ceratobranchial but not its proximal-most tip. 
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Hyolingual muscle mass and volume in filter-feeding and grazing taxa: 

Comparison of hyoid muscle volumes reveals significant differences among the 

Branta, Chen and Aythya exemplars (Table 3.1). All individual hyoid muscles are 

significantly larger in Branta canadensis and in Chen caerulescens, about 1.3-4.5 the 

times of same muscle in Aythya americana. The examination of individual muscles 

indicates the majority are around 2-4 times the size of the same muscle in Aythya 

americana in Chen caerulescens and in Branta canadensis. These observed differences 

could be ascribed to differences in body size and head size variation or indicate 

differences in the mass and force of the muscle capable of generating. We therefore 

preformed further analyses to investigate allometric scaling. 

Multiple analyses have recovered a negative allometry for jaw muscle mass and 

head volume relative to body mass in Anseriformes (Goodman and Fisher 1962; Van der 

Meij and Bout 2004). We assumed that it was more likely that hyolingual muscle 

volumes would scale proportionally to the head as the jaw muscles (Van der Meij and 

Bout 2004) than overall body mass. Therefore, we adopted cranial volume to rescale the 

hyoid muscle volumes (cranial volumes measured: Aythya Americana; 70 mm3, Chen 

caerulescens, 150 mm3, Branta canadensis; head volume: 210 mm3). After size 

correction, the M. branchiomandibularis volume is about the same for the three species 

(Table 3.1); the major function of M. branchiomandibularis is related to lingual 

protraction during food ingestion (Goodman and Fisher 1962). The rest of the hyolingual 

muscles compared are either notably larger in Branta and Chen, or notably larger in 

Aythya. This variation in individual hyoid muscle volumes, observed after correcting for 

cranial size differences (as volumes) may reflect difference in function.  

The majority of the extrinsic hyolingual muscles (e.g., M. stylohyoideus and M. 

serpihyoideus, M. hyoglossus obliquus and M. intermandibularis ventralis) are better 
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developed in Branta and Chen (Table 3.1). Several of these muscles play a key role in 

raising the lingual bulge (i.e., M. hyoglossus obliquus and M. intermandibularis) 

suggesting this movement may play a bigger role in grazing (Goodman and Fisher 1962). 

By contrast, two intrinsic hyoid muscles (i.e., M. hyoglossus anterior and M. 

ceratoglossus) are relatively larger in the Aythya; both function in depressing the tongue 

(Table 3.1). We proposed that the enlargement of these specific intrinsic hyoid muscles in 

the Aythya is consistent with a proposed major role for intrinsic tongue motion in filter 

feeding.  

 

DISCUSSION 

Species distribution in phylomorphospace appears largely explained by feeding 

mode as indicated by the distinct clusters of filter-feeding, grazing and the more 

heterogeneous mixed-feeding taxa (Figs 3.4-3.6). Convergent evolution of ‘grazer-like’ 

cranial and hyolingual morphologies is seen in multiple lineages of anatids, including 

‘true geese,’ sheldgeese, Maned Goose and Thambetochen (Figs 3.4 and 3.5). That some 

major changes in morphology, from those associated with filter feeding to those 

associated with grazing, occurred rapidly (i.e., ~25,000 years in Thambetochen) may 

speak to striking plasticity in avian cranial form and function and/or the strength of 

certain selective regimes. Different selective pressures on cranial and hyolingual 

morphology in response to filter feeding, diving grasping, and grazing are inferred from 

repeated shifts into these areas of morphospace by distinct clades. 

 Discrete myological characters, such as muscle origin and insertion sites, have 

been proposed to be less variable than osteological characters in fishes and primates 

(George and Berger 1966; Gibbs et al. 2000; Diogo 2004;). Similarly, bony attachment 
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sites for cranial and hyolingual muscles in birds have been reported to highly conserved 

(Köntges and Lumsden 1996). Therefore, we consider observed differences in attachment 

location and type in relatively closely related geese and ducks noteworthy and potentially 

indicative differences in hyolingual function. In the case of the lingual retractors, the 

attachment of the M. stylohyoideus in well developed paired dorsolateral depressions on 

the basihyal surface in geese is consistent a role in lingual retraction (George and Berger 

1966; Figs 3.7 and 3.8). However, the smaller and more posterior insertion of the M. 

stylohyoideus on the distal end of the ceratobranchial (as opposed to the basihyal) in filter 

feeding ducks makes it less effective for lingual retraction (Fig. 3.8). The contraction of 

the well-developed M. intermandibularis (dorsalis and ventralis) muscles raises the 

tongue from the buccal floor (Zweers 1974). A depression on the medial mandible serves 

as the origination of the M. intermandibularis dorsalis; it is significantly larger in all 

evaluated grazers compared to filter-feeding taxa (Fig. 3.8; Appendix A). An extended 

study of these features in other Anatidae (Li, pers. obs.) supports these broader patterns. 

The contraction of the M. intermandibularis dorsalis and ventralis muscles raises the 

tongue from the buccal floor (Zweers 1974). The type of bone-marking strong attachment 

of the M. intermandibularis and difference in the location of the M. stylohyoideus 

attachment are proposed to indicate a more effective role of this muscle in raising the 

tongue, key to the movement of food within the mouth associated in grazing (Van Der 

Leeuw et al. 2003).  

Data on relative muscle volume provide other means of evaluating the 

morphological differences between filter-feeding and grazing species (Table 3.1). 

Relatively weak development (i.e., smaller relative volume) of extrinsic hyoid muscles in 

Aythya (compared to Branta and Chen) may indicate protraction and retraction of the 

tongue may be less important for filter-feeding taxa than for grazers. The better 
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developed extrinsic muscles in Branta and Chen as well as relatively larger bony 

elements of the hyoid are consistent with the greater demands of transferring larger food 

items over the oropharyngeal region (Kooloos and Zweers 1991). Rather than lingual 

retraction, lingual depression in filter-feeding taxa plays a key role in moving water 

beneath the tongue within the mouth. It is associated with a more delicate hyoid 

apparatus and relative enlargement of two intrinsic hyoid muscles (M. hyoglossus 

anterior and M. ceratoglossus) (Kooloos et al. 1989; Zweers 1974). 

In extinct taxa, muscle development and attachment sites can only be inferred 

from skeletal correlates and phylogenetic data (Witmer, 1995). In Thambetochen 

chauliodous paired dorsal lateral depressions are present on the basihyal, although there 

appears to be limited infraspecific variation in this character (Fig. 3.8). As noted above 

these are only seen in grazing taxa with a well-developed lingual retractor (M. 

stylohyoideus) attachment to the basihyal. Similarly a well developed M. 

intermandibularis depression on the medial surface of the mandible ventral to the 

coronoid process (Fig. 3.9) indicates that these lingual elevators are well developed as in 

extant anatid grazers. The data from these discrete features are consistent with the 

estimation of the feeding mode from morphometric data. 

 

CONCLUSIONS 

Our findings support a strong functional relationship in Anatidae between feeding 

mode and both cranial-lingual morphology. Morphometric data, controlled for body-size 

and phylogenetic relatedness, recovered separate clusters of terrestrial grazers and filter-

feeding taxa. However, diving graspers overlap with mixed-feeders and occupy a large 

area of morphospace. The estimation of feeding ecology for Thambetochen chauliodous 
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from both morphometric and skeletal correlates is largely consistent with previous 

hypotheses from direct dietary information and the island flora (Givnish et al. 1994; 

James and Burney 1997). In contrast to other dabbling ducks, Thambetochen chauliodous 

is quite derived in having a terrestrial browsing or grazing feeding ecology. For 

Presbyornis, ambiguous reconstruction of its feeding mode is obtained either due to 

missing data or an actual reflection of a mixed feeding mode. Although it was proposed 

to be a specialized filter-feeding taxon (Feduccia 1999), interestingly morphometric data 

place it in a cluster of mixed feeders near the only other taxa with elongate cervical 

series, the swans. Swans deploy both filter feeding and underwater grazing (Kear 2005). 

The integrative approach taken here, utilizing contrast-enhanced CT enabled 

anatomical study of muscle variation in exemplar species and morphometric data, should 

offer additional rigor in the assessment of form-function in extant taxa and potentially the 

inference of behavior in extinct taxa. Morphometric analyses reveal that grazing taxa 

differ from filter-feeding taxa primarily in skull and mandible length, an intuitive result. 

However, digital dissection of the fine hyolingual muscles and comparison of estimated 

muscle volumes revealed that these more terrestrial taxa are also characterized by 

comparatively more well developed extrinsic hyolingual muscles. Overall grazing 

appears characterized by larger muscles involved in retraction of the tongue as well as 

those involved in moving food in the mouth by lifting the tongue from the buccal floor. 

By contrast, filter-feeding taxa show greater development of intrinsic hyolingual muscles 

and differ in the attachment of one of the major tongue retractors. Several of these 

muscles are involved in depression of the hyoid to move water ventrally during filter-

feeding. Newly identified skeletal correlates, on the basihyal and medial mandible, offer 

promise for further considering feeding mode in some extinct taxa. Certain feeding 

ecologies (mixed feeders and taxa that consume more invertebrates and fish) were not 
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recovered from the morphometric data. For these taxa, new anatomical data and potential 

skeletal correlates will be needed to address whether their feeding modes may be 

characterized by distinct hyolingual myology despite similar skull and hyoid 

measurements.  
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 Material 
Proposed Function 
(Zweers et al., 
1977) 

Canada  
Goose (CG) 
(mm3) 

Snow  
Goose 
(SG) 
(mm3) 

Red 
Head (Rd) 
(mm3) 

Comparative volumes 
(CG/Rd) 
Before and  
after size correction 

Comparative 
volumes 
(SG/Rd) 
Before and  
after size 
correction 

1 
 

M. stylohyoideus  
and M. serpihyoideus 

Retraction of the 
tongue 697.7 460.0 155.2 4.5 1.50 3.0 1.4 

2 M. 
branchiomandibularis 

Protraction of the 
tongue  1022.0 675.5 301.1 3.4 1.1 2.2 1.1 

3 M. intermandibularis 
ventralis 

Hold the lingual 
cushion against  
roof of the mouth 
during protraction 

117.8 83.9 26.5 4.5 1.5 3.2 1.5 

4 M. intermandibularis  
dorsalis 

Hold the lingual 
cushion against  
roof of the mouth 
during protraction 

165.0 216.0 53.0 3.1 1.0 4.1 1.9 

5 M. 
interceratobranchialis 

Elevation of 
lingual bulge 113.4 48.9 26.0 4.4 1.5 1.9 0.9 

6 M. hyoglossus 
obliquus 

Elevation of 
lingual bulge 77.3 60.9 17.6 4.4 1.5 3.5 1.6 

7 M. hyoglossus 
anterior 

Depression of 
lingual tip 35.2 42.5 30.4 1.2 0.4 1.4 0.7 

8 M. ceratoglossus Depression of 
lingual bulge 174.9 153.3 116.1 1.5 0.5 1.3 0.6 

9 M. cricohyoideus Pull the glottal 
bulge rostrally 94.6 48.5 33.9 2.8 0.9 1.4 0.7 

Table 3.1: Relative volumes of the major intrinsic and extrinsic hyolingual muscles in 
Canada Goose (CG), Snow Goose (SG), and Redhead Duck (Rd). Muscles 
identified significantly different in Canada Goose (Branta canadensis), 
Snow Goose (Branta canadensis) and Redhead Duck (Aythya americana) 
are shown in boldface type. The size correction was conducted by multiple a 
ratio (larger head volume/smaller head volume) to the original muscle 
volume of the smaller species to remove the size affection.    
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Figure 3.1: Phylogeny and feeding mode of the 67 extant anatid species included in the 
analyses. Taxonomy follows Carboneras (1992) and Gonzalez et al. (2009). 
Parsimony-based ancestral state reconstruction of feeding mode is indicated 
by different color: grazing, red; filter-feeding, blue; diving grasping, green; 
mixed feeding, black. 
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Figure 3.2: Cranial and hyoid measurements used in the morphometric analyses. These 
variables include the skull height (SKH), skull length (SKL), midline length 
of mandible (MDL), the three dimension of retroarticular process: length 
(RL), and width (RW) and height (RH), paraglossal length (PGL) and width 
(PGW), ceratobranchial (CB) and epibranchial length (EP), basihyal length 
(BH), basihyal and urohyal length (BHU). 
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Figure 3.3: Three coronal sections selected from the contrast-enhanced X-ray CT 
images for anatids detailed in this study. A-C: Branta canadensis, D-F: 
Chen caerulescens, and G-I: Aythya americana. The individual hyoid 
muscles are identified and labeled by different colors on one side in 
comparison of the original contrasts in another side. The three sections are 
selected from the nasal capsula, middle orbit and the middle of forebrain 
anteroposteriorly. 
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Figure 3.4: Phylo-PCA results and phylomorphospace projection showing PC1 and 
PC2. The most heavily weighted variables on PC1 are skull and mandible 
length and for PC2, epibranchial and basi-urohyal length. Taxa are colored 
by feeding mode: grazing, red; filter-feeding, blue; diving grasping, green; 
mixed feeding, black. See Appendix B for details on loadings and percent 
variance explained, and methods. 
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Figure 3.5: Phylo.PCA plots of the first two principle components including 
Thambetochen chauliodous indicated by the star. The most heavily weighted 
variables on PC1 are mandible and paraglossal length and for PC2 are basi-
urohyal and ceratobranchial length.  
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Figure 3.6: Phylo.PCA plots of the first two principle components including 
Presbyornis sp. indicated by the star. The most heavily weighted variables 
on PC1 are mandible and paraglossal length and for PC2 are basi-urohyal 
and ceratobranchial length.  
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Figure 3.7: Reconstructions of hyolingual myology in Anatidae from contrast-enhanced 
CT-mediated data. A-D: Branta canadensis, E-H: Chen caerulescens, and I-
L: Aythya americana. A, B, E, F, I, J: dorsal view; C, D, G, H, K, L: ventral 
view. Anatomical abbreviation: Bh, Basihyal; Cb, Ceratobranchial; Pg, 
Paraglossal; Uh, Urohyal; Mbm, M. branchiomandibularis; Mcg, M. 
ceratoglossus; Mha, M. hyoglossus anterior; Mho, M. hyoglossus obliquus; 
Mic, M. interceratobranchialis; Mid, M. intermandibularis dorsalis; Miv, M. 
intermandibularis ventralis; Msp, M. serpihyoideus; Mss, M. stylohyoideus 
and M. serpihyoideus; Mst, M. stylohyoideus. 
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Figure 3.8: Proposed skeletal correlates of M. stylohyoideus insertion and the relative 
development of the M. intermandibularis in geese and ducks. A, B, E, G: 
Aythya americana; C, F: Chen caerulescens; D, H: Branta canadensis; scars 
related to the attachments of M. intermandibularis dorsalis and M. 
stylohyoideus are labeled; Anatomical abbreviation: dep_Mid, the 
mandibular depression associated with the origin of M. intermandibularis 
dorsalis; inser_Mst, the insertion of M. stylohyoideus; scar_Mst, depressions 
associated with M. stylohyoideus attachment. Other abbreviations are the 
same as in Figure 7. 
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Figure 3.9: Skull and hyoid elements of Thambetochen chauliodous. A, partial upper 
rostrum and the mandible; B, basihyal, urohyal and ceratobranchial, which 
are placed approximately as in live positions. inser_Mst ? indicates the two 
possible positions for the insertion of M. stylohyoideus; one on basihyal is 
supported by the skeletal correlates discussed in the text. dep_Mid, the 
depression inferred to be associated with the origin of M. intermandibularis 
dorsalis. 
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Chapter 4:  An investigation of the efficacy and mechanism of 
contrast-enhanced X-ray Computed Tomography utilizing iodine for 

large specimens through experimental and simulation approaches  

Running title: An investigation of the efficacy and mechanism of contrast-enhanced X-ray 

Computed Tomography3 

ABSTRACT 

Background: Lugol’s solution (or Lugol’s iodine) has long been known to be 

effective in aiding the differentiation among soft-tissues in both fundamental anatomical 

research and for clinical diagnoses. Recently the combination of this particular 

contrasting agent with micro-computed tomography (micro-CT) has resulted in an array 

of high-quality image data, in which anatomical structures not visible in conventional CT 

are able to be identified and quantified. 

Results: A low concentration of Lugol’s iodine with a long staining period was 

used to visualize soft tissue structures in a large goose head. The staining effect was 

analyzed by serially measuring the profile of changes of CT values across several coronal 

sections of the sample throughout the whole staining period. Regular replacement of 

staining solution combined with a longer staining period significantly improves resultant 

contrast within tissues. A simplified one-dimensional Dispersion-Sorption model 

including a three-zone domain is used to simulate the diffusion process by calculation of 

the concentration profile of iodine across the adductor region, which fits well with the 

experiment data. Observations of changes in the concentration of the staining agent and 

simulation results suggest that the sorption of iodine by tissues significantly affects the 

effective diffusion coefficient for the contrasting agent. 

                                                 
3This chapter is submitted by Li, Clarke, Ketcham, Colbert, and Yan to the journal BMC physiology. 
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Conclusions: This sorption of iodine explains previously reported difficulties in 

staining large samples comprised of tissues with high partition coefficients (Kd). 

Differences in partition coefficient (Kd), bulk density (ρb), and porosity (θ) could further 

explain the observed significant variation in staining rate and maximal staining effect 

among different tissues.   

Keywords: I2KI; Staining; Diffusion; Sorption; CT-scan; Soft-tissue contrast; 

Aves 

 

BACKGROUND 

In the past five years, extensive progress has been made in the application of 

Lugol’s solution for contrast-enhanced micro-x-ray computed tomography (micro-CT) 

scans of small organic samples (Metscher, 2009ab, 2011; Metscher and Müller, 2011). 

Iodine, the most widely-used contrasting agent in micro-CT scans, has several obvious 

advantages, such as low cost, perceived non-destructiveness, low toxicity, and rapid 

staining (Metscher, 2009ab; Jeffery et al., 2011; Tahara and Larsson, 2013). Datasets 

with the resolution comparable to histological approaches have been obtained from 

diverse samples including the whole body of hatchling mice, neonatal alligator heads, rat 

hearts, small insects, avian embryos, and even small flowers (Metscher, 2009ab; Staedler 

et al., 2012; Stephenson et al., 2012; Gignac and Kley, 2014). Based on CT imaging of 

these stained specimens, accurate and detailed three-dimensional (3-D) structures were 

reconstructed and assessed through comparison with histological data (Faulwetter et al., 

2013; Gignac and Kley, 2014). Successful trials of this simple contrast-enhancing 

technique in micro-CT imaging have shown the importance of three conditions: (1) the 

effective and efficient penetration of iodine through organic tissues, (2) different X-ray 



 76 

attenuation for different tissues after the staining, and (3) the high resolution of CT 

images that derived from micro-CT scans (1-50 μm) (Ritman, 2011; Tahara and Larsson, 

2013). The concentration of Lugol’s solution used varied from 1% to 25% and the 

duration of staining ranged from a few hours to a few weeks, even though most samples 

are generally less than 1 cm in diameter (Metscher, 2009ab; Staedler et al., 2012; 

Stephenson et al., 2012; Gignac and Kley, 2014). Generally, higher concentrations of 

iodine yielded higher rates of iodine penetration but also cause higher degrees of tissue 

shrinkage (Vickerton et al., 2013; Gignac and Kley, 2014).  

As noted, previous successful applications of iodine contrast-enhanced CT have 

focused on small specimens such as various viscera, small fishes as well as mammal and 

avian embryos. Standard protocols for effective staining of these small specimens were 

documented and have been validated by different laboratories. Unfortunately, application 

of this approach to even slightly larger samples (still quite small, e.g., ~ 2-4 cm in 

diameter) has not been reported to be equally successful (Jeffery et al., 2011; Gignac and 

Kley, 2014). Few experiments have been undertaken using larger specimens, in part 

because of concerns about the duration of the staining process given size limitations 

proposed for the passive diffusion capacity of iodine molecules. Extreme difficulties in 

achieving a similarly efficient penetration as smaller samples while using iodine solution 

with the same concentration or even higher were encountered for samples of larger than 5 

cm in diameter (Jeffery et al., 2011; Tsai and Holliday, 2011). Size has placed another 

constraint on imaging these samples; they cannot be accommodated in most micro-CT 

scanners. These two factors have prevented the application of the contrast-enhanced CT 

for investigating many samples over a certain size (~5 cm). As a result, effective staining 

regimes and protocols for larger specimens have not been defined.  
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The proposed physical chemistry underlying the staining mechanism has only 

been generally outlined, involving the binding of iodine with the components in animal 

cell, which was referred as sorption here (Lecker et al., 1997; Stephenson et al., 2012). 

However, this reaction has not been taken into account of how it may affect diffusion 

rate. Similarly, only a simplified diffusion model has been proposed to assess the 

concentration change of iodine at a certain position within a small embryo (Degenhardt et 

al., 2013; Tahara and Larsson, 2013). The reaction and sorption process at both macro- 

and micro-scales is rarely discussed and quantitatively analyzed. In addition, the complex 

interchange of iodine in the solution and within different tissues is also poorly 

understood. However, an improved understanding of both is essential for describing the 

staining mechanism and improving effective protocols. The diffusion and sorption 

behavior of iodine within different tissue types must importantly affect the selection of 

staining parameters (e.g., concentration, duration, and temperature) to maximize contrast 

for specific studies. 

Here we address two major questions that have not been addressed in previous 

studies. First, we examine what staining protocols will be effective for large specimens 

(~4 cm in diameter; volume ~125 mL). For these specimens, we explore longer staining 

durations (up to 49 days) than previously considered (Metscher, 2009ab; Jeffery et al., 

2011; Gignac and Kley, 2014). CT scans were serially taken across the staining period to 

monitor changes in contrast and the effect of changes in the solution containing 

contrasting agent. We demonstrate a way to increase the staining effect by regular 

replacement of the low-concentration Lugol’s solution until reaching optimal staining 

with minimal tissue shrinkage. Second, we investigate the mechanism by which Lugol’s 

iodine stains tissue by exploring the diffusion process in simulations which we compare 

with our experiment data. The Dispersion-Sorption (D-S) model (Shackelford and Daniel, 



 78 

1991; Weber et al., 1994) was found to effectively simulate the transport of iodine 

through tissues.  

RESULTS 

Different patterns of change between earlier and later stages of staining were 

observed after the additional input of iodine. The first round of immersion in the 

concentrating agent resulted primarily in staining of exterior regions directly in contact 

with the solution. The latter two rounds of staining resulted primarily in changes in CT 

values in more internal regions. Our discussion corresponds with modeling multiple 

zones of sorption and therefore, treats the results from the first round of staining 

separately from those after the second and third rounds of staining. 

1. The pattern of staining observed in tissues following the first round of immersion 
(scans A and B) in the contrasting agent. 

(1) Skin and integumentary structures 

Early in the staining process (days 1-10), the uptake of iodine occurred primarily 

in the skin, integumentary structures, and oral and tongue epithelium, as seen in the 

change of CT values in these regions (Figures 4.1-A,B,E and 4.2-A,B,E). Muscles, bone, 

and brain did not show serious change in CT values (Figures 4.3-A,B,E and 4.4-A,B,E). 

Because integumentary structures such as feathers do not stay in fixed positions between 

individual scans but rather commonly rotate around their follicles, the identification and 

comparison of exactly the same tissue in these feathers from scan to scan is difficult 

(Figure 4.3E: a-b). As a result, only the peak value and the range of CT values were 

compared for feathers and skin among scans A and B. 

As expected, feathers and the skin are the first tissues that were stained, as they lie 

in direct contact with the solution containing the contrasting agent. The CT values for 
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feather and skin were in the 1000-2000 HU range; they are much higher than values 

measured in most other interior tissues in scans A and B (Figures 4.3-A,B,E and 4.5-

A,B,E). The lowest value for this region is identical to the iodine concentration of the 

solution and is found in vacuities interspersed among feathers, for example. However, 

this value is still higher than that of same region in the control scan N, which is only 

about 750 HU (Figures 4.3N and 4.5N).  

(2) Epithelium and connective tissue 

The staining effect varied significantly among epithelia in different regions; for 

instance, the epithelia in the oral cavity and the lingual region are much better stained 

than epithelia in the esophagus in both A and B- scans. Higher CT values were observed 

for epithelia more exposed to the staining solution. In comparison with connective tissue, 

epithelia show unequivocally higher CT values in scans A and B. 

Epithelia and connective tissue show different CT values (Figures 4.1-A,B and 

4.2-A,B) in scans A and B. For the cranial portion of the tongue (Figure 4.1-A,B), the CT 

value of the dorsal epithelium is around 3500-5500 HU (Figure 4.1E: Epi); this value is 

higher than that of the cartilage beneath (around 2500-3000 HU) and also higher than 

some observed values in the skin and feathers. The ventral epithelium has even higher CT 

values than the dorsal epithelium, with a peak value of over 5500 HU (Figure 4.1E: a). 

CT values for the lingual epithelia are higher than that measured for the epidermis 

described above in scans A and B. 

In the caudal portion of the tongue, similarly, a highly stained dorsal epithelium is 

distinguished from lower portion that represents connective tissues (Figure 4.2E: Lp and 

Cart). CT value for superficial or dorsal epithelium is about 3000-3500 HU while it is 

only 1500-2000 HU for the connective tissues underneath. Minor variations in CT values 
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were discerned between the exterior and interior region of the epithelia in scan A and 

scan B within the lingual portion. By contrast, a gradual decrease in CT values toward the 

middle sections of connective tissues was observed, suggesting diffusion of iodine within 

connective tissues (Figure 4.2E).  

For connective tissues, much lower CT values in scans A and B were observed 

compared to the skin and epithelium even for those connective tissues close to the 

staining solution. For instance, thin connective tissue elements (e.g., superficial fasciae) 

between skin and major jaw muscles (Figure 4.3E: between b and c), yielded low CT 

values of about 1000 HU.  

(3) Muscle 

For muscles in scans A and B, the peak CT values for the stained portions vary in 

different regions of the head (Figures 4.3-A,B and 4.5-A,B). The clearly stained muscles 

are generally only within a few millimeters (~ 2 mm), right beneath the skin, with a peak 

value of about 1500-1750 HU (Figures 4.3E, 4.5E). Along the diffusion direction, the CT 

values for muscles fell gradually through the stained region to a transitional region 

(Figures 4.3E, 4.5E). However, CT values for the interior unstained muscles within the 

“stain-prepared" specimens are generally around 1000 HU; this number is still higher 

than that of the same tissues in the Non-stained “control” scan (i.e., around 750 HU). 

This increase in some internal muscles might be due to the fast infiltration of solute that 

contained the potassium ion (K+) in tissues, which slightly increased the density even 

before the sorption of iodine with tissues in CT scans occurred. The profile of CT values 

is quite similar between the muscles in the adductor region and those in the cervical 

region with respect to peak values (Figures 4.3E, 4.5E: Mus) in scans A and B. 
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(4) Bones and cerebrum 

No significant changes in CT values due to staining were detected in the bone and 

cerebrum, and the shrinkage (< 3%) of these tissues also was negligible in scans A and B 

(Figure 4.4-N,A,B). 

2. The pattern of staining observed in distinct tissues following addition of the 
contrasting agent (scan C and D) 

Between scans B and C, the solution containing the concentrating agent (600 ml, 

3% w/v I2KI, 3g (I2+KI) /100 ml solution) was fully replaced (day 24; see Methods). A 

second solution replacement (600 ml, 3% w/v, I2KI) was implemented on day 34, 12 days 

before scan D.   

(1) Skin and integumentary structures  

The CT values of epidermis and skin continued to increase in scans C and D in 

the adductor region. The peak values for these tissues increased from 2000 HU to over 

3000 HU (Figure 4.3). For feathers and skin in the cervical region, because they had 

already reached a high CT value (300-3500 HU) during earlier scans (A and B), their 

peak value did not significantly change in later scans C and D (Figure 4.5E: a). 

(2) Epithelium and connective tissue 

For epithelia in direct contact with the staining solution CT values did not 

significantly increase (2500-3500 HU; Figure 4.2E). For the more interior epithelia, 

however, the CT value continued to increase, as shown in the esophageal region (1000 to 

1500 HU; Figure 4.4E). Although composed of similar tissues, the esophagus has much 

lower CT values in comparison with that of the lingual epithelium. Again, we interpret 

this difference as the result of position and degree of proximity of the staining solution. 

Located near the center of the specimen (Figure 4.4), most of the esophagus has CT 
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values only around 1500 (HU) in scans C and D, much lower than the epithelium in the 

tongue (mostly over 2000 HU). In addition, the external wall (muscularis externa) and 

internal layer (squamous epithelium) of the esophagus showed a higher CT value than 

that of the medium layer (Figure 4.4E). 

For the connective tissues beneath the epithelia (e.g., lamina propria), limited 

increase was discerned, from around 1500 HU in earlier scans (A and B) to around 1500-

2000 HU in the later scans (C and D). In general, the connective tissues (lamina propria, 

fasciae, and bone) are distinguished from other nearby tissues (e.g., muscle and 

epithelium) by showing relatively low CT values. For instance, superficial fascia can be 

distinguished from the skin and the muscles, as well as deep within the muscles (Figures 

4.3,4.5). These connective tissues are clearly identified by showing a sharp fall in CT 

values in later scans (C and D), after the majority of muscles were stained and well 

visualized.   

An increase in cartilage CT values was discerned as well, although the range of 

the increase is rather small, similar to the connective tissues. The maximum CT value for 

cartilage is less than 2500 HU in later scans (C and D), lower than the stained muscle 

tissues and the epithelia. The CT values of lamina propria and bony matrix fell in a 

similar range, and it is difficult to distinguish them based on only the CT values (Figures 

4.1,4.2). 

(3) Muscles 

For scans C and D, the CT values of muscles almost doubled in comparison to 

those in scans A and B. There is a dramatic change in staining effect in both the more 

exterior and interior regions of muscles, in comparison with the increases observed in 

other tissues discussed above. For more exterior muscle regions, which had been already 
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stained, the peak values continued to increase (2500-3500 HU); the value even slightly 

exceeded the peak value of the integument next to the muscle (Figures 4.3E, 4.5E: a-b). 

This result is consistent with a continuous accumulation or binding of the iodine with the 

muscular cells, specifically with the glycogen (Lecker et al., 1996).  

(4) Bones and brain 

For cranial elements as well as brain tissues housed inside of the cranial cavity, 

increased staining duration and the addition of new solution did not produce differences 

in terms of observed CT values. We observed rather similar CT values across scans A to 

D when compared to values in the control scan (Figure 4.4E,F) for both bone (2500-3000 

HU) and brain tissues (500-1000 HU). This pattern indicates the sorption of iodine by 

bony tissue is rather negligible over the whole staining process. Furthermore, the brain 

tissues did not show evidence of being stained in contrast to both the neonatal and 

embryo specimens previously reported (Degenhardt et al., 2010; Gignac and Kley, 2014). 

These results suggest that well-mineralized bone is a serious obstacle to the diffusion of 

triiodide (herein, I3
-) which would explain why the brain tissues could be stained in both 

the neonatal and embryo specimens previously reported using similar solution, but not 

here in an adult specimen. However, it should also be noted that those previous studies on 

neonates and embryos used very different protocols with more than triple the iodine 

concentration (e.g., 11.25% I2KI) and much shorter staining durations (1-4 weeks). They 

also observed significant shrinkage in the processed cranial specimens (Degenhardt et al., 

2010; Gignac and Kley, 2014). 
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3. Diffusion modeling of the change in iodine concentration in the skin, connective 
tissue, and muscle 

A simple diffusion model was initially used to investigate iodine concentrations at 

a certain place in a mouse embryo given different staining durations (Degenhardt et al., 

2010). However, our experimental data show that staining varies significantly by tissue 

and for a given distance from the staining solution; there is a significant and continuous 

change in the CT values at the edge of the skin and muscles during staining. The 

concentration at this boundary should be determined by the initial concentration (Figure 

4.6: C0) based on the assumption underlying this simple previously proposed diffusion 

model, the violation of which made its use problematic for explaining the iodine staining 

process. Therefore, two improvements were implemented in our diffusion-sorption (D-S) 

model: (1) different tissues types were defined as skin, connective tissue, and muscles, 

and (2) different sorption (or adsorption) partition coefficients (Kd) of iodine by the three 

tissues were taken into account. The sorption here refers to any attachment of iodine with 

molecular components (e.g., glycogen) within tissues. 

The CT values measured across the adductor region (Figure 4.3) in these scans are 

used to define concentration of iodine (see Methods for the conversion), which is then 

used within the D-S model to evaluate the dynamics of iodine movement through the 

specimen over time (Figure 4.6). Four model parameters (Kd for three tissues and Nbc) 

were determined through a trial-and-error process that adjusts the values to match the 

model to experimental data (Figure 4.6; Table 4.3). Kd describes the sorption of iodine 

between solid phase (tissue) and solute phase (i.e. Kd = csolid/c). Boundary flux (Nbc) 

define the boundary condition for the diffusion, which is a parameter affected by the 

concentration of staining solution used.  
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The final estimated value for Kd in skin, connective tissues and muscles are 200 

L/kg, 100 L/kg, and 200 L/kg respectively. The estimated Nbc is 1.4*10-6 m*mmol/(l*s). 

The porosity, although set as a constant (0.8) in our model, also affects the staining effect 

in the experiment. As shown in Figure 4.7, the model quite accurately predicts both the 

spatial and temporal profiles of iodine concentration in the target regions, including 

rather high iodine concentrations in the skin and muscles, but very low concentrations in 

the connective tissue. The early peak concentration in the skin and muscular tissues is 

precisely captured by the model (Figure 4.6: Bound 1 and 2; Figure 4.7). This 

phenomenon has not been described in other modeling study (Degenhardt et al., 2010). 

The accumulation of iodine near the boundary between connective tissues and muscular 

tissues is primarily due to the difference in sorption capacity between the interior two 

zones, the higher Kd in muscles compared to the lower Kd in connective tissues. Based on 

the staining results, the retardation factor Rt (=1+ ) is much smaller in connective 

tissues. Therefore, the effective diffusion coefficient D/Rt is greater in connective tissues 

than in muscular tissues. Iodine diffuses at a moderate rate through the skin, and much 

faster through the connective tissues, and slows down at the edge of the muscles. The 

difference in transport rate leads to the accumulation of iodine at the outer boundary of 

muscular tissues (Figure 4.6: Bound 2) as our modeling and experiment shows. 

According to the equation for retardation factor, tissues with higher porosity (easier for 

penetration or higher water content) and lower bulk density tend to have a higher 

effective diffusion coefficient; and therefore, if other conditions are all similar, the 

staining rate observed among different tissues of similar composition can be explained by 

their structure differences (e.g., porosity and bulk density). Faster staining occurs within 

tissues that have a higher porosity and a lower bulk density and may explain why the 

lens, and epithelium, generally stained faster than muscles in our experiments. 
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DISCUSSION 

Staining inefficiency and difficulty for different tissues 

Comparison of scan B (day 10) to scan A (day 5) across various coronal sections 

yielded quite limited changes, as shown in both CT images and CT values measured 

(Figures 4.1-4.5). Although there were still iodine molecules in the solution on day 5, the 

staining effect appeared to be stagnant in the latter stages of the first-round staining (day 

5-day 10), and also for the rest of first-round staining (~ day 23). A similar result has 

been reported by other investigators (Tahara and Larsson, 2013). Here, we refer this 

period as a “stagnant interval,” and this simply due to deficient iodine in the staining 

solution after sorption by tissues. The diminishing iodine concentration is readily 

observable by eye during the earlier staining period and apparently reduces the diffusion 

of the concentrating agent.  

The sorption of iodine by the epidermis and more exterior muscles led to CT 

values and thus iodine concentrations, higher than those of the staining solution. This 

could potentially lead to the reversal of diffusion from tissues back to the staining 

solution. Based on the experimental results, the pattern in iodine sorption was observed to 

be markedly different among tissue types (e.g., connective tissue, muscles, and skin). 

Larger muscles and connective tissues required a longer staining duration and a change of 

staining solution to stain fully. By contrast, the staining of epithelium, feathers, and skin 

is a comparatively fast process, in which they show a much faster rate of reaching high 

iodine sorption and resultant high CT values. Therefore, their peak CT value did not 

significantly change in later scans C and D, compared to the earlier (Figures 4.1,4.3,4.5). 

For muscle tissues, the major increase of CT values mostly occurred in the late staining 

stage as seen in scans C and D, especially for the interior muscular tissues. This means 

the sorption of iodine by muscles is a comparatively slow process, especially for the large 
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bulky muscles (e.g., the jaw muscle complex, the cervical muscles). Therefore, longer 

staining duration is required and justified here. By contrast, the increase of CT values in 

connective tissue with longer staining duration is rather limited (see scans C and D). This 

means their low capacity for iodine sorption determines their low CT values over the 

whole staining process. Therefore, longer immersion periods with a low concentration of 

iodine only improve their CT contrast in a limited way. 

In terms of the acquisition of CT contrast for the whole specimen, the connective 

tissues are not a big issue because they do not block the diffusion of iodine. The lower 

CT values of connective tissues provide adequate identification for them to be 

distinguished from the surrounding tissues with much higher CT values (like muscles and 

epithelium). It is only an issue for effectively distinguishing different layers within 

connective tissues. Another factor influencing staining is the bone. We have observed at 

most a very limited increase in CT values for bone over the staining process using low-

concentration iodine and report that well-ossified bone in adult may block diffusion of 

contrasting agent into the brain (Figure 4.4). A much higher concentrated staining 

solution could potentially improve the diffusion through bone by the increased 

concentration differentia. This suggestion should be taken with caution given for the 

large shrinkage due to the high concentration used. We also suggest, for staining tissues 

isolated by or encapsulated by bony structures, that other approaches may be needed. For 

example, the injection of contrasting agent directly through bones to the target tissues is 

an option.  

It should be noted that no significant shrinkage (<1%) was observed in the bony 

tissue by the linear measurements of same structures between different scans. Soft-tissues 

(e.g., muscles) are subjected to minor shrinkage within 5% in the linear measurements. 

This shrinkage is much smaller than the serious shrinkage (20%-70% in volume) 
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observed from other experiments in the staining of smaller specimens when a much 

higher concentration solution was used with a shorter staining duration (Degenhardt et 

al., 2010; Tahara and Larsson, 2013; Vickerton et al., 2013; Gignac and Kley; 2014).  

Integrated interpretation of the staining mechanism from the experimental data and 
modeling 

Our modeling suggests that the increase of partition coefficient (Kd) leads to an 

increase in the retardation factor (Rt) and further decreases the effective diffusion 

coefficient (D/Rt). This result well explains the passive diffusion limit of iodine observed 

in muscles and other tissues with a high partition coefficient (Kd) and high bulk density. 

The finding also explains why a long staining period was effective for these tissues. Our 

results suggested the increase in the constant flux at boundary condition (Figure 4.6: x=0) 

would raise the peak value of the iodine concentration at the boundaries (Figure 4.6: 

Bound 1 and Bound 2).This finding indicate higher concentrated solution can lead to 

higher saturated iodine values in tissues. 

The lack of effective staining increase between scan A and scan B could be 

explained by the lack of sustained flux at the boundary. The increase of the solution 

concentration at C0 (initial concentration) would significantly increase the staining effect 

or the iodine concentration in the skin, at muscle boundaries, and the region sufficiently 

close to the boundary. It would not have a big effect on interior tissues during early 

staining. This finding has practical importance considering the over-staining effect of 

muscle tissues reported in smaller specimens (Tahara and Larsson, 2013; Gignac and 

Kley, 2014). Therefore, for staining large samples, we propose the optimal strategy 

would be the combination of using an initial low-concentration iodine solution, regularly 

replacement of staining solution, and the adoption of a long duration to alleviate the 

uneven staining effect. This unevenness references the coexistence of the over-staining in 
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the exterior muscle regions with insufficient staining in the more interior regions (Gignac 

and Kley, 2014).  

The investigation of the D-S model provides the first attempt to explore the 

staining mechanism through comparative assessment of serial CT results with simplified 

numeric modeling. The reaction of iodine with tissues (i.e., sorption) is an important 

factor to be considered when estimating the effective diffusion rate in different samples. 

Through our simulations, we have demonstrated that this reaction could dramatically 

slow down the effective diffusion rate of iodine and delay the arrival of iodine at more 

interior regions in tissues. This effect is shown to be especially important in those tissues, 

which have a large partition coefficient (Kd), high bulk density, and low porosity (e.g., 

muscles). Our conclusions are consistent with previous observations of the high binding 

capacity of iodine with muscles (Lecker et al., 1997). Reaction with glycogen may be a 

less serious issue for the staining of epithelium as shown in the CT value plots (Figures 

4.1, 4.2). This observed difference could be a result of different structural properties of 

the epithelia relative to those of muscle although the partition coefficient (Kd) appears to 

be equally high in both. For connective tissues, their lower partition coefficient correlates 

with their lower CT contrast values; CT values did not change significantly even with 

long staining durations. 

Proposed staining mechanism at the molecular level  

The mode of iodine staining at the molecular scale remains poorly understood 

(Jeffery et al., 2011). The general previously-proposed explanation involves the sorption 

and/or binding of the iodine with the most common component of animal cells, glycogen, 

and creation of a resultant of a glycogen-iodine complex (Lecker et al., 1997). Due to the 
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limited scope of this study, our simulations do not take the rate of this reaction or other 

aspects of chemical kinetics into consideration.  

Previous spectral analyses of different iodine complexes (e.g., amylose, 

amylopectin, and glycogen) suggested that the potential chemisorption is related to the 

formation of polyiodide units (e.g., [I4]2-, [I6]2-) with the linear or branched carbohydrate 

(Kumari et al., 1996). The sites where these iodine molecules would be bound in these 

polymers are the exterior “A-chain” and the interior “B-chain” (Davis et al., 1994). The 

formation of a helical structure is important to stabilize the polyiodine in amylose-iodine 

(AI), amylopectin-iodine (API), and very likely to the GI complex (Archibald et al., 

1961; Szejtli et al., 1967; Davis et al., 1994). The complex behavior of the glycogen-

iodine composition might be related to the involvement of both the “A-” and “B-chain” 

for binding iodine in glycogen molecules. The differences in average chain length 

between glycogen and amylopectin have also been used to explain their different spectral 

absorptions and different binding properties with iodine (Archibald et al., 1961). Previous 

experiments have suggested that the shorter helices of the GI complex in comparison to 

AI can explain their lower stability (Lecker et al., 1997). In addition, the interior B-chain 

with its multiple branches may be less optimal for building the rigid helix for the 

stabilized long polyiodide chains (Kumari et al., 1996). Instability of the GI complex may 

thus explain the difficulty in staining tissues here and in previous experiments especially 

when a low concentration of iodine solution was used.   

Increased staining effects observed with the continued input of new iodine into 

the system suggest that the higher concentration of the staining solution during 

equilibrium may facilitate the stable binding of iodine within the helical glycogen 

complex in tissues. The progressive increase in bound iodine could relate to a step-wise 

pattern in the formation of polyiodine with both the “A-” and “B-chain” in glycogen, 
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especially given their sequential binding; the A-chain is suggested to bind first in AI and 

API complexes (Heather et al., 1994). 

A complex pattern of change in iodine concentrations in the staining solution  

In addition to scans of the sample, we also scanned the solution extracted during 

the staining process (9 samples in total). These data revealed a rather complex pattern 

with respect to the change of iodine concentration in the staining solution (Figure 4.8). A 

repeated pattern in the iodine concentration in the staining solution was discerned over 

the three rounds of staining although the amplitude of the change differed significantly. 

From the initial iodine concentration (around 975 HU for CT value; equal to 3% w/v for 

concentration), there was a significant drop in values in the solution for the first 3-6 days 

of staining consistent with previous results in which the best staining effect occurred in 

the earlier staining periods (Gignac and Kley, 2014). Following this initial period 

desorption appears to have occurred as indicated by the rebound of iodine concentration 

in remaining solution (Figure 4.8). This desorption period may be due to a shift in the 

differential concentration of iodine in the solution and within the specimen. The fall-and-

rise pattern seen was repeated during day 1 to 10, day 24 to 34, and day 38 to 49, but the 

amplitude of latter two cycles was much smaller than that observed in the first.  

The diffusion-relaxation sorption behavior found in synthetic polymer-solute 

systems might explain the interaction of iodine with the organic tissues (e.g., epidermis, 

connective tissues, epithelium, and muscles). A diffusion-relaxation model was proposed 

to explain anomalies in the interaction of various solutes and polymers (Weber, 2001). 

Anomalous diffusion was summarized as an initial maximum uptake, followed by 

temporary desorption and subsequent resorption in a system (Berens and Hopfenberg, 

1978). If we consider the whole goose head as millions of polymer aggregations, then the 
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pattern in the staining solution concentration discerned here could be similarly explained 

by a diffusion-relaxation model.  

Implications for staining practices 

Our experimental results should be useful to other researchers in developing their 

own appropriate staining protocols (e.g., staining duration, concentration, and specific 

enhancement) for staining large samples with different tissue types. The passive diffusion 

limit of iodine in tissues has been blamed for the lack of effective staining of the interior 

regions of large samples (Jeffery et al., 2011; Gignac and Kley, 2014). Here, we show 

effective staining of these interior regions of such sample can be achieved through a 

progressive staining approach (Figures 4.1-4.5), although this approach requires a long 

staining duration. This progressive staining approach using Lugol’s solution starts with a 

low concentration previously reported to be effective in the clinical diagnosis of 

carcinomatous tissues within human tongue (Maeda et al., 2009). A step-wise increase of 

the concentration of the staining solution during solution replacement (e.g., 1%, 2%, and 

3%, respectively) is further suggested here. The progressive increased iodine 

concentration would maintain the concentration differentia between solution and tissue. 

Such an approach has yielded ideal results for other, similarly-sized samples such as a 

tinamou head (Figure 4.9). This strategy potentially avoids over-staining effects for 

exterior regions of the sample and also seems to avoid the dramatic shrinkage reported 

when using a rather high concentration iodine solution at the beginning of staining 

(Tahara and Larsson, 2013; Gignac and Kley, 2014). As shown in both our experimental 

results and in simulation, uneven staining effects for large muscles are a result of staining 

inefficiency over the short staining durations investigated previously. Using serial 

solution replacement and longer staining durations with low concentrations, this 
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previously identified issue has been resolved; the approach taken here yields almost 

equally stained exterior and interior muscle regions for large muscles (Figure 4.9).  

 The sorption of iodine by tissues affects the staining process in two ways. On the 

one hand, it could dramatically increase contrast through large sorption in tissues with 

high partition coefficient. This is clearly seen in the staining of muscle versus staining of 

connective tissues. On the other hand, it could also significantly retard the effective 

diffusion of iodine into interior tissues and dramatically slow down the staining of these 

tissues. As a result, for passive diffusion, a continuous incubation over a few weeks, or 

even months, with the additional input of iodine is required for these muscles, as shown 

in our experimental results. For tissues with a low partition coefficient, simply 

lengthening the immersion period would not significantly increase their CT values. But 

given the arrangement of connective tissues (e.g., fasciae) within organic specimens, the 

lower CT values are usually not a problem for the acquisitions of soft tissue contrast as 

the whole. The increase of attenuation in soft-tissues by the sorption of the contrasting 

agent would reduce their distinction from bone in CT scans because well-mineralized 

tissues do not stain at the same rate. The need for maintenance of a distinction between 

soft-tissues and bone needs to be weighed against the efficiency of rapid, high-

concentration staining. Choices regarding staining duration and concentration should be 

made based on target tissue types and size. For specimens with a number of distinct target 

tissue types, the relative organization of these tissues (e.g., in the large viscera or the 

cranium) should also be considered. 

In addition to diffusion limits, another limiting factor in long staining procedures 

may be maintenance of the stable Glycogen-Iodine (GI) complex. Because we do not 

have adequate data on the reaction rate for the formation of GI complex, how long 

effective staining would last remains unknown. Over the earlier staining periods (e.g., 
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scans N-A-B), stagnation of the staining effect may be an indication of the sorption rate 

of GI complex is approximately equal to the rate of their desorption. The low binding 

energy of iodine (IBE) explain the low stability of GI complex in comparison with that of 

other iodine-polymer compounds (Lecker et al., 1997). Therefore, another factor in the 

effective staining of large samples is related to countering the effect of the degradation of 

the GI complex over time.   

 

MATERIALS AND METHODS 

Specimen processing and staining protocols  

A Greater White-fronted Goose (Anser albifrons gambelli) was salvaged from 

west Texas near Egypt TX in the fall of 2013. The donor’s Texas hunting License is 

348160038189; the specimen was accepted by the University of Texas, Vertebrate 

Paleontology Laboratory under the Federal Bird Permit MB52556B-0, Special Purpose 

Possession (Dead Migratory Birds For Educational Use, With Salvage) and Texas state 

permit (Educational Display Permit) EDU-1213-179. 

The salvaged specimen was processed at the Texas Natural History Collections 

(TNHC). It was decapitated between cervicals three and four, and then fixed in 10% 

Neutral Buffered Formalin for two weeks before being transferred into a jar containing 

600 ml 3 % (w/v) Lugol’s solution for staining. The solution was prepared by adding 6 g 

iodine (Iodine, ACS reagent, ≥99.8%), 12 g potassium iodide (Potassium Iodide CERT 

ACS) into 600 ml Neutral Buffered Formalin (10%) solution. The actural concetration of 

this Lugol’s solution might be slightly smaller than 3% due to the increased whole 

solvents volume after the mixture of solutes (I2, KI) into solvents. The volume of this 

sample (head and the small portion of the attached neck) is approximately 125 ml. The 
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converted molar concentration of iodine in the solution is about 199 mmol/l. The choice 

of this low iodine concentration was based on a large number of previous experiments in 

which the tissue would approach the X-ray attenuation level of bone in CT images when 

a higher iodine concentration was adopted (Li, pers. obs.). This approach also minimized 

the probability of tissue shrinkage observed at higher concentrations (e.g., 20% w/v; 

Vickerton et al., 2013); low concentrations (e.g., 3% w/v I2KI) were observed to 

minimize shrinkage in previous studies (Tahara and Larsson, 2013; Vickerton et al., 

2013). The causes of the shrinkage observed might due to the movment of water out from 

tissues to solution due to the osmotic gradient (Tahara and Larsson, 2013).   

After formalin fixation, a CT scan was acquired to function as a control (no-stain 

or “scan N”; Figures 4.1-4.5, N) before the staining started. Staining began on day 1 and 

the specimen was scanned on days 5, 10, 34, and 49. These scans are referred to as scans 

of A, B, C, and D, respectively. The staining solution was replaced (600 ml) by new 

Lugol’s solution (3% w/v concentration) on day 24 and day 38. The replacement of 

iodine maintains the concentration differential between the solution and the specimen, 

which makes the diffusion sustainable in the long run. It is this process that is further 

investigated through modeling. 

Scanning parameters, beam hardening, and artifacts 

Scanning was done using a custom instrument built by North Star Imaging 

(Rogers, MN) and operated at the University of Texas High-Resolution X-ray CT facility. 

X-ray parameters (voltage, current, and power) were the same for all five scans (150kv, 

0.24mA); slight differences in the source-object distance (<7.9 mm) resulted from minor 

orientation differences for the specimen among the specimen scans (N, A, B, C, and D), 

and a scanner software update between scans B and C that changed some instrument 
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parameters. Data acquisition was done in a helical cone-beam mode (Katsevich, 2004), in 

which the specimen was raised continuously with respect to the beam during rotation. 

This method enables efficient scanning of “tall” specimens and avoids cone-beam 

artifacts that can occur on horizontal surfaces near the top and bottom of the cone field. 

Use of the same parameters for each scan was intended to allow CT values measurements 

for the same tissue at a same place within the sample to be interpreted as representing 

differences due only to the staining effect. However, the scan images included beam-

hardening artifacts that could not be fully removed with corrections provided by the 

scanning software. This was in part a consequence of the large sample size and the large 

amount of iodine in the image field, which increases the severity of beam-hardening 

artifacts. In addition, the images were also affected by a spiral “barber pole” field of 

slight brightening stemming from the helical acquisition and reconstruction 

(Chindasombatjaroen et al., 2011).  

We applied a post-calibration correction to the raw CT values individually for 

each data set to correct for beam-hardening and helical artifacts. This correction involved 

comparing the CT values of the air encapsulated in the nasal cavity and of the tissue in 

the center of the brain for the five scans. Grayscale values for the same material (the 

unstained brain and the air) are expected to be the same in different scans using the same 

acquisition parameters; however, we observed minor variations in these materials. The 

encapsulated air and the unstained brain tissue were selected to conduct the recalibration 

because they showed fewer beam hardening artifacts across scans. Both air and brain 

tissues were used for the recalibrations, by which the grayscale of these two materials 

was rescaled as the same mean values for scans of N, A, and B, and separately for scans 

of C and D (Table 4.1). Separate calibrations for the earlier and latter scans is based on 

consideration of the voxel size, which was more similar among earlier three scans 
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(0.0858mm, 0.0858mm,and 0.081mm for N, A,, and B) and in the latter two scans 

(0.0757mmand 0.072mm for C and D) respectively due to scaling in the reconstruction 

algorithm and the previously mentioned software update.  

Quantitative comparison of iodine concentrations in solution and tissues  

To estimate the concentration of iodine within cranial tissues we first assessed the 

iodine within the solution with a separate scan of a small vial containing only the 

formalin solution, and four vials of I2KI solution of known concentrations (i.e., 1%, 3%, 

6%, 9% w/v; Table 4.2). The 9% I2KI solution were made by adding 3g I2 and 6g KI to 

100 mL formalin solution. Then the solution was diluted into 6%, 3%, and 1% by adding 

the whole solvents up to 150 mL, 300 mL, and 900 mL subsequently. Only a small vial 

(around 1 mL) of these four concentrated solutions (1%, 3%, 6%, 9%) were extracted 

during the preparion. The effective change of concetration due to this extraction was very 

minimal ans was ignored here. In the Hounsfield scale (Takanami et al., 2008), the CT 

values of air and water (aqueous formalin solution here) were defined as -1000 and 0 

Hounsfield Units (HU) respectively. Based on CT values of these two materials (air and 

water), all measured grayscales (Table 4.2, Figure 4.10A) were converted to the 

equivalent CT values (in Hounsfield Units) along a linear regression following the 

previous approach (Takanami et al., 2008). A linear relationship between iodine 

concentrations (mmol/l) was correlated with the CT values (HU) and its slope was 

described by a calibration factor (i.e., ‘K’ factor, Takanami et al., 2008). The value of ‘K’ 

factor can vary in different scanning systems (Takanami et al., 2008). The ‘K’ factor is 

4.5 (HU/mmol) in our regression (Figure 4.10B); it was calculated to be 3.9 (HU/mmol) 

in a previous study (for I2KI solution, Tahara and Larsson, 2013). The conversion of 

grayscale values to CT values (Hounsfield Units) here served to facilitate comparison 
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among scans in this study and also to facilitate the comparison of staining effects with 

those from previous studies (Metscher, 2009ab; Metscher and Müller, 2011; Tahara and 

Larsson, 2013).  

Dispersion-Sorption (D-S) model 

We thus used a one-dimensional Dispersion-Sorption (D-S) model with a linear 

sorption isotherm to simulate the solute transport through heterogeneous domains 

(Shackelford and Daniel, 1991; Weber et al., 1991). The D-S model was developed and is 

commonly used for, simulation and prediction of solute (e.g., contaminant) migration for 

domains in which reaction occurs along transport pathways in porous media (Figure 4.3). 

The diffusion of iodine within tissues is a rather complex and complicated system that 

has not been fully understood theoretically (Weber, 2001). The simulation explored here 

is intended to assess possible fit with observed values from the imaging and staining 

process and to explore how much tissue differentiation (e.g., duration and propagation) 

may be explained by the simple process modeled. In this study, the transport of iodine is 

described by the following equation: 

 ----Eqn. 1, 

where θ is porosity (0-1), ρb is bulk density (kg/l), D is diffusion coefficient 

(m2/s), and the partition coefficient Kd describes the sorption of iodine between solid 

phase (tissue) and solute phase (i.e. Kd = csolid/c). The iodine concentration in the solid 

tissue (csolid) is measured as a ratio, which is the weight of iodine to the weight of solid 

tissue (w/w); the iodine concentration of solute (c) is measured as the weight of iodine to 

the volume of solute, with a unit of kg/l. Therefore, the unit of Kd becomes l/kg. The 

porosity is a parameter in determining the degree to which the infiltration of solution can 

easily occur within the tissues; the defined porosity (Shackleford and Daniel, 1991) is the 



 99 

void volume per unit volume of soil. Here, the “analogous porosity concept” applied for 

organic tissue is the vascular portion of a specific tissue. The bulk density ρb (kg/l) 

references the density of dry tissue, and was calculated by the weight of the dry tissue 

(net weight after water removed) divided by the total volume of the tissue. 

The retardation factor, Rt, was previously defined as (1+ ) (Shackelford 

and Daniel, 1991), then Eqn 1 is simplified to 
  ---- Eqn. 2. 

Here, D/Rt represents the effective diffusion coefficient. It equals the diffusion 

coefficient of a chemical under non-adsorbing conditions divided by a retardation factor 

of the adsorbing system (Shackelford and Daniel, 1991). In this study, the effective 

diffusion coefficient is an important factor expected to affect staining rate in the 

experiments. For the staining effect, we are interested in the total concentration of iodine 

within the porous media, which is the total iodine concentration in the tissues and in the 

pore fluid; and it can be represented by 

---- Eqn. 3.  

In our simple simulation, the diffusion domain is composed of three homogeneous 

zones, a narrow exterior zone (e.g., epidermis, and dermis) which is directly in contact 

with the staining solution, and another much wider internal “median muscular zone”. 

Between the exterior (e.g., epidermis and dermis) and the internal muscular zone, a very 

thin-layered connective tissue zone is defined (for the fascia). Given the extreme 

complexities of tissue types in the real condition within the whole head, we restricted our 

modeling to only one dimension and excluded other tissue types such as bone and 

cerebrum. For this reason, only the tissue in the linear transects chosen (e.g., through the 

adductor chamber) was assessed (Figure 4.3E: b-d). The three zones defined here each 

have their own partition coefficient (Kd). The partition coefficient is an intrinsic attribute 
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for a specific tissue and is calibrated through the modeling process. Larger Kd indicates 

more iodine would be held within the tissues during equilibrium and suggests a higher 

capacity for iodine sorption for a tissue. 

The total concentration of iodine in the skin, connective tissue, and muscular 

tissues increased with time due to the diffusion of iodine from staining solution to the 

study region. To further simplify the model for the simulation, we assumed that there is a 

constant flux combined with concentration, it can determine the highest number of the 

concentration at the boundary at x = 0 for the boundary condition and the value of the 

flux Nbc needs to be calibrated as well. Because diffusion of iodine is limited within 

approximate 2 cm from the boundary of x = 0, it is reasonable to consider the domain as 

semi-infinite (Crank, 1979). The domain for the simulation is set to 0.03 m in length, and 

a non-flux boundary condition is specified at x = 0.03 m. Initial concentration c is zero in 

the model. The simulation under the D-S model was implemented using COMSOL 

MULTIPHYSICS, and four parameters, i.e. three partition coefficient (Kd) for the three 

zones (skin, connective tissue, and muscle), and flux Nbc, were calibrated by fitting the 

model to experimental measurements (Table 4.3). Boudary flux defined the boundary 

condition for the diffusion. 

Analysis of experimental data  

Because of the minor orientation discrepancy among different scans due to 

manual positioning of the sample, resampling of the 3D datasets was conducted in Avizo 

8.1 (FEI Visualization Sciences Group) to maximize the extent to which these sections 

really matched (Figures 4.1-4.5). By measuring CT values (in HU) at the approximately 

the same sections of the five scans in nearly identical positions, a series of the grayscale 

measurements were obtained in “ImageJ” in the 16bit-tiff CT images (Figures 4.1-4.5; 
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the straight yellow line). The sections were selected to include different tissue types. 

Pixel intensities were converted to CT values as described above. The adjusted values 

after the post-calibration (adjustment to correct for beam hardening and other artifacts 

described above) were used to plot CT value profiles in target regions of interest in each 

scan (Figures 4.1-4.5). The occurrences of peaks and valleys along the X axis (Figures 

4.1-4.5) were identified as the major references to changes of tissue type and were 

aligned with a similar position (e.g., Figure 4.3E: a-d).This is to ensure that the 

comparison of staining effect was made on the same tissues of same position over the 

different time period. The minor discordance of these curves is caused by the slight 

change in the position of the soft tissue among scans due to the Avizo reslicing and 

interpolation not being perfect.   

To gather experimental data for the simulation, we chose a line in the cross 

section of the adductor chamber (Figure 4.3). The tissue types represented by the selected 

line are rather simple along the major proposed diffusion direction (Figure 4.3E: b to d), 

and includes the exterior zone, the interior muscles, and a very thin connective tissue in 

between. The line is also long enough (around 1.5 cm) to demonstrate the proposed 

diffusion progress. The relatively long incubation period (over 5-10 days) for each round 

of staining enables the achievement of equilibrium for both the micro-scale reaction (i.e., 

iodine bound) and the macro-scale diffusion within tissues based on previous 

experiments (Tahara and Larsson, 2013; Li, pers. obs.). Equilibrium is assumed to be 

reached when no further change is occurring implying transport of iodine between the 

staining solution and tissues.  

The CT values for the measured tissues were further converted to equivalent 

iodine concentration (Table 4.2). For the fixed muscle tissue in the no-stain scan (N), the 

converted concentration is around 150 mmol/l and this offset was subtracted for all of the 
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measurements in all scans (N, A, B, C, and D). Within comparing the transformed 

concentration of scan A and B with the no-stain scan (N), a higher CT value (Figure 4.3) 

and converted iodine concentration in the interior muscle was observed although the 

region was clearly not stained. This increase in CT values for the non-stained tissues in 

the stain-prepared samples could be the result of a fast infiltration of solute (i.e., lighter 

potassium ion) into the tissue and slightly increased the density but without the iodine-

staining effect; iodine (or iodides) took longer to get infiltrated because it was rate-

limited by the sorption process. However, it also might be an indication that the method 

to identify and remedy grayscale variation due to image artifacts was not perfect in all 

cases. Another correction was made (minus 50 mmol/L) to remove this offset in scans of 

A, B, C, and D. 

 

Availability of Data and Materials  

The de-stained specimen will be deposited at University of Texas at Austin, 

Vertebrate paleontology Laboratory. The CT imaging serial dataset will be available on 

‘digimorph.org’ .  

LIST OF ABBREVIATIONS 

amylose-iodine: AI,  

amylopectin-iodine: API,  

binding energy of iodine: IBE 

bulk density: ρb 

c: concentration 

C0: initial concentration 

Dispersion-Sorption: D-S  
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Glycogen-Iodine: GI 

Hounsfield Units: HU 

I3
-: triiodide 

micro-computed tomography: micro-CT 

partition coefficients: Kd 

porosity: θ 

retardation factor: Rt 

three-dimensional: 3-D 
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Scan Timi
-ng Air Brain Range Average Air 

Average  
Range:  
Brain-Air 

calibration equation   

N 
(control)  11988 21532 9543 

13192 
(N, A, and B) 

 
8635 

*8635/9543+13192-11988* 8635/9543  

 
 
 
 

A day5 13415 21113 7699 *8635/7699+13192-13415*8635/7699  

B Day 
10 14174 22835 8661 *8635/8661+13192-14174*8635/8661   

 
C Day 

34 14335 23019 8685 15206 
(C and D) 

 
8278 

*8278/8685+15206-14335*8278/8685  

D Day 
49 16078 23950 7872 *8278/7872+15206-16078*8278/7872 

Table 4.1: Inter-calibration of pixel intensity (grayscales) to account for scanning 
artifacts detected (see methods). 
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Materials Grayscale values Hounsfield Unit 

Iodine Concentration 

mmol/l w/v 

Aqueous Formalin solution 18202 0 0 0 

I2KI-solution 21206 394 66 1% 

I2KI-solution 24552 949 199 3% 

I2KI-solution 28058 1531 398 6% 

I2KI-solution 31978 2181 598 9% 

Air 12800 -1000 N/A N/A 

Table 4.2: Correlation of grayscales, CT values (Hounsfield Units), and iodine 
concentration in scans of the staining solution. Hounsfield Units of I2KI 
solution was calculated through a lineal regression between the numbers 
(Grayscales and Hounsfield Units) of aqueous formalin solution and air (see 
Figure 4.10A). 
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Parameters and units 
Zone 1 

(skin) 

Zone 2 

(connective tissue) 

Zone 3 

(muscle issue) 

Range (mm) 0-0.7 0.7-0.8 0.8-15 

θ (porosity) 0.8 0.8 0.8 

ρb (kg/l) 0.16 0.16 0.265 

Kd (l/kg) 200 100 200 

Initial concentration 0 0 0 

D (m2/s) 1*10-9 1*10-9 1*10-9 

Flux (Nbc) (m*mmol/(l*s)) 1.4*10-6  

 

Table 4.3: Diffusion parameter assumption (θ, ρb) and calibrated results (D, Flux, Kd) 
in the Dispersion-Sorption modeling. Notes: ρb is the bulk density of 
different tissues; it was calculated as the mass of the dry tissue divided by 
total volume. For instance, 1 unit of muscle (i.e., one liter) has a mass of 
1.065 kg (Urbanchek et al., 2001) with dry muscle’s mass 0.265 kg; then ρb 
= 0.265 kg/l. 
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Figure 4.1: The coronal section of CT images crossing the beak and cranial region of 
the tongue (N, A-D) with CT value plots for targeted tissues selected (E).N, 
is the control scan, and A, B, C, and D corresponds to scans after 5, 10, 34, 
and 49 days of staining, respectively. The straight yellow line in N-D 
represents the position (E) where CT values were measured (in “ImageJ 
1.48v”). The changes in CT values were used for tissue identification, 
correlation among scans and their referenced positions on the straight line 
(a-d). The color regime of the CT plots are indicated (black-N, red-A, 
yellow-B, blue-C, and purple-D). Anatomical abbreviations: Cart, cartilage; 
Epi, epidermis. 

 

 

 

 

 

 



 108 

 

Figure 4.2: The coronal section of CT images crossing the nasal capsule and the middle 
region of the tongue (N, A-D) with CT values plots for targeted tissues 
selected (E). N, A, B, C, and D corresponds to the five scans described as in 
Fig. 4.1; the same color regime was used for the CT plots as well. Distinct 
CT values with tissue identification were labeled and correlated between the 
plots (E) and positions on the line (B: a-e). Anatomical abbreviations: Epi, 
epidermis; Lp, lamina propria; Nerv/fat?, nerve or fat tissues. 
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Figure 4.3: The coronal section of CT images crossing the eye and adductor chamber 
(N, A-D) with CT plots for the adductor region (E). N, A, B, C, and D 
corresponds the respectively same scan as in Figures 4.1 and 4.2; CT plots 
indicate an overall decreasing trend from the exterior margin of the muscle 
to more interior side (see detail in text). Exterior region and interior muscles 
were well identified and correlated with CT images and the plots (B, E: a-d). 
The same color regime was used for the CT plots as in Figures 4.1 and 4.2. 
Anatomical abbreviations: Ext, external zone; Mus, muscles. 
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Figure 4.4: The coronal section of CT images crossing brain, esophagus, and trachea 
(N, A-D) with CT values plots for selected regions (E: esophagus and F: 
brain). N, A, B, C, and D corresponds to the five scans as described in 
Figures 4.1-4.3. The identified CT values in E, F show similar CT values for 
the bone and brain (a-b), but clearly different for the esophagus (c-d) over 
the staining. The same color regime was adopted for the CT plots. 
Anatomical abbreviations: Esph, esophagus. 
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Figure 4.5: The coronal section of CT images crossing the neck (N, A-D) with CT 
values plots (E). The overall increased enhancement of staining effect is 
clearly indicated by both CT images and the CT value plots over staining.  
N, A, B, C, and D corresponds to the same scan as described in Figures 4.1-
4.4 and the same color regime was used for CT plots. Anatomical 
abbreviations: Ext, external zone; Mus, muscles. 
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Figure 4.6: The Dispersion-Sorption model used for simulation of the experiment. 
Bound 1 indicates the start of iodine diffusion and Bound 2 defines the end 
of zone 2 (connective tissue) as well as the start of zone 3 (muscular 
tissues). Zone 1, Zone 2 and Zone 3 comprised the diffusion domains under 
study. C0 is the initial concentration of the staining solution and the curved 
line indicates hypothetical concentration changes in the diffusion domains. 
Figure legend: dash lines-feathers; large circles-muscle cells; the solid small 
dots-sorption of iodine by tissues. 
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Figure 4.7: The similar pattern obtained from both modeling and experimental data to 
show the temporal and spatial profile of iodine concentration in the selected 
line (Fig. 4.3E: a-d). Model d0, d5, d15, d30 correspond with scans N, 
(A/B), C, and D respectively. Obs d0, d5#1, d5#2, d15, and d30 are the 
concentrations of iodine estimated through measurement of CT values in 
scans of N, A, B, C, and D. Note: because not much staining effect increase 
occurred between scan A and scan B, and no additional iodine was added to 
the system, the staining period between scan A (day 5) and the day of the 
solution firstly replaced (day 24), was treated as an ineffective staining 
interval. Therefore, scans A and B were treated as equivalent to day 5 in the 
modeling scenario. And this ineffective staining interval was subtracted 
from the actual staining duration in the modeling for scans C and D (15 days 
and 30 days). By this recalibration of staining duration, a constant flux at the 
boundary condition in the model is generally expected to be met by 
maintaining the solution concentration in a certain level. Zone 1, Zone 2 and 
Zone 3 represent the diffusion domain simulated. 
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Figure 4.8: The changes in CT values of measured from the staining solution over time. 
The trend line represents an estimation of the changed iodine concentration 
in solution. Blue dots show the scanned staining solution extracted during 
the experiment.  
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Figure 4.9: CT images and 3D rendering of a large specimen (a tinamou head) scanned 
using the staining approach proposed (see text for detail). A: 3D rendering 
of the specimen; B: horizontal section; C: coronal section; D: sagittal 
section. The positions of where these sections were taken are shown as plan 
insets (A). Scale unit: mm. 
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Figure 4.10: The relationship between CT image intensity (grayscales) with CT values 
(Hounsfield Units; A), as well as with estimated iodine concentrations (B). 
See Table 4.2 for data points used.  
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Chapter 5:  The evolution of the archosaurian tongue and larynx: 
insight into the origin of novel avian feeding and vocal communication 

strategies 

ABSTRACT 

The tongue, with both fleshy and bony components, is an innovation of the 

earliest land dwelling vertebrates. From its origin, its bony architecture and associated 

complement of muscles have functioned importantly in respiration, vocal production, and 

feeding. A dominantly dorsoventral movement of the bony complements of the tongue 

(hyoid elements) functions in respiration in taxa from amphibians, lizards to crocodilians. 

Specialization of the tongue for novel feeding strategies has also evolved many times 

within Amniota, in amphibians, mammals, lizards and snakes and birds. While the 

fossilization potential of elements of the bony tongue has been known and speculation 

about tongue morphology and function in feeding in dinosaurs, there has been no 

systematic study of the evolution of these traits. Here, I assessed over 1000 of fossilized 

bony tongue elements and combine these data with the first detailed information on 

hyolingual musculature from contrast-enhanced computed tomography (CT) to examine 

shifts in tongue structure and function in dinosaurs as well as the topographic relationship 

with the larynx in dinosaurs. Most dinosaurs retain a simplified bony hyoid morphology 

similar to that estimated for the ancestral archosaur but derived relative to outgroup 

Reptilia and distinct from extant crocodilians (Chapter 2). The tongue would have been 

attached firmly to the floor of the buccal cavity with limited mobility. Within dinosaurs 

modification of this simple structure is an estimated three times, twice within 

Ornithischia and once within derived Theropoda. Modification of the tongue for feeding 

in Theropoda and retained in living birds occurs late in dinosaurian evolution, only after 

the origin of flight but before the origin of the primary type of avian cranial kinesis and 
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major shifts in avian skull morphology. Loss of the larynx based sound production 

mechanisms of other amniotes is inferred to have occurred minimally within stem 

Avialae but likely much earlier in dinosaurs. When a syrinx, the novel sound organ of 

living birds evolved remains unknown.  

 

INTRODUCTION 

The hyolingual apparati of amphibians, mammals and lepidosaurs are well-known 

to be specialized for different feeding strategies, while within archosaurs only extant 

birds have previously been recognized as displaying a broad diversity in hyolingual 

morphologies (Schwenk 2000). The hyolingual apparatus of birds is distinct from non-

avian reptiles and other amniotes in its specialized morphology and function (Schwenk 

2000, 2005). Well-ossified avian hyoid skeletal elements include paraglossal, basihyal, 

urohyal, ceratobranchial, and epibranchial (Bonga-Tomlinson 2000). Of these hyoid 

elements, only the homologous ceratobranchials are commonly ossified in the Reptilia 

(Schwenk 2000). The paraglossal is exclusive to birds. Other derived skeletal hyolingual 

features that are absent from non-avian reptiles, include the elongate epibranchial in 

Aves, and the jointed articulation of the basihyal with the paraglossal in Neognathae 

(Bonga-Tomlinson 2000).    

The shape of fleshy portion of the bird tongue is associated with the shape of 

paraglossal (Burton 1974). Intimate support of the tongue by bony elements is a feature 

closely linked to complex lingual movement in birds (Homberger 1999). Tongue kinetics 

is critical in avian feeding, especially for neognathous birds with extensive intra-oral food 

manipulation (Suzuki and Nomura 1975; Bonga-Tomlinson 2000). In contrast to the 

diverse hyolingual morphologies of living birds, the crocodylian-line archosaurs, 
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consistently show a uniform, simple hyoid as well as a reduced lingual morphology 

(Schumacher 1973; Cong et al. 1999; Bona and Desojo 2011; Chapter 2). Their broad and 

fleshy tongue is fixed to the base of the entire buccal floor by muscular attachment, and is 

not free to execute independent motions (Bellairs 1970). This comparison of the hyoid 

apparatus of Alligator with other non-avian reptilians (e.g., Sphenodon, Iguanians, or 

Testudines) indicates a general similarity in major muscular arrangement (Fig. 5.1; and 

also see Chapter 2) suggesting they are plesiomorphic features, shared by these non-avian 

reptiles. 

To explore when the avian hyoid apparatus evolved during archosaur evolution, 

both dissection and contrast-enhanced CT data (Metscher 2009; Jeffery et al. 2011) were 

used to assess the muscular anatomy of the hyoid apparatus in extant archosaurs (see 

Supplementary materials). Meanwhile, hyoid remains were examined from a large 

number of specimens (over 1000), ranging from Triassic stem archosaurs, Jurassic and 

Cretaceous non-avian dinosaurs, to avialans (Figs 5.2 and 5.3; Figures G3-G5, and Table 

F3). Representatives of 16 extinct archosaurs with the best hyoid preservation were 

chosen (Euparkeria included as a stem taxon) and compared within the "Extant 

Phylogenetic Bracket" (Witmer 1995). I firstly detailed the hyolingual musculatures from 

numerous exemplar birds (e.g., Galliformes and Palaeognathae) and provided the 

parsimonious reconstruction for characterizations of Aves (Supplementary materials). 

The comparison of avian hyoid muscles with those in outgroup reptiles provides the key 

to interpret the derived features in birds. Collective evidence from both extant and extinct 

archosaurs revealed that several major transformations occurred on the bony hyoid as 

well as its potential coordination with the larynx along the bird-line lineage. 

 



 120 

MUSCULAR HYOLINGUAL FEATURES IN BIRDS 

The major posterior hypobranchial muscles (or the infrahyoid muscles), 

represented as the episterno-hyoid complex in crocodylians (Fig. 5.1, Ephc) and other 

non-archosaurian reptilians are lost or highly reduced in birds  (Schwenk 1986; Huang 

et al. 1999; Diogo and Abdala 2010). This general pattern was noticed very early by 

Edgeworth (1935), but has not been detailed and assessed through a phylogenetic context 

since then. Previously proposed homologous muscles of the posterior hypobranchial 

muscles in birds are the M. sternoltrachealis and M. cleidotrachealis (Edgeworth 1935; 

Huang et al. 1999). These muscles are quite diminutive in all Aves and they arise not 

from interclavicles but from the cranial-lateral region (or process) of the sternum as well 

as furcular apophysis and insert on the ossified trachea (Table F4; Figure G14).   

The hypobranchial muscles in non-avian reptiles play important roles in hyoid 

stabilization and suspension; while these functions are shifted to the anterior 

hyobranchial muscles in birds,  e.g., M. branchiomandibularis, M. stylohyoideus and M. 

serpihyoideus (Fig. 5.1, Mbm and Msh) and the associated connective tissues (hyoid 

sheath fasciae; Homberger 1999). These derived antagonistic muscles (Fig. 5.1, Mbm and 

Msh) in birds link the hyoid with the mandible, played the role in protraction and 

retraction of tongue in feeding as well (Bonga-Tomlinson 2000). Major changes in these 

hypobranchial and hyobranchial muscles resulted in an avian hyolingual suspension not 

seen in non-avian reptiles (e.g., Sphenodon). Coordination of hyoid movements with jaw 

movements in the feeding cycle is inferred to be derived for birds (Bonga-Tomlinson 

2000).  

For the anterior portion of the hypobranchial muscles (or the glossal muscle; 

Huang et al. 1999), the genioglossus and hyoglossus muscles (Fig. 5.1, Mge and Mhy) 

are also highly reduced or lost in Neognathae but weakly retained in Palaeognathae 
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(Werner and Weber 1998). These muscles (Fig. 5.1: Mge and Mhy) compose the major 

portion of the tongue in non-avian reptiles (Schwenk 1986). Elaboration and ossification 

of the midline hyoid elements (e.g., basihyal, urohyal and paraglossal; Figs 5.2 and 5.3), 

and the origin of associated derived glossal muscles (e.g., M. hypoglossus, Fig. 5.1, Mhp) 

further characterize an avian tongue (Huang et al.1999).   

 

TRANSITION AND RECONSTRUCTION OF HYOID EVOLUTION THROUGH NON-AVIAN 

DINOSAURS 

(1) Changes in muscle organization 

Examination of skeletal features associated with the arrangement of hyoid 

muscles indicates a stepwise pattern is supported for the evolution of avian tongue 

morphology and function. States for muscle attachments and bony features were 

reconstructed based on parsimony based character optimizations at ancestral nodes (Fig. 

5. 2; Supplementary Materials).  

First, reduction in the posterior hypobranchial muscles that plesiomorphically link 

the bony hyoid to the pectoral girdle is inferred to occur relatively early in dinosaur 

evolution although with uncertainty due to missing data (Fig. 5.2: A; Figure G16); these 

hypobranchial muscles plesiomorphically attach to the pectoral girdle (e.g., interclavicle 

and coracoid) as seen in extant crocodylians and all outgroups (Figure G14). In non-avian 

theropods and more derived bird-line archosaurs, the interclavicles are either lost or 

homologous with part of the furcula (Vickaryous and Hall 2010; Tschopp and Mateus 

2013). The orientation of the coracoid also gradually shifted with the origin of flight in 

birds (Baier and Gatesy 2007) and all Aves lack a “reptile-like” sternohyoideus muscles 

(Fig. 5.1). These significant changes in pectoral girdle support a weakened hyoid-pectoral 
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girdle connection in non-avian dinosaurs (Fig. 5.2). The change in neck shape and the 

cervical number that began in stem archosaurs and further developed in non-avian 

dinosaurs would also significantly affect the plesiomorphic function of hypobranchial 

muscles and is therefore involved in the proposed transition (Fig. 5.1). The elongated, “S-

shaped” neck in non-avian dinosaurs functionally limited the ancestral role of the 

longitudinal hypobranchial muscles in pulling the hyoid backward and downward (Fig. 5. 

2). 

For the origin of the intrinsic hyolingual muscles in birds (or the glossal muscles; 

Fig. 5.1: Mhp), they are closely related to the ossification of basihyal as well as the 

paraglossal. These derived features are only fully developed in Neognathae and are 

partially developed in Palaeognathae (see Supplementary materials). We estimate this 

shift started within Avialae given the new evidence of an ossified basihyal in 

Confuciusornis (Fig. 5.3, and Figures G4 and G5). Because no paraglossal has been 

found prior to the stem lineages of crown groups (Mayr et al. 2006), the earliest origin of 

a true “avian tongue” is minimally estimated within the avian crown in the neognath 

ancestor.   

(2) Shift in laryngeal position 

The shift in hyoid morphology and musculature in dinosaurs were also related to a 

shift in the position of the larynx (Fig. 5.1, La) from the basihyal (Fig. 5.1, Bh). In all 

non-avian reptiles, the larynx lies on the basihyal regardless of its ossification or lack 

there of. By contrast, as we note here the avian larynx is decoupled from the hyoid, 

located significantly posterior relative to the basihyal; the two organs are linked by a 

derived muscle in birds (Fig. 5.1, Mch). This particular muscle is better developed in 

neognath birds than in any of the Palaeognathae (for both ratites and tinamous); and as 
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indicated by electromyographic data (Suzuki and Nomura 1975), the muscle serves an 

essential function in coordinating larynx movements with hyoid movements during 

swallowing. The distinct shift of hyo-laryngeal position is also predicted by the hyoid 

remains from bird-line archosaurs (Fig. 5.2: B). The narrow-shaped avian basihyal, to 

which the larynx is likely to be positioned posteriorly, is at least present in 

Confuciusornis (Fig. 5.3). Although the inference of the hyo-laryngeal position in non-

avian theropods is ambiguous, the significantly mediolaterally compressed skull shape 

and the potential presence of a similar narrowed ossified basihyal in Carnotaurus 

(Bonaparte et al. 1990) indicate a hyo-laryngeal topography similar to that found in birds. 

(3) Evolution of bony hyoid 

Compared to the outgroup (e.g., Sphenodon), the position of the hyobranchial 

(Ceratobranchial I, CB I) in archosaurs is relatively displaced craniad when aligned either 

to the cranium (e.g., the eye socket; Fig. 5.2) or to the mandible (Figure G2). Gradual 

cranial-extension of the hyoid position continued along the bird-line archosaurs, being 

particularly marked in living birds (Figs 5.1 and 5.2; Figure G5). The articulation cerato-

basihyalis reaches approximately the nasofrontal hinge in living birds or father beyond 

(Fig. 5.2 and Figure G5), more craniad than the position present in the successive 

outgroup. The ossified arrow-shaped basihyal is present in Avialae (e.g., Confuciusornis 

and Hongshanornis; Figs 5.2 and 5.3), thus confirming an earlier proposal for its similar 

appearance in basal Theropoda (Carnotaurus; Bonaparte et al. 1990). This confirmation 

implies the earliest origin of a protruded lingual element within archosaurs opposed to the 

flat tongue seen in Alligator. In addition, as a key component for hyoid suspension, the 

ossified epibranchial is first seen in Honghanornis (Fig. 5.3 and Figure G4); therefore, 

major bony elements in avian hyoid evolved in basal ornithurines.  
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DISCUSSION AND CONCLUSIONS 

The transformations of the hyoid apparatus from ancestral archosaurs, non-avian 

dinosaurs, to living birds, imply significant functional novelties not only in feeding 

adaptation, but also in respiration and, and more intriguingly, in the origin of avian sound 

production. Feeding is apparently the primary driver of the evolution of the hyolingual 

apparatus in amniotes (Schwenk 2005), which is also likely true for archosaurs. The 

greater  freedom of the hyoid-muscular system that birds have represent a derived 

feature in the integrated coordination of hyoid with a fast jaw movement during feeding 

cycles (Bonga-Tomlinson 2000). Strikingly, muscles that used for swallowing in non-

avian reptiles are mostly reduced or lost in birds; and hyoid muscles that active during 

avian deglutition are almost all derived in birds (Suzuki and Nomura 1975). Compared to 

the ancestral non-avian dinosaurs, the well ossified bony hyoid as well as the position and 

the suspension of the hyolingual apparatus all indicate an enhanced role for integrated 

hyoid during feeding adaptation as potential compensation for tooth reduction during 

avialan evolution. Ancestrally, the hypobranchial muscles were also used in gular 

pumping in the outgroup (e.g., Lepidosauria), whose role in supplemental ventilation 

during extensive exercise has been confirmed (Brainerd and Owerkowicz 2006). The 

pharyngeal basket, supported directly by the hyoid, is the major structure facilitating the 

generation of a differential pressure between gular cavity and lung (Owerkowicz et al. 

1999). Since gular pumping is not important in archosaur respiration, selective pressure 

for maintaining these structures (e.g., the complex hyoid skeletons as well as associated 

muscles) is reduced. Freeing the hyoid apparatus from this respiratory role facilitated its 

development of a specialized role in feeding (Brainerd and Owerkowicz 2006).  

The evolutionary changes in the upper respiratory system also allow inferences 

about the evolution of vocal organs in archosaurs. Alligator and some reptiles (e.g., 
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Testudines) generate sound by air-flow-induced tissue (vocal fold) vibration in the larynx 

(Sacchi et al. 2004; Riede et al. 2011). The avian larynx does not contain connective 

tissue that could be involved in sound production and no evidence exists that birds 

engage the larynx as a sound source. In contrast, the origin of the syrinx as a novel sound 

source located at the lower end of the trachea is unique in vertebrates (King 1989). In 

almost all extant birds (except New World vultures), the syringeal sound source 

comprises membranes and other soft connective tissues housed in a modified 

tracheobronchial skeleton (Fig. 5.2). The simple morphology of the syrinx in 

Palaeognathae is consistent with their early divergence from avian lineages; the most 

complex syrinx associated with sophisticated motor control is found in songbirds and 

parrots, which allows them to generate highly complex vocal repertoires (King 1989). 

The trachea, solidified by its ossified rings in birds, offers a long resonate tract for sound 

propagation. Although neither the tracheal rings nor the syrinx have been found to be 

ossified prior to the stem lineages of crown birds (Clarke et al. 2009), other indirect 

skeletal features might provide the primary clue for the origin of the avian sound 

generator. As we have shown, the larynx of non-avian dinosaurs, especially of non-avian 

theropods, assumes an avian position and is, therefore, unlikely to be the vocal organ. 

Multiple lines of evidence indicate that this modified laryngeal position is a less 

favorable location of a sound source than a low intra-tracheal position.   

First, the hyoidal-laryngeal re-arrangement prevents easy closure of the 

pharyngeal area during vocalization. Alligators press the posterior margin of the basihyal 

against their hard palate and thereby close off the pharyngeal area (Figure G2). The 

pharyngeal esophageal area inflates during vocalization, and positively facilitates sound 

transfer. The avian-like hyoid re-arrangement in non-avian dinosaurs requires additional 

adaptations to enable a tight closure in the pharyngeal and oral cavity. Second, the 
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elongated tracheal tract in association with the evolution of air sacs likely prevents 

effective sound production via a larynx-based sound source. The volume of the tracheal 

conductive airways, which contribute to anatomical dead space, probably constituted a 

constant fraction of the total lung volume. Since the trachea becomes longer but its 

diameter remains narrow with respect to length, the pressure-volume relation is kept 

constant, which is confirmed across mammals with variable neck lengths (Schroter 

1980). However, the additional evolution of air sacs increases the dead space and 

dramatically affects the pressure-volume relationship. Compared to mammals, non-avian 

reptiles and birds have large, highly compliant lungs (Brackenbury 1972; Perry and 

Duncker 1978; Daniels and Pratt 1992; O’Connor and Claessens 2005). Generation of 

sufficient subglottal pressure to trigger air flow-induced vocal fold vibrations thus 

becomes more difficult. Third, the presence of a long and narrow tracheal tube below 

oscillating vocal folds can generate a negative aerodynamic effect on vocal fold 

oscillation through nonlinear source-filter interaction (Titze 2008). Furthermore, in a long 

trachea, a sound source should preferably not be positioned at the top/cranial end but 

somewhere below. Self-sustained oscillations of simple tissue masses (e.g., collapsing 

tube walls) require vocal tract input (supraglottal) pressure in addition to a transglottal 

pressure differential (Titze 1984, 1988) (Figure G2). Finally, several other modifications 

suggest the evolution of a syringeal valve, which might occur as early as in Avialae. The 

extrinsic syringeal muscles (also termed tracheal muscles, Baumel and Witmer 1993) are 

homologous to the hypobranchial muscles in non-avian reptilians (Edgeworth 1935; 

Diogo and Abdala 2010), which might have evolved quite early in bird-line archosaurs. 

The bony correlates (e.g. furcula, cranial lateral process of the sternum) are discovered in 

non-avian theropods and basal Avialae (Zheng et al. 2012). The presence of a clavicular 

air sac is indicated by the pneumatization of pectoral elements (Wedel 2009). Certain 
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pneumatization (coracoid and sternum) found in basal Avialae and ornithurine birds 

(Jeholornis and Ichthyornis) provides the earliest evidence for the presence of a 

clavicular air sac and possible syrinx-based vocalization in these stem taxa. 
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Figure 5.1: Reconstructed hyo-lingual-laryngeal apparatus in extant reptilian 
representatives, particularly detailed in archosaurs (Alligator 
mississippiensis, Dromaius novaehollandiae, Phasianus colchicus and 
Colinus virginianus). Detailed local hyo-laryngral anatomies are revealed in 
the right columns in Alligator and Galliformes. Dash lines indicate the 
significant different position with respect to the anterior position of the 
ceratobranchial in non-avian reptilian and birds. Anatomical abbreviation: 
Bh, Basihyal; Ephc, episterno-hyoid complex; Mge, M. genioglossus; Mhy, 
M. hyoglossus; Mbm, M. branchiomandibularis; Mca, M. cricoarytenoid; 
Mch, M. cricohyoideus; Mhp, M. hypoglossus; Msh, M. stylohyoideus and 
M. serpihyoideus; Color legends: deep blue and light blue, M. hyoglossus 
and M. genioglossus; green, M. branchiomandibularis (viscera); dark 
turquoise, episterno-hyoid complex; bright turquoise, M. cricohyoideus (in 
birds) and M. cricoarytenoid (in alligator); purple and pink, M. hypoglossus 
anterior and oblique; transparent pink, tongue; yellow, larynx. See Table F1 
for specimen information. 
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Figure 5.2: Lateral view of the recovered hyoid remains with the associated skulls 
arranged along a phylogenetic tree of Archosauria and the outgroup. 
Skeletal hyoid elements are highlighted in color and indicated by round 
color dots under the taxa name (e.g., red, ceratobranchial; blue, basihyal; 
yellow, paraglossal; green, epibranchial). See material resources in Fig. 5.3, 
Figures G3-G5, Table F3, wherein the reconstructions were made based on. 
Hypothesized sequential transformations occurred at the hyo-laryngeal 
apparatus are labeled on the branch as A-D: A, sternal connection of the 
hyoid reduced; B, the decoupled larynx from the hyoid; C: the independent 
hyoid from the buccal floor; D: avian hyoid suspension evolved. 
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Figure 5.3: Photographs of the hyoid and skull in the exceptional preservation of 
selected archosaurs. A, Alligator prenasalis; B, Jeholosaurus 
shangyuanensis; C, Yutyrannus huali; D, Sinosauropteryx prima; E, 
Microraptor gui; F, Enantiornithine sp.; G, Confuciusornis sp.; H, 
Hongshanornis  longicresta. The blue arrow indicates the confirmed 
presence of ossified basihyal in Confuciusornis and Hongshanornis, which 
is identified as the earliest origin of the avian-like lingual element; the green 
arrow indicates the earliest presence of the epibranchial in Hongshanornis. 
See Table F3 for specimen numbers and resources for the published 
specimens. 
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Appendices 

Appendices A-C are for Chapter 3; Appendices D-I are for Chapter 5. 

Appendix A: Skeletal measurements of the hyoid apparatus and skull, feeding types and body mass data used in the 

phylogenetically informed principle component analysis.  

 
taxa_measurements (mm) Feedying_type SKL MDL SKH PGL PGW BHU BH CB 
Anseranas_semipalmata Grazer 121.49 115.99 48.57 30.9 7.84 23.25 12.16 41.55 
Coscoroba_coscoroba Grazer 126.09 117.09 28.09 28.79 7.46 29.09 14.83 40.94 

Anas_penelope Grazer 82.98 75.08 23.59 20.44 3.99 17.36 11.4 29.14 
Branta_canadensis Grazer 119.54 107.48 33.27 29.5 7.29 26.19 14.42 38.58 

Branta_bernicla Grazer 88.72 79.23 26.66 21.45 5.72 20.25 10.37 30.85 
Branta_sandvicensis Grazer 92.08 82.04 31.35 22.91 6.62 20.97 11.81 34.03 

Branta_ruficollis Grazer 71.47 60.97 27.66 15.55 6.3 18.11 9.54 25.07 
Cereopsis_novaehollandiae Grazer 94.2 82.15 30 17.3 7.22 23.31 11.4 40.23 

Plectropterus_gambensis Grazer 135.09 122.58 36.54 31.15 8.78 23.76 13.15 48.1 
Chloephaga_hybrida Grazer 98.84 87.98 29.84 19.58 6.82 23.28 12.35 38.78 

Chloephaga_rubidiceps Grazer 85.99 75.26 27.14 15.97 6.28 24.76 12.45 35.35 
Chloephaga_picta Grazer 90.58 79.23 30.2 16.43 7.01 21.61 12.57 34.43 

Alopochen_aegyptiaca Grazer 109.89 96.78 29.18 20.7 7.11 22.36 11.77 40.35 
Anser_albifrons Grazer 101.49 87.05 31.79 26.51 5.77 20.9 12.36 33.29 

Anser_cygnoides Grazer 137.24 122.88 35.26 36.45 9.13 30.24 17.5 48.52 
Chen_rossii Grazer 82.05 77.17 28.95 19.79 5.28 18.62 10.17 28.75 

Chen_caerulescens Grazer 113.08 104.05 32.36 33.26 6.45 24.35 13.2 36.08 
Chenonetta_jubata Grazer 78.87 67.36 26.47 14.64 5.7 17.19 10.6 26.67 

Stictonetta_naevosa Filtering or dabbling 
taxa 108.96 105.78 19.74 24.32 3.43 22.43 12.26 32.63 

Oxyura_jamaicensis Filtering or dabbling 
taxa 83.09 76.2 24.57 15.82 5.89 11.68 6.55 28.94 
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Anas_crecca Filtering or dabbling 
taxa 77.54 70.9 21.22 15.11 2.98 12.59 7.68 23.68 

Anas_clypeata Filtering or dabbling 
taxa 112.14 105.31 22.47 33.58 5.17 14.2 8.73 28.79 

Anas_platalea Filtering or dabbling 
taxa 108.1 100.36 22.74 29.63 5.97 17.77 10.04 27.98 

Marmaronetta_angustirostris Filtering or dabbling 
taxa 87.22 80.25 21.77 17.45 3.75 16.25 9.02 29.41 

Aythya_affinis Filtering or dabbling 
taxa 87.64 81.33 23.04 19.24 6.43 15.12 9.17 29.43 

Aix_galericulata Filtering or dabbling 
taxa 77.68 65.64 25.6 16.35 4.71 14.22 8 28.11 

Amazonetta_brasiliensis Filtering or dabbling 
taxa 79.39 71.2 23.36 18.91 4.09 13.05 7.95 27.43 

Pteronetta_hartlaubii Filtering or dabbling 
taxa 94.47 84.26 26.97 22.66 6.64 16.19 9.38 33.02 

Aythya_valisineria Diving_grasper 117.32 111.36 27.18 22.74 6.37 20.56 11.88 39.19 
Melanitta_perspicillata Diving_grasper 102.2 94.87 26.27 23.22 8.79 15.1 9.69 37.53 

Melanitta_nigra Diving_grasper 91.57 86.51 25.7 19.04 7.33 12.7 8.45 32.33 
Melanitta_fusca Diving_grasper 114.88 109.96 26.29 24.64 10.08 15.45 9.96 39.61 

Bucephala_clangula Diving_grasper 92.21 82.79 28.19 20.13 6.54 16.64 10.02 31.81 
Bucephala_albeola Diving_grasper 69.94 62.27 22.4 15.13 5.12 12.51 7.95 25.46 

Bucephala_islandica Diving_grasper 81.88 74.72 26.05 19.67 5.47 14.93 9.75 29.91 
Clangula_hyemalis Diving_grasper 77.79 71.77 23.84 17.26 6.51 14.24 8.88 32.72 
Mergus_merganser Diving_grasper 108.4 105.51 21.1 21.36 3.38 13.47 9.77 38.7 

Mergus_serrator Diving_grasper 102.62 99.05 19.28 15.9 3.44 11.76 8.8 32.49 
Mergus_cucullatus Diving_grasper 85.45 77.76 22.91 14.48 3.35 8.87 7.48 25.08 

Aythya_fuligula Mixed feeder 85.82 77.53 22.98 19 6.305 13.69 8.43 28.23 
Polysticta_stelleri Diving_grasper 88.44 86.84 23.9 21.89 4.96 14.58 8.98 34.84 

Somateria_mollissima Diving_grasper 113.77 105.7 28.66 23.87 8.1 20.66 15.68 38.91 
Histrionicus_histrionicus Diving_grasper 76.24 66.89 23.42 16.1 5.34 13.37 8.7 30.36 

Aythya australis Mixed feeder 101.9 91.33 24.46 21.34 5.81 17.19 10.76 33.11 
Aythya_collaris Mixed feeder 82.71 74.56 22.91 15.32 4.96 11.51 7.27 28.39 

Aythya_americana Mixed feeder 98.89 91.76 24.81 23.39 5.69 19.25 11.63 35.58 
Dendrocygna_autumnalis Mixed feeder 91.18 84 25.72 21.98 5.44 16.26 8.23 29.54 
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Dendrocygna_viduata Mixed feeder 93.69 85.6 25.91 19.1 4.52 15.5 7.41 30.5 
Dendrocygna_arcuata Mixed feeder 85.63 76.03 22.18 18.05 3.82 14.13 6.32 24.96 
Dendrocygna_arborea Mixed feeder 99.65 94.51 27.12 22.4 5.48 18.17 8.89 33.71 
Dendrocygna_bicolor Mixed feeder 92.01 84.42 23.21 20.39 4.42 17.15 9.06 29.21 

Cygnus_olor Mixed feeder 170.92 164.13 36.2 47.69 10.34 37.72 18.27 50.76 
Cygnus_cygnus Mixed feeder 177.82 169.81 38.64 41.86 10.37 43.91 21.28 58.3 

Cygnus columbianus Mixed feeder 189.92 181.36 41.17 41.53 9.3 41.32 19.67 59.06 
Cygnus_buccinator Mixed feeder 192.63 189.46 42.95 49.95 11.81 42.68 19.69 58.34 
Cairina_moschata Mixed feeder 112.66 107.16 31.86 28.1 7.65 21.83 12.62 43.38 
Tadorna_radjah Mixed feeder 93.74 83.52 27 21.24 6.09 14.71 8.12 31.02 

Anas_strepera Filtering or dabbling 
taxa 102.05 95.35 23.99 23.09 4.49 18.37 12.61 32.93 

Anas_erythrorhyncha Mixed feeder 93.03 83.82 24.38 20.83 3.97 15.36 10.77 30.27 

Anas_rubripes Filtering or dabbling 
taxa 109.95 103.42 28.13 26.86 5.78 19.33 13.15 35.78 

Anas_platyrhynchos Mixed feeder 112.67 103.74 27.86 25.13 5.6 17.52 10.93 32 
Nettapus_coromandelianus Mixed feeder 56.89 43.99 19.64 11.11 2.4 9.78 4.65 16.94 

Hymenolaimus_malacorhynchos Mixed feeder 84.04 87.23 21.54 18.52 4.7 14.01 10.84 25.85 
Netta_rufina Mixed feeder 99.25 89.55 23.37 24.23 7.11 17.65 11.54 33.44 

Sarkidiornis_melanotos Mixed feeder 100.41 88.56 29.23 22.53 5.74 15.24 8.93 34.26 
Tachyeres_pteneres Mixed feeder 134.43 129.84 33.31 32.35 9.74 28.89 15.87 53.64 

Anas_americana Mixed feeder 81.52 88.12 23.22 19.87 4.76 19.05 12.34 30.2 
Presbyornis (USNM 299846/299847) ? 89 88.44 23 24.35 4.4 15.1   Thambetochen chauliodous (MDS 1978) ?  97.55  20.97 5.96 24.61 14.72 46.32 

 

taxa_measurements (mm) EP RL RW RH BS_mean(g) Log_BM notes 
specimen # 

/a=AMNH specimen 
/s=USNM specimen 

Anseranas_semipalmata 28.07 11.14 5.98 14.27 2400 3.380211  1772/a  Coscoroba_coscoroba 27.4 12.54 6.67 13.49 4300 3.633468  345460/s  Anas_penelope 17.58 9.83 3.44 7.14 693 2.840733  638714/s 638716/s 
Branta_canadensis 25.94 11.82 4.49 9.76 4291 3.632559  10640/a 10648/a 

Branta_bernicla 20.4 9.54 3.12 7.07 1725 3.236789  641037/s 635702/s 
Branta_sandvicensis 23.67 10.68 4.12 9.25 2068 3.315551  27366/a 27367/a 
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Branta_ruficollis 16.65 8.4 3.39 6.71 1388 3.142389  26179/a 27370/a 
Cereopsis_novaehollandiae 22.19 10.69 4.55 7.12 4985 3.697665  19711/s 321101/s 

Plectropterus_gambensis 27.02 13.55 6.65 12.66 4320 3.635484  4254/a 4087/a 
Chloephaga_hybrida 22.14 11.6 4.43 9.54 2324 3.366236  347787/s 490928/s 

Chloephaga_rubidiceps 18.99 11.18 3.84 8.62 2000 3.30103  27167/a  Chloephaga_picta 21.01 10.84 3.71 8.79 2961 3.471438  27741/a  Alopochen_aegyptiaca 22.44 10.74 4.53 9.15 2110 3.324282  4735/a  Anser_albifrons 19.38 11.34 4.43 6.24 2350 3.371068  226360/s  Anser_cygnoides 27.67 14.2 5.9 13.26 3170 3.501059  5379/a 1829/a 
Chen_rossii 16.65 10.37 3.18 6.54 1428 3.154728  12961/a 20881/a 

Chen_caerulescens 20.81 13.14 6.76 12.74 2900 3.462398  20881/a 12961/a 
Chenonetta_jubata 14.79 6.79 3.57 6.71 823 2.9154 rarely dabbling 9380/a  Stictonetta_naevosa 21.11 13.31 4.82 10.81 911 2.959518  555594/s 632235/s 

Oxyura_jamaicensis 17.2 11.15 4.83 9.18 553 2.742725  29663/a 28012/a 
Anas_crecca 13.92 8.7 3.64 6.7 350 2.544068 straining 17395/a  Anas_clypeata 14.26 11.17 5.39 8.78 755 2.877947  25362/a 27497/a 

Anas_platalea 13.82 11.09 4.91 8.1 566 2.752816 dabbling, rarely dive 26190/a  Marmaronetta_angustirostris 14.28 9.09 3.28 8.57 520 2.716003 shallow habit 29180/a  Aythya_affinis 16.44 10.44 5.25 9 825 2.916454 diving for small inverts 319794/s 24163/a 
Aix_galericulata 14.26 7.48 3.14 7.85 472 2.673942 rarely dive 26187/a  Amazonetta_brasiliensis 13.63 8.52 3.51 7.58 415 2.618048  28498/a  Pteronetta_hartlaubii 15.2 8.71 5.23 8.19 870 2.939519  16754/a  Aythya_valisineria 23.99 14.33 7.125 12.42 1225 3.088136 diving for plants 343406/s 10684/a 

Melanitta_perspicillata 20.16 10.14 5.22 7.64 950 2.977724 diving for 
intertis/carniv 560966/s 6414/a 

Melanitta_nigra 16.4 9.61 4.65 7.98 1112 3.046105 diving for 
intertis/carniv 6623/a 6622/a 

Melanitta_fusca 18.71 11.16 6.15 8.17 1497 3.175222 diving for 
inverts/carniv 6626/a 9727/a 

Bucephala_clangula 17.23 11.3 5.65 9.86 883 2.945961 diving for 
inverts/carniv/fish 499634/s 17222/a 

Bucephala_albeola 13.29 8.94 4.36 6.76 390 2.591065 diving for 
inverts/carniv 4722/a 26651/a 

Bucephala_islandica 16.92 10.37 5.44 8.52 1021 3.009026 diving for inverts 24134/a  Clangula_hyemalis 14.34 9.55 4.55 8.21 725 2.860338 diving for 501623/s 634852/s 



 135 

intertis/carniv/fish 
Mergus_merganser 12.17 6.19 3.65 5.19 1529 3.184407 diving for fish/inverts 292745/s 25284/a 

Mergus_serrator 10.09 6.71 3.6 5.67 1065 3.02735 diving for fish/inverts 23146/a 15946/a 
Mergus_cucullatus 13.7 5.61 3.55 4.49 666 2.823474 diving for fish/inverts 491862/s  

Aythya_fuligula 17.73 8.63 4.71 9.03 1200 3.079181 omnivorous, inverts, 
plants 554962/s 621200/s 

Polysticta_stelleri 19.38 16 8.06 10.83 860 2.934498 diving for 
inverts/carniv 430240/s 17470/s 

Somateria_mollissima 12.28 9.4 5.88 9.83 2067 3.31534 diving for 
intertis/carniv 25242/a  

Histrionicus_histrionicus 14.85 8.23 4.78 6.38 610 2.78533 diving for betheth 
insects 26330/a  

Aythya australis 13.87 9.55 5.34 10.37 810 2.908485 diving and dabbling 11488/a  
Aythya_collaris 12.85 9.45 4.67 7.73 740 2.869232 shallow diving, 

dabbling 26551/a  
Aythya_americana 20.92 10.39 5.61 10.69 1055 3.023252  20892/a  Dendrocygna_autumnalis 21.77 9.88 5.29 8.82 835 2.921686  2425/a 1377/a 

Dendrocygna_viduata 19.66 9.72 4.92 8.7 725 2.860338  614551/s  Dendrocygna_arcuata 22.04 8.17 3.81 6.29 720 2.857332  226499/s  Dendrocygna_arborea 21.58 10.72 4.875 9.16 1150 3.060698  26174/a 27365/a 
Dendrocygna_bicolor 22.86 10.96 5.06 7.92 688 2.837588  26489/a 23128/a 

Cygnus_olor 36.93 16.87 10.35 17.2 10800 4.033424  344839/s 742/a 
Cygnus_cygnus 33.49 17.6 10.07 16.65 10100 4.004321  1775/a  Cygnus columbianus 41.8 18.13 10.53 17.9 6950 3.841985  610571/s  Cygnus_buccinator 41.12 20.55 9.22 16.14 9900 3.995635  4768/a  Cairina_moschata 19.77 12.54 4.65 8.58 2550 3.40654  11024/a 1848/a 
Tadorna_radjah 17.5 8.99 4.57 7.52 865 2.937016  26492/a 11425/a 
Anas_strepera 16.26 11.48 4.83 8.9 920 2.963788 rarely grazing 2619/a 10668/a 

Anas_erythrorhyncha 19.75 9.43 3.93 7.48 650 2.812913 dabbling or up-ending, 
grazing as well 10404/a  

Anas_rubripes 21.11 12.12 5.3 10.25 1250 3.09691 upper ending or 
dabbling 26037/a  

Anas_platyrhynchos 18.14 12.11 5.77 10.44 1163 3.06558 mainly dabbling but 
dive even grazing 16046/a 26214/a 

Nettapus_coromandelianus 10.12 5.03 1.65 3.45 392 2.593286  15597/a  
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Hymenolaimus_malacorhynchos 12.34 11.91 5.63 9.3 879 2.943989  26210/a  Netta_rufina 19.6 9.21 5.02 8.55 1075 3.031408 diving and dabbling 10733/a  Sarkidiornis_melanotos 17.46 9.68 4.88 8.26 1640 3.214844 dabbling and grazing 1822/a 15667/a 
Tachyeres_pteneres 30.34 15.88 10.07 16.62 4940 3.693727 diving and up-ending 490930/s  

Anas_americana 18.23 9.7 3.51 7.18 725 2.860338 less grazing than 
Eurasian Wigeon 11350/a  

Presbyornis (USNM 
299846/299847)  9.84 5.54 7.04 646 2.810233    
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Appendix B: Loadings and variance explained by phylogenetic principal component analyses of the phylogenetically size-

corrected measurements. 

Original dataset:  

 
PC1_phyl

o PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 

SKL -0.98292 -0.09897 0.13126
3 -0.07453 0.00954

4 -0.02315 0.01793
1 

0.01636
5 -0.00727 -0.00247 -0.0024 0.00022

9 

MDL -0.98581 -0.03134 -0.15653 0.04549
2 -0.00303 0.01375

4 -0.00118 -0.01884 0.00860
8 

0.00133
4 

0.00172
6 -0.00024 

SKH -0.44239 0.29005
2 

0.26815
9 -0.32076 0.32410

7 
0.20315

3 -0.26558 -0.55926 0.06919
6 

0.10392
6 

0.00192
5 -0.0119 

PGL -0.74467 0.14679
4 

0.31046
4 

0.56143
9 -0.04774 0.08985

5 -0.036 -0.01834 -0.01352 0.00908
1 

0.00763
5 

0.00056
2 

PGW -0.32312 0.24585
5 

0.06671
4 -0.04032 -0.00296 0.12740

1 -0.30521 -0.35543 -0.05988 -0.76003 -0.1088 0.01644 

BHU -0.61778 0.57553
7 

0.02006
2 -0.09348 -0.40567 -0.29909 -0.03639 -0.10622 -0.04726 -0.00335 0.09499

8 -0.00842 

BH -0.52242 0.57028
8 

0.01819
7 -0.01691 -0.51103 -0.15854 0.08329

1 -0.08242 0.06291
6 

0.07024
4 -0.30318 -0.01997 

CB -0.69849 0.55439
6 

0.01686
6 -0.21394 -0.12422 0.35778

6 
0.00896

4 
0.12208

6 -0.0084 -0.00087 0.01409
8 

0.00308
7 

EP -0.53472 0.70976
4 -0.01796 0.04798

1 
0.39083

6 -0.1477 0.17865
6 

0.02987
6 0.00621 -0.01457 -0.00661 -0.0025 

RL -0.62536 0.22915 -0.20004 -0.0224 0.24068
4 -0.10345 -0.50268 0.12716

5 -0.40906 0.06592
6 -0.07094 0.04122

2 

RW -0.59191 0.11260
3 

0.00311
1 

0.01059
3 

0.19341
2 -0.10616 -0.57112 0.34573

3 
0.11974

3 -0.02978 0.00411
3 -0.35667 

RH -0.68111 0.29771 0.07665 -0.01715 0.05814 -0.21183 -0.48444 0.24332 0.29924 -0.00081 0.00186 0.09796
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4 8 6 2 7 2 
Variance 
explaine

d 
86.13331 4.98529 2.25773

5 
2.08202

6 
1.47154

8 
1.01884

1 
0.81814

4 
0.62802

2 
0.26409

8 
0.17582

4 
0.11133

9 
0.05382

4 

Thembetochen_analyses 
 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

MDL 0.995755 0.079676 -0.04377 0.007439 -0.0121 0.002212 -0.0007 0.00025 0.000279 
PGL 0.792578 -0.07798 0.602571 -0.0466 0.010237 -0.01057 0.015124 -0.00521 0.001966 
PGW 0.43092 -0.19159 0.101265 -0.02622 0.058789 -0.40121 -0.76841 0.099438 0.043495 
BHU 0.650968 -0.6365 -0.04156 0.396391 -0.02534 -0.04613 8.85E-05 -0.0967 -0.01133 
BH 0.566803 -0.6555 0.025137 0.323989 -0.19412 0.068451 0.054827 0.312723 -0.01669 
CB 0.711252 -0.59122 -0.14713 -0.34307 -0.07093 0.005976 0.005661 -0.01141 -0.00082 
RL 0.629548 -0.1245 -0.1692 -0.04761 0.601586 -0.39155 0.191432 0.063792 0.036623 
RW 0.629728 -0.06391 0.005256 -0.08556 0.641333 0.121355 -0.10278 0.018189 -0.3938 
RH 0.646073 -0.31016 -0.02478 0.056594 0.602068 0.318686 -0.08628 0.007509 0.105 

 87.10048 5.252758 3.520367 1.592069 1.404752 0.476053 0.360739 0.185884 0.106902 
 
Presbyornis_analyses 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 
SKL -0.98507 0.1502 -0.07837 -0.00474 -0.02436 0.01563 0.007916 0.002399 -0.0004 
MDL -0.98639 -0.09543 0.13036 0.017453 0.011666 -0.0201 -0.00894 -0.00147 0.000253 
SKH -0.40607 0.200023 -0.2659 -0.41795 0.583754 -0.44486 -0.05467 -0.08821 0.01655 
PGL -0.7425 -0.36098 -0.47336 0.303283 0.039947 -0.02368 0.010616 -0.00834 -0.00034 
PGW -0.31262 -0.14005 -0.16398 -0.26388 0.303781 -0.23263 0.036587 0.798369 -0.03159 
BHU -0.59727 -0.36756 -0.23208 -0.60659 -0.28706 -0.0531 0.027854 -0.01155 0.014985 
RL -0.61906 -0.22077 0.08982 -0.27507 0.430926 0.343421 0.42085 -0.03562 -0.04779 
RW -0.59148 -0.11923 -0.06156 -0.1427 0.372797 0.566921 -0.10755 0.056299 0.369687 
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RH -0.66733 -0.16937 -0.20079 -0.34662 0.253114 0.447549 -0.30169 -0.00488 -0.1006 
Variance 
explained 90.64462 2.565664 2.469302 1.975991 1.034242 0.761593 0.286596 0.197706 0.064289 
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Appendix C: Phylo. tree files used in the three analyses. Phylogeny from 

“Birdtree.org” (Jetz et al. 2012). 

Tree file_1: all extant taxa (67) 

(Anseranas_semipalmata:69.111519,((((Dendrocygna_viduata:17.597769,Dendro

cygna_bicolor:17.597769):3.494241,Dendrocygna_arcuata:21.092009):2.192898,(Dendr

ocygna_autumnalis:12.183909,Dendrocygna_arborea:12.183909):11.100997):17.384472,

((((Cygnus_olor:11.650506,(Cygnus_buccinator:3.99987,(Cygnus_columbianus:3.51118

4,Cygnus_cygnus:3.511184):0.488686):7.650636):7.77538,(((Chen_caerulescens:2.1592

21,Chen_rossii:2.159221):3.579303,(Anser_cygnoides:4.68645,Anser_albifrons:4.68645

):1.052073):7.106055,((Branta_bernicla:9.840293,Branta_ruficollis:9.840293):0.072462,

(Branta_sandvicensis:1.588889,Branta_canadensis:1.588889):8.323866):2.931823):6.581

308):7.890745,(Cereopsis_novaehollandiae:11.680335,Coscoroba_coscoroba:11.680335)

:15.636296):8.385118,(Nettapus_coromandelianus:31.600525,((((((((Amazonetta_brasili

ensis:5.176659,Tachyeres_pteneres:5.176659):4.776208,(((Anas_strepera:4.02508,(Anas

_americana:2.115261,Anas_penelope:2.115261):1.909819):3.916668,(Anas_crecca:5.62

8513,((Anas_platyrhynchos:0.567367,Anas_rubripes:0.567367):4.360176,Anas_erythror

hyncha:4.927543):0.70097):2.313235):1.268268,(Anas_platalea:2.161961,Anas_clypeata

:2.161961):7.048056):0.742851):5.266123,((Marmaronetta_angustirostris:11.836287,Pter

onetta_hartlaubii:11.836287):0.56887,((Aythya_australis:3.309693,((Aythya_valisineria:

1.78797,(Aythya_americana:0.854243,Aythya_collaris:0.854243):0.933727):0.771566,(

Aythya_affinis:1.864924,Aythya_fuligula:1.864924):0.694612):0.750157):0.471504,Nett

a_rufina:3.781197):8.623959):2.813834):0.058898,((Aix_galericulata:10.628326,Cairina

_moschata:10.628326):2.80986,((Tadorna_radjah:7.406353,Alopochen_aegyptiaca:7.406

353):3.873425,((Chloephaga_rubidiceps:2.654635,Chloephaga_hybrida:2.654635):5.253

209,Chloephaga_picta:7.907844):3.371935):2.158407):1.839702):0.425358,(Clangula_h
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yemalis:13.528728,(((Polysticta_stelleri:9.394002,Somateria_mollissima:9.394002):2.43

1044,Histrionicus_histrionicus:11.825046):1.025194,((((Bucephala_clangula:1.49962,Bu

cephala_islandica:1.49962):5.96577,Bucephala_albeola:7.46539):3.374343,((Mergus_ser

rator:1.605564,Mergus_merganser:1.605564):7.528192,Lophodytes_cucullatus:9.133756

):1.705977):0.636422,((Melanitta_fusca:5.647526,Melanitta_perspicillata:5.647526):3.59

2333,Melanitta_nigra:9.23986):2.236295):1.374085):0.678488):2.174519):0.181812,(Ch

enonetta_jubata:14.361051,(Sarkidiornis_melanotos:12.411699,Hymenolaimus_malacor

hynchos:12.411699):1.949352):1.524008):8.287219,Stictonetta_naevosa:24.172277):7.2

93338,(Oxyura_jamaicensis:26.127438,Plectropterus_gambensis:26.127438):5.338177):

0.134909):4.101224):4.96763):28.442139):36.306396; 

Tree file_2: 67 extant species and Presbyornis 

(Anseranas_semipalmata:69.111519,(Presbyornis:1.0,((((Dendrocygna_viduata:1

7.597769,Dendrocygna_bicolor:17.597769):3.494241,Dendrocygna_arcuata:21.092009):

2.192898,(Dendrocygna_autumnalis:12.183909,Dendrocygna_arborea:12.183909):11.10

0997):17.384472,((((Cygnus_olor:11.650506,(Cygnus_buccinator:3.99987,(Cygnus_colu

mbianus:3.511184,Cygnus_cygnus:3.511184):0.488686):7.650636):7.77538,(((Chen_cae

rulescens:2.159221,Chen_rossii:2.159221):3.579303,(Anser_cygnoides:4.68645,Anser_a

lbifrons:4.68645):1.052073):7.106055,((Branta_bernicla:9.840293,Branta_ruficollis:9.84

0293):0.072462,(Branta_sandvicensis:1.588889,Branta_canadensis:1.588889):8.323866):

2.931823):6.581308):7.890745,(Cereopsis_novaehollandiae:11.680335,Coscoroba_cosco

roba:11.680335):15.636296):8.385118,(Nettapus_coromandelianus:31.600525,((((((((Am

azonetta_brasiliensis:5.176659,Tachyeres_pteneres:5.176659):4.776208,(((Anas_strepera

:4.02508,(Anas_americana:2.115261,Anas_penelope:2.115261):1.909819):3.916668,(An

as_crecca:5.628513,((Anas_platyrhynchos:0.567367,Anas_rubripes:0.567367):4.360176,

Anas_erythrorhyncha:4.927543):0.70097):2.313235):1.268268,(Anas_platalea:2.161961,



 142 

Anas_clypeata:2.161961):7.048056):0.742851):5.266123,((Marmaronetta_angustirostris:

11.836287,Pteronetta_hartlaubii:11.836287):0.56887,((Aythya_australis:3.309693,((Ayth

ya_valisineria:1.78797,(Aythya_americana:0.854243,Aythya_collaris:0.854243):0.93372

7):0.771566,(Aythya_affinis:1.864924,Aythya_fuligula:1.864924):0.694612):0.750157):

0.471504,Netta_rufina:3.781197):8.623959):2.813834):0.058898,((Aix_galericulata:10.6

28326,Cairina_moschata:10.628326):2.80986,((Tadorna_radjah:7.406353,Alopochen_ae

gyptiaca:7.406353):3.873425,((Chloephaga_rubidiceps:2.654635,Chloephaga_hybrida:2.

654635):5.253209,Chloephaga_picta:7.907844):3.371935):2.158407):1.839702):0.42535

8,(Clangula_hyemalis:13.528728,(((Polysticta_stelleri:9.394002,Somateria_mollissima:9.

394002):2.431044,Histrionicus_histrionicus:11.825046):1.025194,((((Bucephala_clangul

a:1.49962,Bucephala_islandica:1.49962):5.96577,Bucephala_albeola:7.46539):3.374343,

((Mergus_serrator:1.605564,Mergus_merganser:1.605564):7.528192,Lophodytes_cucull

atus:9.133756):1.705977):0.636422,((Melanitta_fusca:5.647526,Melanitta_perspicillata:5

.647526):3.592333,Melanitta_nigra:9.23986):2.236295):1.374085):0.678488):2.174519):

0.181812,(Chenonetta_jubata:14.361051,(Sarkidiornis_melanotos:12.411699,Hymenolai

mus_malacorhynchos:12.411699):1.949352):1.524008):8.287219,Stictonetta_naevosa:24

.172277):7.293338,(Oxyura_jamaicensis:26.127438,Plectropterus_gambensis:26.127438)

:5.338177):0.134909):4.101224):4.96763):14.2210695):14.2210695):36.306396; 

Tree file_3: 67 extant species and Thambentochen 

(Anseranas_semipalmata:69.111519,((((Dendrocygna_viduata:17.597769,Dendro

cygna_bicolor:17.597769):3.494241,Dendrocygna_arcuata:21.092009):2.192898,(Dendr

ocygna_autumnalis:12.183909,Dendrocygna_arborea:12.183909):11.100997):17.384472,

((((Cygnus_olor:11.650506,(Cygnus_buccinator:3.99987,(Cygnus_columbianus:3.51118

4,Cygnus_cygnus:3.511184):0.488686):7.650636):7.77538,(((Chen_caerulescens:2.1592

21,Chen_rossii:2.159221):3.579303,(Anser_cygnoides:4.68645,Anser_albifrons:4.68645
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):1.052073):7.106055,((Branta_bernicla:9.840293,Branta_ruficollis:9.840293):0.072462,

(Branta_sandvicensis:1.588889,Branta_canadensis:1.588889):8.323866):2.931823):6.581

308):7.890745,(Cereopsis_novaehollandiae:11.680335,Coscoroba_coscoroba:11.680335)

:15.636296):8.385118,(Nettapus_coromandelianus:31.600525,(((((((((Amazonetta_brasili

ensis:5.176659,Tachyeres_pteneres:5.176659):4.776208,(((Anas_strepera:4.02508,(Anas

_americana:2.115261,Anas_penelope:2.115261):1.909819):3.916668,(Anas_crecca:5.62

8513,((Anas_platyrhynchos:0.567367,Anas_rubripes:0.567367):4.360176,Anas_erythror

hyncha:4.927543):0.70097):2.313235):1.268268,(Anas_platalea:2.161961,Anas_clypeata

:2.161961):7.048056):0.742851):2.6330615,Thambetochen_chauliodous:5.0):2.6330615,

((Marmaronetta_angustirostris:11.836287,Pteronetta_hartlaubii:11.836287):0.56887,((Ay

thya_australis:3.309693,((Aythya_valisineria:1.78797,(Aythya_americana:0.854243,Ayt

hya_collaris:0.854243):0.933727):0.771566,(Aythya_affinis:1.864924,Aythya_fuligula:1

.864924):0.694612):0.750157):0.471504,Netta_rufina:3.781197):8.623959):2.813834):0.

058898,((Aix_galericulata:10.628326,Cairina_moschata:10.628326):2.80986,((Tadorna_

radjah:7.406353,Alopochen_aegyptiaca:7.406353):3.873425,((Chloephaga_rubidiceps:2.

654635,Chloephaga_hybrida:2.654635):5.253209,Chloephaga_picta:7.907844):3.371935

):2.158407):1.839702):0.425358,(Clangula_hyemalis:13.528728,(((Polysticta_stelleri:9.3

94002,Somateria_mollissima:9.394002):2.431044,Histrionicus_histrionicus:11.825046):

1.025194,((((Bucephala_clangula:1.49962,Bucephala_islandica:1.49962):5.96577,Bucep

hala_albeola:7.46539):3.374343,((Mergus_serrator:1.605564,Mergus_merganser:1.60556

4):7.528192,Lophodytes_cucullatus:9.133756):1.705977):0.636422,((Melanitta_fusca:5.

647526,Melanitta_perspicillata:5.647526):3.592333,Melanitta_nigra:9.23986):2.236295):

1.374085):0.678488):2.174519):0.181812,(Chenonetta_jubata:14.361051,(Sarkidiornis_

melanotos:12.411699,Hymenolaimus_malacorhynchos:12.411699):1.949352):1.524008):

8.287219,Stictonetta_naevosa:24.172277):7.293338,(Oxyura_jamaicensis:26.127438,Ple
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ctropterus_gambensis:26.127438):5.338177):0.134909):4.101224):4.96763):28.442139):

41.306396; 
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Appendix D:  Materials and Methods (for Chapter 5) 

Sample preparation (dissection, iodine staining and CT-scans) 

The majority of the specimens were prepared and dissected at Vertebrate 

Paleontology Laboratory (VP Lab) and the Texas Natural History Collections (TNHC) at 

J.J. Pickle Research Campus at the University of Texas at Austin. USNM-catalogued 

specimens were dissected at the Museum Support Center, Smithsonian Institution 

National Museum of Natural History. CT-scans were all completed at the University of 

Texas High-Resolution X-Ray Computed Tomography Facility (HR-UTCT). The 

protocols of iodine staining for soft-tissue contrast imaging was adjusted from Jeffery et 

al. (2011) and Metscher (2009ab), which were successfully applied to alligator and bird 

specimens. The concentration of the staining solution, incubation periods, and scanning 

parameters are provided in Supplementary Tables F1 and F2. The optimization of 

staining strategy was explained in Chapter 4 in detail in both experiment and simulation 

perspectives. 

 Both the I2KI (aqueous iodine-potassium iodine solution) and I2E (iodine ethanol 

solution) staining approach (Metscher 2009ab; Jeffery et al. 2011) was applied for 

individual specimens. All extant archosaurian samples were perfused within a 10% 

Buffered Formalin solution for one week up to approximately 2 months before the 

staining. The Alligator mississippiensis, Dromaius novaehollandiae, Phasianus 

colchicus, Nothoprocta perdicaria, Branta canadensis, and Aythya americana were all 

stained using the I2KI solution; the concentration of these solutions adopted and 

incubation time was different with individual specimens (Supplementary Tables F1 and 

F2). The concentration of the I2KI solution is calculated by the weight of the iodine plus 

potassium iodine divided by the volume of the solution (buffered formalin); for instance, 

11% I2KI solution (w/v) was prepared by adding 74g iodine, 148g potassium iodine into 
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2000 ml of 10% formalin solution. For the separate scans of lingual specimen, the 1% I2E 

solution (1g I2 dissolved in 100 ml ethanol) was used in the staining of the tongue of 

Alligator mississippiensis and Colinus virginianus.  

These two methods both allow distinction between different muscles in these 

samples (Metscher, 2009ab; Jeffery et al. 2011). The solutions differ in the degree of 

dehydration observed in the specimen. The good staining and scanning results acquired 

here are the first report that the adjusted protocol works successfully in differentiating 

soft-tissues within various bird samples, especially for larger samples (e.g., Dromaius 

novaehollandiae) by extending the staining period in a sustainable concentration 

(Supplementary Table F1). The smaller samples (e.g., a Phasianus colchicus, a 

Nothoprocta perdicaria head, and a Colinus virginianus tongue) were scanned using the 

Xradia MicroXCT scanner. The CT images of these samples generally have a higher 

resolution than the larger ones, which were all scanned in the High-Resolution subsystem 

at UTCT. The scanning parameters are provided in Supplementary Table F2. 

Image data processing  

Digital skeletal and muscular tissues were segmented, extracted, and rendered 

using contrast-enhanced CT images. All CT images were imported as TIFF files into 

Avizo 6.1 for the segmentation of the bony hyoids and major hyoid muscles. Regular 

segmentation tools in Avizo 6.1 were used. The selection of a particular muscle or a bony 

element was made by adjusting the grayscales of CT image contrast until obtaining 

satisfactory distinction; otherwise the manual selection tool was used. Generally, the 

muscular tissues are slightly higher in grayscales values than that of the bony elements, 

with the cartilage and connective tissues being lowest in grayscales values in the scans of 

stained samples (for I2KI staining). Interpretation of the specific muscular anatomy was 

further validated through dissection of the same specimens (Supplementary Table F1) 
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when possible. The 3-D tool in Avizo 6.1 (Surfacegen) was used to render the three-

dimensional structures of the hyoid and muscles.  

Skull images, including the hyoid bones and muscles, in Figure 5.1 were adopted 

from “Digimorph.org” (e.g., Glyptemys, Sphenodon, and Alligator); the mandible of 

Dromaius novaehollandiae and Phasianus colchicus are photos taken from skeletal 

elements of museum collection (e.g., USNM). Thereafter, the skull, mandible, and the 

digital reconstruction of the hyoid and muscular tissues were composed together in 

Photoshop CS 5. The topographic information was evaluated and incorporated in these 

compositions according to the life position of these elements in the original CT scans. 

Simplified illustration of the related muscles in Sphenodon and Glyptemys are based on 

literature (Schumacher, 1973; Rieppel, 1977). 

Skeletal data collection  

Most skeletal data of extant non-avian reptilians are adopted from 

“Digimorph.org”. Other extant archosaur reconstructions are based on available CT data 

(e.g., Sphenodon, Dromaius, and Acanthisitta chloris; Courtesy of “Digimorph.org” and 

Bhullar B.A.S). Reconstructions of the extinct archosaur skulls with the associated hyoid 

in lateral view (Fig. 5.3) were obtained from examinations of fossil material in museum 

collections (IVPP and STM) and published resources (Fig. 5.3, Supplementary Figure G3 

and G.4, and Table F3). The supplementary Table F3 provides a list of the most relevant 

fossil materials examined and resources for those examined from literature. In most 

extinct taxa, the original positions of the hyoid associated with the skull were assumed in 

the 2-D reconstruction; otherwise, an estimated hyoid position was used if obvious 

displacement was discerned.  

Interactive 3D PDF (see Supplemental files 1 and 2) 
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Individual hyoid muscles and bony elements were segmented from contrasted 

enhanced CT imagery dataset using Avizo 6.1. These segments that represent the 

individual anatomical elements were rendered and exported as separate STL files with 

their original topological information retained. Then the STL files were transformed into 

U3D files using Meshlab (v1.3.2); 3D models (STL file) of the skull (e.g., Alligator, 

Gallus) were downloaded from online open sources and also were transformed into U3D 

format. Finally, those individual 3d components (U3D) were composed together into an 

interactive 3D PDF model using Adobe 3D Reviewer (tetra 4D) and Adobe Acrobat XI 

(Adobe systems). 
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Appendix E:  Supplementary Text (Chapter 5) 

1. Alternative choice for the alignment of skull in comparing the hyoid position 

within Archosauria 

The major shift of the hyoid position was revealed by coordinating the cranium in 

a same size and position as explained in the main text. Significant craniad-shift was 

demonstrated (Figs 5.1 and 5.2). Here, we use another alignment (to the mandible) to 

detect whether this discerned trend is vulnerable to the reference choice (Figure G1). As 

indicated, the craniad-shift of the hyoid position in archosaurs was not significant (Nodes 

❹→end); however, compared to the outgroup taxa (e.g., Sphenodon), the similar trend is 

still discernible (Node ❶→❷→❸).     

Unique hyoid suspension in archosaurs could explain the constant craniad-shifted 

hyoid position between the outgroup and archosaurs when different references 

(“mandible” vs. “eye socket”) were applied. The hyoid apparatus evolved to be more 

closely associated with the cranium along the bird-line archosaurs because of the hyoid 

suspension to the occipital region of the skull. In the outgroup, the suspension of the 

hyoid largely relies on the posterior anchors to the pectoral and shoulder girdle element. 

Therefore, the hyoid shows the same craniad shift from the outgroup to bird-line 

archosaurs regardless of alignment to the mandible or to the cranium. 

The craniad-shift trend of the hyoid position (Figure G1) is not significant across 

Archosauria when aligned with the mandible. The absent of hyoid shift relative to the 

mandible can be explained by the close association or the link of the hyoid (particularly 

the Ceratobranchial I) with the mandible in all bird-line archosaurs. Similar craniad-shift 

occurred in the mandible as well relative to the cranium (“eye socket”, for instance) as 

the hyoid. Therefore, when aligned to the mandible, the significant hyoid craniad shift 

was countered and indiscernible within bird-line archosaurs in Figure G1. 
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2. Optimal position of the dinosaur sound source 

Vocal folds or labia in birds can be considered simple harmonic oscillators with a 

certain mass and stiffness (Figure G2). The intraglottal pressure P is acting on the tissue 

surface. The changes in intraglottal pressure, which are associated with direction changes 

of tissue velocity, will cause an energy transfer to the tissue (Flanagan and Landgraf, 

1968). Titze (1988; see also Titze, 1994, pp. 91-93) derived equation 3 for mean 

intraglottal pressure, P: 

iis PPP
a
aP +−−= ))(1(

1

2

    (1) 

where a2 and a1 are cross sectional areas of the glottis entry and exit respectively. 

Ps  is subglottal pressure, and Pi is input pressure at the beginning of the upper vocal 

tract. According to equation (1), intraglottal pressure depends on glottal shape (1-a2/a1), 

transglottal pressure (Ps-Pi), and input pressure (Pi). If a single mass represents each vocal 

fold (or oscillating tissue, membrane or labia, in basal non-avian dinosaur), then a2=a1. In 

this case the mean intraglottal pressure, P, is equal to input pressure Pi, because 

transglottal pressure becomes zero. The input pressure now becomes the key to drive 

tissue oscillation, i.e. the presence of a vocal tract is essential. In the presence of a vocal 

tract, input pressure varies due to the inertia of the air column in the vocal tract, without 

the vocal tract the pressure upstream from the glottis would be equal to the ambient 

pressure.  

The following scenario has been described multiple times previously (e.g., Titze, 

1994; Thompson et al. 2005): when the glottis opens and air flow increases, the air 

column of the upper vocal tract is accelerated. This creates a positive input pressure (Pi), 

driving the oscillating tissue apart. Momentum of the air column also increases. Forward 

momentum of the air column continues while the glottis closes. The flow through the 
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glottis cannot keep up with the flow of the air column which creates a negative input 

pressure supporting the tissue movement towards the midline. The delayed movement of 

the air column in the vocal tract, together with Bernoulli’s effect, generates tissue 

movement. The important point here is that a vocal tract is essential. Without it there 

would be no air column generating a variable input pressure. 

Alligators vocalize with the hyoid cartilage (basihyoid) firmly pressed against the 

hard palate, thereby sealing off the pharyngeal and esophageal cavity. During 

vocalization, the pharyngeal-esophageal cavity becomes inflated. Although the larynx of 

alligator is located inside the mouth with basically no vocal tract, this creates the 

hyoideal-laryngeal maneuver needed for optimal conditions to produce sound by air-

flow-induced vocal fold oscillations. Acoustic energy is transmitted through the skin and 

probably follows similar mechanisms as modeled in Fletcher et al. (2004).  

After the early archosaurian hyoid-laryngeal rearrangement, it is likely that the 

hyoid-palatal seal, as it still exists in alligators, was much less efficient in non-avian 

dinosaur. As a side effect, the upper vocal tract was “lost” and the laryngeal sound source 

became less efficient or non-functional because Pi was essentially equal to ambient 

pressure, Pamb (Figure G2). Therefore, the avian sound production is more likely to be 

present in non-avian dinosaur. 

3. The hyoid apparatus in bird-line archosaurs: evidence from non-avian 

dinosaurs and the Avialae 

The shared elements of bony hyoids in living birds include the midline elements 

(i.e., basi-urohyal and paraglossal), and two sets of paired elements (ceratobranchial and 

epibranchial) (Vanden Berge and Zweers, 1993). Birds are derived in the acquisition of 

specialized paraglossal as well as an elongation of epibranchial, which are absent from 
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alligators and outgroup reptiles. Transitional forms for these derived bony hyoid features 

are found in bird-line archosaurs, including non-avian dinosaurs and the Avialae.  

As shown in our character optimization, the sternal connection of the hyoid 

through soft-tissues (e.g., sternohyoid muscles) was estimated to be reduced (Fig. 5.2) 

along bird-line archosaurs, which is indicated by the presence of a bird-like furcula and 

the lack of episternum (or interclavicle) in these derived archosaurs (e.g., Theropoda); 

because the episternum is a major attachment for the sternohyoid muscles in outgroup. As 

a remarkable transition, the loss of this posterior anchor for these posterior hypobranchial 

muscles marks an acquirement of unconstraint hyoids from the pectoral girdle along the 

bird-line lineages. Potentially, muscular characters related to this modification occurred 

in theropods even though only ambiguous character changes were found due to the 

missing data (Appendices H and I). In other words, non-avian dinosaurs could free their 

hyoid apparatus from locomotion-related activities, which are commonly observed in 

outgroup taxa, e.g., lizards (Owerkowicz et al. 1999, 2001). In more basal dinosaurian 

clades (e.g., Ornithischia) and basal archosaurs, the hyoid apparatus share a few 

plesiomorphic features with alligator and the other outgroup (e.g., Sphenodon). For 

instance, in Jeholosaurus, the two ceratobranchials are widely separated and potentially 

exclude the presence of an ossified basihyal in the midline (Fig. 5.3 and Figure G3).  

Within Avialae, hundreds specimens of Confuciusornis and other basal avialans 

were examined for hyoid preservation (Figure G4). In some Confuciusornis, the paired 

ceratobranchials are displaced relatively posterior to the mandible and are more or less 

paralleled to the cervical series in dorsoventral view (Figure G4: A); this probably does 

not represent a life position for the hyoid. In a few other specimens, the ceratobranchials 

of Confuciusornis are displaced under the mandible with a similar position to other fossil 

birds (Figure G4: B). The ceratobranchials of Confuciusornis are rod-like and are 
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tapering distally along its shaft. The proximal end of the ceratobranchial bears a tubercle 

and indicates the presence of a jointed structure with the midline element (the basihyal). 

We found an almond-shaped midline element (i.e., basihyal) in two new specimens 

referred to Confuciusornis (IVPP V11548 and TM 13-6). This evidence is the first 

discovery of the ossified “bird-like” basihyal in Avialae. Two folds are indicated for 

Confuciusornis by this basihyal: (1) the presence of a “bird-like” tongue apparatus that is 

independent from the buccal floor, and (2) the rearrangement of larynx in a more 

posterior position relative to the small basihyal. Therefore, the presence of the precursor 

of a “bird-lingual element” in Confuciusornis represents a remarkable novel feature in 

bird evolution, which minimally occurred slightly after the origin of flight.  

Due to the delicate skeletal form and the small size of enantiornithines, the hyoid 

bones usually do not preserve well. In most specimens (e.g., Rapaxavis pani; Figure G4: 

C), the ceratobranchials are rather slim and straight, extending bellow the posterior half 

of the mandible. Surprisingly, a special elongation of the ceratobranchials is found in 

several species of enantiornithines (Figure G4), including a new species (Fig. 5.3: F) and 

Sulcavis geeorum (O’ Connor et al. 2013; Figure G4: D). The long ceratobranchials curve 

dorsally and wrap around the back of their skull. The elongated hyoid in theses 

enantiornithines might relate to their insectivorous feeding ecology previously proposed 

(Sereno and Rao, 1992; Li et al. 2014). This feature in ceratobranchials represents a 

convergent evolution as the origin and elongation of the epibranchial in ornithurines 

regarding the acquirement of the extended hyobranchial elements. The extreme condition 

is known in woodpeckers and humming birds, whose epibranchial markedly elongate and 

wrap around their cranium (Weymouth et al. 1964; Bock, 1999). 

In comparison with more basal avialans, the frequency to find a hyoid bone in the 

ornithurines (e.g., in Jehol Group) is slightly higher (pers. obs.) and indicates an 
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increased trend in hyoid ossification. For example, the ventrally curved hyoid is 

commonly found in Yanornis (Figure G4: F). The proximal end of the ceratobranchial in 

Yanornis is approaching to the middle point of the mandible, approximately under the 

transition of nasal-frontal hinge; the distal ceratobranchials rarely extend beyond the end 

of the mandible posteriorly.   

Among ornithurines, one remarkable discovery with a similar appearance of the 

avian hyoid is the Hongshanornis (Zhou and Zhang, 2005). The hyoid apparatus of 

Hongshanornis includes a basi-urohyal, a paired of ceratobranchials, and epibranchials 

(Figure G4: G and H). The ceratobranchials are columnar shaped, with a slightly dorsal 

deflection distally. The ceratobranchials are jointed with an arrow-shaped basi-urohyal in 

the front and are followed by a short, separate epibranchial posteriorly. The basihyal in 

Hongshanornis is different from that of Confuciusornis in the relatively craniad position 

(Figure G5). The posterior extension of the ceratobranchial stops before the end of distal 

mandible Hongshanornis; the extension is longer in Confuciusornis and some 

enantiornithines mentioned above (Figures G4 and G5).   

With data from these key specimens, we are able to propose the detailed 

transitions of the hyoid evolution in bird-line archosaurs (Figure G6). The derived hyoid 

features only seen in Neognathae have evolved in a step-wised pattern: including the 

acquirement of ossification in the basihyal; the origin and elongation of the epibranchial; 

the origin of the paraglossal and its delicate articulation with the basihyal. By comparing 

the hyoid from these Mesozoic outgroup taxa with extant Palaeognathae and Neognathae; 

many features that were interpreted previously as secondarily derived in Palaoegathae 

could also be interpreted as primitive features when comparing to the Neoganathae. The 

results here provide a whole picture in terms of the hyolingual evolution in birds; more 

muscular details are given below.  
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4. Comparative anatomy of the hyolingual apparatus in Palaeognathae and 

Neognathae 

Bony portions 

The bony hyoid of Tinamou and other ratites (e.g., Dromaius novaehollandiae, 

Rhea americana) show unique features that are considered synapomorphies given their 

deep divergence in avian evolution (Hackett et al. 2008). In the midline elements, the 

basihyal and urohyal are not distinctly separate from each other in the Palaeognathae 

(Figure G6). Accordingly, there is only one ossification center for the basi-urohyal that 

exists during the development of Struthio (Webb, 1957). By contrast, two ossification 

centers have been found from the Neognathae during their development, which represent 

the basihyal and the urohyal respectively (Huang et al. 1999). The extent to which these 

delicate hyoid bones ossify varies markedly between Palaeognathae and Neognathae 

(Bonga-Tomlinson, 2000), or even among Palaeognathae themselves (Bock and Bühler, 

2000). The hyolingual skeletons are less ossified in Palaeognathae in general; the 

basihyal is found to be frequently ossified only in Tinamou and Struthio camelus, but 

much less or barely ossified in other ratites. For the paraglossal and the epibranchial, they 

are poorly ossified in all Palaeognathae. Comparatively, all hyoid elements are better 

ossified in Neognathae than in Palaeognathae (Vanden Berge and Zweers, 1993). 

With respect to the articulation between tongue bones, the paraglossal and the 

basihyal articulate with each other completely through soft tissues in Palaeognathae, 

rather than through direct jointed connection in Neognathae. The epibranchial is slightly 

deflected dorsally in most Palaeognathae except the Struthio camelus, in which the 

epibranchial is uniquely ventrally deflected instead (Tivane, 2008).The epibranchial are 

well dorsally deflected in Neognathae (Bonga-Tomlinson, 2000). In Dromaius 

novaehollandiae and Nothoprocta perdicaria, as shown from our reconstruction, the 
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paraglossal seats on top of the basihyal, rather than in front of the basihyal (Figures G6 

and G11; Crole and Soley, 2009, 2012).  

Summarizing available data, we propose that the synapmorphies for the hyoid 

features of Palaeognathae include: a weakly ossified paraglossal, united basihyal and 

urohyal, and articulation between the basihyal and the paraglossal by soft tissue (Figure 

G6). These features could also represent the ancestral condition for Aves, if neognath 

conditions for these features are derived for birds.    

Muscular anatomy 

Muscular terminology is adopted from Nomina Anatomica Avium (Vanden Berge 

and Zweers, 1993) unless specifically indication of other sources applied. 

M. branchiomandubularis  

Synonymous: M. Ceratomandibularis in Webb, 1957 (Struthio) 

The orientation and the extension of M. branchiomandubularis is quite similar in 

Palaeognathae; it originates from the epibranchial and the distal end of the 

ceratobranchial; the fibers wrap around the epibranchial and extend anteriorly to the 

ventromedial surface of the mandible for insertion (Figure G7). Embryonic studies 

clearly suggested the origin of the branchiomandibularis muscle is closely related to its 

attachment on the epibranchial cartilage during development (Köntges and Lumsden, 

1996). Likewise, the long epibranchial is well ossified in both Galliformes and 

Anseriformes, in which their branchiomandubularis muscle is also well developed 

(Figures G7 and G11; and also see in Chapter 3). By contrast, the relatively weak 

development of M. branchiomandubularis in Palaeognathae (Figures G7 and G11) can be 

correlated with the reduced ossification and the delicate form of the epibranchial. In 

addition to size variations, the orientation of branchiomandubularis muscle between 

Neognathae and Palaeognathae is different as well. It is almost level in paleognath birds, 
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lacking the significant dorsal deflection of the branchiomandubularis muscle in 

neognathous birds due to the significant dorsally deflection of the epibranchial (Figure 

G6). There is only one portion of M. branchiomandubularis in ratites and Tinamou and is 

homologous to the posterior portion of that in Galliformes (M. branchiomandubularis 

posterior). The extension of the fibers in Palaeognathae (except Rhea americana) is 

much shorter than that of Neognathae (e.g., Phasianus colchicus and Aythya americana; 

Figure G7).  

M. serpihyoideus and/or M. stylohyoideus 

Synonymous: M. Hyomandibularis medialis in Webb, 1957 (Struthio) 

The integrated fibers of M. serpihyoideus and/or M. stylohyoideus originate from 

the retroarticular process, on the posterior end of the lateral surface of the mandible 

(Figures G8 and G9); the muscle extends anteriorly toward the midline. The distinction 

between the M. serpihyoideus and M. stylohyoideus is clear in Neognathae, but not in 

Palaeognathae; the extension of the muscle is also relatively shorter in Palaeognathae 

than that of Neognathae (Figures G8 and G9).  

Divergence of these strip-like muscles into the M. serpihyoideus and the M. 

stylohyoideus is quite clear in the Neognathae, in which the M. stylohyodieus goes 

dorsally and anteriorly in relative to the M. serpihyoideus (Figures G8 and G11); these 

two portions are not well separated in Palaeognathae. For instance, in Tinamou (Figures 

G9 and G11) the M. serpihyoideus is only slightly laterally positioned, approaching the 

proximal ceratobranchial ventrally, rather than extending further anteriorly to the urohyal 

as in the Neognathae (e.g., Phasianus colchicus and Gallus; Homberger and Meyers, 

1989).  

M. genioglossus (or M. geniohyoideus) sensu Müller and Weber, 1998 
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As a major muscle of the buccal floor, the M. genioglossus is developed in all 

Palaeognathae, but not in the Neognathae.  The presence of M. genioglossus was 

proposed as the symplesiomorphic feature retained in Palaeognathae, indicated by its 

similar presence and morphology in alligator and reptilian outgroups (Figures G10 and 

G11; Müller and Weber, 1998). M. genioglossus in Palaeognathae originates close to the 

mandibular symphysis; the longitudinal fibers extend posteriorly and insert onto the 

dorsolateral surface of the ceratobranchial around the middle region.   

M. ceratoglossus 

The M. ceratoglossus is a very slim and strip-like muscle within all living birds 

(Vanden Berge and Zweers, 1993). M. ceratoglossus originates from the dorsolateral 

surface of the proximal ceratobranchial; the muscle extends anteriorly and medially, 

inserting lateral to the connective tissues that are associated with the paraglossal. An 

extension of the muscle in Nothoprocta perdicaria passes the position of basihyal 

anteriorly (Figure G11: Mcg), rather than extending approximately to the middle of 

basihyal in Phasianus colchicus. We propose it is homologous to the hyoglossal muscle 

in Alligator (Figure G11; Mhg), which indicates a deep origin of the homologous 

hyolingual muscle in archosaurs. With a significant derived form, we considered the slim 

shaped of the M. ceratoglossus as the neomorph or synapomorphy of birds for the 

presence of M. ceratoglossus.  

M. ceratocricohyoideus (sensu Bonga-Tomlinson, 2000) 

This muscle is exclusively present in the Palaeognathae. It originates at the 

ceratobranchial on the medial surface, and then extends medially to insert on the lateral 

edge of the cricoids. Therefore, we proposed it is a synapomorphic muscle for paleognath 

birds, which was confirmed in Nothoprocta perdicaria, Dromaius novaehollandiae in 

this study and also in other Palaeognathae (Figure G11: Mcc; Bonga-Tomlinson, 2000). 
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M. cricohyoideus 

As the name suggested, M. cricohyoideus originates from the cricoid cartilage and 

inserts on the basihyal in birds. The M. cricohyoideus reaches the middle portion of the 

basihyal laterally in the Palaeognathae (Figures G11 and G12: Mch), rather than covering 

the whole length of the basihyal on the dorsal surface of Neognathae. 

In alligator, a proposed laryngeal dilator muscle (M. cricoarytenoideus) was 

found with a previously unknown attachment on the basihyal. Because both M. 

cricoarytenoideus and M. cricohyoideus connect to the basihyal with part of the laryngeal 

element in alligator and birds respectively (Figure G11: Mca and Mch), they might be a 

shared feature for the Archosauria (Fig. 5.1 and Figure G11; Table F4). 

M. hypoglossus   

The major intrinsic hyolingual muscles within the bird tongue include two 

portions of the hypoglossus muscle: the obliques and the anterior portion. The two 

muscles are well developed in Neognathae and they associate the basihyal with the 

paraglossal (Fig. 5.1). As seen in Galliformes, M. hypoglossus obliques connects the later 

surface of basihyal to the lateral process of the paraglossal; M. hypoglossus anterior 

extend from the ventral surface of basihyal in the middle portion to the ventral surface of 

the paraglossal in front.  

The arrangement of the paraglossal and basihyal is fundamentally different 

between Neognathae and Palaeognathae, therefore the hypoglossal muscles show marked 

differences as well. The M. hypoglossus is poorly developed in Palaeognathae and is 

probably due to the lack of ossification in the paraglossal and the lack of a direct 

articulation between the paraglossal and the basihyal.   

In Nothoprocta perdicaria, only one portion (probably the obliques portion) of the 

M. hypoglossus was found between the basihyal and the paraglossal (Figure G11); the 
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muscle originates from the proximal tip of the basihyal and inserts on connective tissues 

below the paraglossal, filling the space below the paraglossal and the basihyal. A similar 

condition of hypoglossal muscle was found in Dromaius novaehollandiae. The muscle 

appears to sheath the cranial portion of the basihyal in Dromaius novaehollandiae (Bock 

and Bühler, 1988). 

M. interceratobranchialis    

Synonymous: M. ceratohyoideus in Bonga-Tomlinson, 2000  

The M. interceratobranchialis is a transverse muscle between the two 

ceratobranchials in front of the larynx. Originating with the medial edge of the 

ceratobranchial, the M. interceratobranchialis extends medially and meets in a middle 

raphe under the urohyal in Neognathae. The left and right portion of the muscle appears 

to approach but not contact with each other in Nothoprocta perdicaria (Figure G11: Mic), 

leaving a space that is filled with connective tissues.   

Optimization of the hyoid muscular features in crown Aves include, the origin of 

avian hyolingual retractors (i.e. M. serphihyoideus and/or M. stylohyoideus); the 

anteroposterior extension of M. branchiomandibualris; and the origin of M. 

interceratobranchialis, M. cricohyoidieus, and M. ceratoglossal.   
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Appendix F:  Supplementary Tables 

 
 Taxa Specimen number and 

amount 
Staining 
solution 
(W/V) 

Incubation  
time 

Institution 

 
Specimen 
Scanned 
  
  

Alligator mississippiensis 
(head) 

TNHC specimen (1)  11% I2KI  3 days Texas Natural History Collection 

Phasianus colchicums 
(head) 

TMM M-12001 6% I2KI  60 days Texas Memorial Museum 

Dromaius novaehollandiae 
(head) 

TMM M-12678  
TMM M-12679 

11% I2KI 
1% I2E  

5 days 
60days 

Texas Memorial Museum 

Alligator mississippiensis 
(tongue) 

UMNH specimen (1) 1% I2E 10 days Natural History Museum of Utah  

Colinus virginianus (tongue) UMNH 23829 0.2% I2E 10 days Natural History Museum of Utah 
Ortalis vetula (head) TMM M-11681 6% I2KI 60 days Texas Memorial Museum 
Aythya Americana (head) TMM M-12045 6% I2KI 60 days Texas Memorial Museum 
Branta canadensis (head) TMM M-12684 6% I2KI 30 days Texas Memorial Museum 
 Rhea americana   
(upper body)  

USNM 615365 6% I2KI 21days the National Museum of Natural 
History, Smithsonian Institution 

Chen caerulescens (head) (TMM M-12680) 1% I2E 60 days Texas Memorial Museum 
Nothoprocta perdicaria 
(head) 

UMNH specimen (1) 1-3% I2KI 18 days Natural History Museum of Utah  

 
Specimen 
Dissected 
  
  
  
    

Megapodius pritchardii  USNM 319640   the National Museum of Natural 
History, Smithsonian Institution  

Alligator mississippiensis  TMM 12053 and 
TNHC specimens (3) 

  Texas Memorial Museum; Texas 
Natural History Collection 

Phasianus colchicus TMM M-12000   Texas Memorial Museum 

Dromaius novaehollandiae TMM M-14235,  
M-14236 

  Texas Memorial Museum 

Struthio camelus TMM M-14237   Texas Memorial Museum 

Aythya americana USNM 643740, 
643741 

  the National Museum of Natural 
History, Smithsonian Institution 

Aythya americana TMM M-12682 
M-12683 

  Texas Memorial Museum 

Nothura machulosa USNM 631209, 
631210 

  the National Museum of Natural 
History, Smithsonian Institution 

Rhea americana  USNM 615363   the National Museum of Natural 
History, Smithsonian Institution 

Table F1: Materials list of extant taxa and preparation protocol applied for each 
specimen  
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Taxa Images 

(tiff) 
Volt
age 
(kV) 

Current 
(mA) 

Slice 
thickness(mm) 

Inter-slice 
spacing (mm) 

Field of 
reconstruction 
(mm) 

No. of 
slices 

Alligator mississippiensis 1024x1024  
16-bit 

150 0.4 0.08638 0.08638 82 1538 

Dromaius 
novaehollandiae 

1024x1024  
16-bit 

150 0.4 0.1115 0.1115 106 1362 

Ortalis vetula 1024x1024  
16-bit 

180   0.32 0.06447 0.06447 61 1020 

Branta canadensis 1024x1024  
16-bit 

180 0.3    0.07283 0.07283 69 2439 

Aythya americana 1024x1024  
16-bit 

200 0.22   0.07144 0.07144 68 1675 

Chen caerulescens 1024x1024  
16-bit 

125 0.15 voxel size 0.0768mm 1815 

Colinus virginianus 
(tongue) 

 024x1024  
16-bit  

70  voxel size (0.03581mm)  2360 

Alligator mississippiensis 
(tongue) 

1024x1024  
16-bit 

150 0.13 voxel size (0.126mm) 1732 

Phasianus colchicus 1024x1024  
16-bit 

120   voxel size (0.04789mm) 1468 

Nothoprocta perdicaria 1024x1024  
16-bit 

120  voxel size (0.04239mm) 1518 

Table F2: Parameters of the CT-scans for extant specimens; majorities of these 
specimens are scanned for the whole head; only a few specimens (indicated) 
are scanned for the lingual portion. 
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Taxa Specimen number Resources Institution 

Euparkeria Capensis SAM 5867 Ewer, 1965 South African Museum 

Alligator prenasalis SDSM 243  South Dakota School of Mines and Technology 

Agilisaurus louderbacki ZDM 6011  Zigong Dinosaur Museum, Zigong 

Jeholosaurus shangyuanensis IVPP 12530 
IVPP V15719 Han et al., 2012 Institute of Vertebrate Palaeontology and Palaeoanthropology, 

Beijing (IVPP) 

Gongbusaurus sp. IVPP 14559  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Jinzhousaurus yangi IVPP V12691  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Gigantspinosaurus sichuanensis ZDM 0019  Zigong Dinosaur Museum, Zigong 

Jiangjunosaurus junggarensis IVPP V14724  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Psittacosaurus ordosensis IVPP V070888-1  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Yunnanosaurus sp. ZLJ 0110  Lufeng World Dinosaur Valley Park, Yunnan, 

Massospondylus carinatus BP/1/4934  TMM cast Texas Memorial Museum (TMM)  

Syntarsus kayentakatae MNA V2623 Rowe, 1989 Museum of Northern Arizona 

Sciurumimus albersdoerferi BMMS BK 11 Rauhut et al., 
2012 Bürgermeister Müller Museum Solnhofen (BMMS) 

Carnotaurus sastrei MACN-CH 894 Bonaparte et 
a.,1990 Meseo Argentino de Ciencias Naturales 

Limusaurus inextricabilis IVPP V15923  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Sinosauropteryx prima  NIGP V127586 
IVPP V12415  Institute of Vertebrate Palaeontology and Palaeoanthropology, 

Beijing 
Yutyrannus huali ELDM V1001 Xu et al., 2012 Erlianhaote Dinosaur Museum, Inner Mongolia 

Sinornithomimus dongi IVPP-V11797-10 Kobayashi and 
Lu, 2003 

Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Similicaudipteryx yixianensis STM 22-6 Xu et al., 2010a Shandong Tianyu Museum of Nature, Pingyi, Shandong (STM) 

Sinornithoides youngi IVPP V9612 Russell and  
Dong 1993 

Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Anchiornis huxleyi IVPP V16055  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Microraptor gui IVPP V13320  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing;  

Microraptor gui BMNHC PH881 Li et al., 2012 Beijing Museum of Natural History  

Linheroptor exquisitus  IVPP V 16923 Xu et al., 2010b Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Jeholornis prima IVPP V13278 Zhou and Zhang, 
2002 

Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Confuciusornis sanctus IVPP 13175  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Confuciusornis sp. IVPP V11548  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Confuciusornis sp. STM 13-6  Shandong Tianyu Museum of Nature, Pingyi, Shandong  

Enantiornithine sp. IVPP V13266  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Hongshanornis longicresta IVPP V14533  Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Hongshanornis sp. STM 7-56  Shandong Tianyu Museum of Nature, Pingyi, Shandong 

Yanornis martini IVPP V12558 Zhou and Zhang, 
2001 

Institute of Vertebrate Palaeontology and Palaeoanthropology, 
Beijing 

Table F3: The material list for the representatives of extinct taxa examined; specimens 
only examined from literature were indicated by their resources in bold face. 
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Taxa/ 
Muscles 
group 

Turtle  
(Schumacher,1973) 

Sphenodon  
(Rieppel, 1978) 

Crocodylia 
(from this project) 

Paleognathae 
(from this project) 

Neognathae 
(from this project) 

Mandibula
-r muscles 
 

M. intermandibularis M. intermandibularis M. 
intermandibularis M. intermandibularis M. intermandibularis 

M. constrictor colli M. constrictor colli M. constrictor colli M. constrictor colli 
(weakly developed) 

M. constrictor colli 
(weakly developed) 

Hyobranc-
hial 
muscles 
or 
Suprahyoi
-d muscles   

M. 
branchiomandibularis 
visceralis and M. 
branchiohyoideus 

M. branchiohyoideus, 
or M. ceratohyoideus 

M. 
branchiomandibular
is 
visceralis 

M. branchiomandibularis 
(only one portion) 

M. 
branchiomandibular
is one or two 
portions (*) 

----- ----- ----- M. interceratobranchialis 
M. 
interceratobranchial
is  

----- ----- ----- M. serpihyoideus 
M. serpihyoideus 
and 
M. stylohyoideus 

Hypobran-
chial 
muscles 
(anterior 
portion) 
or Glossal 
muscles 

M. geniohyoideus and 
M. genioglossus 

M. geniohyoideus and 
M. genioglossus 

M. geniohyoideus 
and M. 
genioglossus 

M. geniohyoideus (atrophies through 
development) 

M. hyoglossus M. hyoglossus M. hyoglossus M. ceratoglossus M. ceratoglossus(*)  

----- ----- ----- M. hypoglossus (obliques) 
M. hypoglossus 
(anterior and 
obliques) 

----- ----- M.cricoarytenoid 
muscle M. cricohyoideus M. cricohyoideus(*) 

? M. 
mandibulohyoideus(*) 

M. 
branchiomandibular
is spinalis 

-----  ----- 

Hypobran-
chial 
muscles 
(posterior 
potion) 

M. episternohyoideus M. sternohyoideus  

M. 
episternobranchialis 
and M. 
episternotendineous 

M. sternoltrachealis and 
trachelateris 

M. sternoltrachealis 
and M. trachelateris 

M. omohyoideus M. coracohyoideus M. coracohyoideus M. cleidohyoideus or M. 
cleidotrachealis 

M. cleidohyoideus or 
M. cleidotrachealis 

Table F4: Homologous muscles proposed across reptilians and examined in this 
project; muscles experiencing major changes or considered as neomorphs of 
birds are indicated in bold face; dash lines indicate inapplicable. All 
proposed homology were reviewed from previous study (Edgeworth, 1935; 
Huang et al. 1999; Diogo and Abdala, 2010) and new proposed homologies 
are indicated with an asterisk (*). 
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Appendix G:  Supplementary Figures (G1-G16) 

 

 

Figure G1: The lateral view of the Archosauria skull as well as outgroup, aligned with 
the mandible in similar position to indicate the relative changed hyoid 
position. This is to contrast the different alignment with the cranium shown 
in the main text (Fig. 5.2). 

 



 166 

 

Figure G2: Schematic of two potential scenarios in non-avian dinosaur vocal 
production. Left: The larynx is positioned at the top end of the trachea and 
serves as a sound source (1). Alligators are able to close off the pharyngeal 
and esophageal cavity by pressing the basihyoid plate firmly against the 
hard palate creating a closed cavity upper vocal tract (dotted circle). Right: 
the syringeal sound source (2) is positioned further down the trachea in 
birds, creating a significant length of supra-syringeal intratracheal vocal 
tract. The avian condition is more favorable for sound production if there is 
no supra-laryngeal vocal tract. Parallel arrows indicate air flow. 
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Figure G3: Additional representatives of the hyoid preservation with the associated 
skull in basal archosaur and non-avian dinosaurs. A, Euparkeria capensis 
(SAM 5867); B, Jeholosaurus shangyuanensis (IVPP V12530); C, 
Gongbusaurus sp. (IVPP 14559); D, Massospondylus carinatus (cast, 
BP/1/4934); E, Syntarsus Kayentakatae (MNA V2623); F, Similicaudipteryx 
yixianensis (STM 22-6); G, Sinosauropteryx prima (NIGP V127586); H, 
Linheroptor exquisitus (cast, IVPP V16923). The ceratobrachials are 
indicated by the arrow. 
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Figure G4: Avialan representatives with the associated hyoid elements preserved. A, 
Confuciusornis sanctus (IVPP 13175); B, Confuciusornis sp. (STM 13-6); 
C, Rapaxavis pani (DNHM D2522); D, Sulcavis geeorum (BMNH ph 
000805); E, Longusunguis kurochkini (IVPP V17864); F, Yanornis martini 
(IVPP V12558); G and H, photograph and line drawing of the 
Hongshanornis sp. (STM 7-56). The hyoid elements are indicated by 
arrows. Abbreviation: Bh, basihyal; Cb, ceratobranchial; Ep, epibranchial. 
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Figure G5: The anterior extension of the cerato-basihyalis articulation in birds in 
comparison with lizard, relative to the cranium. A, Acanthisitta chloris; B, 
Gambelia wislizenii (UC MVZ 172830); C, Hongshanornis sp. (STM 7-56); 
D, Hongshanornis longicresta (latex peel of IVPP V14533); E and F, 
Confuciusornis sp. (IVPP V11548, STM 13-6). The red line was aligned at 
the point where the cerato-basihyalis articulation locates.  
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Figure G6: Proposed morphological transitions of the hyoid along bird-line archosaurs 
with new data obtained from of Avialae, Palaeognathae, and Neognathae. 
The hyoid elements are labeled with abbreviation: Pg, paraglossal; Bh, 
basihyal; Cb, ceratobranchial; Ep, epibranchial. 

The evolution of bony hyoid characters is indicated as: 

(1) origin of the bony basihyal;  

(2) origin of the separate epibranchial and (3) origin of the urohyal;  

(4) elongation of the epibranchial, and (5) the paraglossal;  

(6) cartilaginous paraglossal, (7) basihyal and paraglossal are connected by soft tissues;  

(8) basihyal and urohyal do not separate;   

(9) ossified paraglossal and (10) well-articulated with the front of the basihyal.  
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Figure G7: The extension of M. branchiomandubularis (arrows) in birds and alligator. 
A, Rhea americana (USNM 615363); B, Dromaius novaehollandiae (TMM 
M-14235); C, Nothura machulosa (USNM 631209); D, Megapodius 
pritchardii (USNM 319640); E, Phasianus colchicus (TMM M-12000); F, 
Alligator mississippiensis (TNHC specimen). The two portions of the 
muscle are indicated in Galliformes: M. branchiomandibularis anterior 
(Mbm_a) and posterior (Mbm_p). 
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Figure G8: The origin of the M. serpihyoideus and M. stylohyoideus in birds. A, B: 
Phasianus colchicus (TMM M-12000); C, D: Megapodius pritchardii 
(USNM 319640); E, F: Aythya americana (USNM 643741). The insertion 
was labeled both before (left) and after the muscle was detached (right) from 
the retroarticular process (as origins). 
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Figure G9: The origin (black arrow) and insertion (white arrow) of the M. 
serpihyoideus and/or M. stylohyoideus in birds. A, B:  Rhea americana 
(USNM 615363); C, D: Nothura machulosa (USNM 631210); E, F: 
Dromaius novaehollandiae (TMM M-14236). 
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Figure G10: M. genioglossus (or M. geniohyoideus) in paleognath birds. A, Dromaius 
novaehollandiae (TMM M-14235); B, Nothura machulosa (USNM 
631209); C, Rhea americana (USNM 615363); D, Struthio camelus (TMM 
M-14237).   
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Figure G11: Characterization of the hyoid muscles in extant archosaurs with the 
indication of novel features arose along bird evolution. Specimens include 
Alligator mississippiensis (TNHC specimen), Nothoprocta perdicaria 
(UMNH specimen), and Phasianus colchicums (TMM 12001). (1) origin of 
archosaurian “branchiomandibularis (visceral)” muscle; (2) M. genioglossus 
retained; (3) origin of avian hyolingual retractors, e.g., M. serphihyoideus 
and/or M. stylohyoideus; (4) anteroposterior extension of M. 
branchiomandibualris; (5) origin of M. interceratobranchialis,  (6) M. 
cricohyoidieus, (7) M. ceratoglossal, and (8) M. hypoglossal oblique; (9) 
origin of M. ceratocricohyoideus; (10) elongation of M. stylohyoideus, (11) 
M. branchiomanidbularis, and the (12) M. cricohyoideus; (13) origin of M. 
hyoglossal anterior. Abbreviations: Mbm, M. branchiomandibularis; Mca, 
M. cricoarytenoid; Mcc M. ceratocricohyoideus; Mch, M. cricohyoideus; 
Mep, M. serpihyoideus; Mge, M. genioglossus; Mha, M. hypoglossus 
anterior; Mho, M. hypoglossus obliques; Mst, M. stylohyoideus. 

 



 176 

  

Figure G12: Sternohyoideus muscles in alligator and the proposed homologous muscles 
in birds. A and B show the episterno-hyoid complex in Alligator 
mississippiensis (TNHC Specimens); C and D show M. sternoltrachealis in 
Chen caerulescens (TMM M-12680); E and F show the M. trachelateris in 
Aythya Americana (TMM M-12682) and Rhea americana (USNM 615363) 
respectively; G, H, and I show M. cricohyoideus in Nothura machulosa 
(USNM 631210), Megapodius pritchardii (USNM 319640) and Aythya 
Americana (USNM 643741) respectively; Abbreviations: Ephc, episterno-
hyoid complex; Mch, M. cricohyoideus; Mstt, M. sternoltrachealis; Mtl, M. 
trachelateris.  
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Figure G13: M. intermandibularis anterior in birds and alligator. A, Rhea americana 
(USNM 615363); B, Nothura machulosa (USNM 631209); C, Dromaius 
novaehollandiae (TMM M-14235); D, Struthio camelus (TMM M-14237); 
E, Alligator mississippiensis (TNHC specimen) and F, Phasianus colchicus 
(TMM M-12000). The muscle was indicated by arrow. 
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Figure G14: Episterno-hyoid and M. coracohyoideus muscle in alligator and proposed 
homologous muscles in birds. A, B: Alligator mississippiensis (TMM M-
12053); C, D: the homologous M. sternoltrachealis in Aythya americana 
(TMM M-12682). Abbreviations: Ephc, episterno-hyoid complex; epis or 
inter, episternum or the interclavicles; Mcoh, M. coracohyoideus (in 
Alligator mississippiensis) and Mclh, M. cleidohyoideus (in birds). 
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Figure G15: The position of the laryngeal opening relative to the hyolingual apparatus in 
birds and alligator. Laryngeal opening is indicated by the red circle. A, 
Alligator mississippiensis (TNHC specimen); B, Dromaius novaehollandiae 
(TMM specimen); C, Nothura machulosa (USNM 631210); D, Phasianus 
colchicums (TMM 12001).   
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Figure G16: The mapping of hyolingual related characters using MacClade 
(parsimonious reconstruction) in Archosauria tree; characters are described 
below.    
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Appendix H: Supplementary Character list used to reconstruct major transition of 

the hyolingual evolution with Archosauria. 

Character descriptions and notes:  

A: Skeletal hyoid elements Parts  

1. Ceratohyl: (0) present; (1) absent.  

Note: Ceratohyl is only present in outgroup taxa (i.e., Lepidosaurs). 

2. CB II (or the second pair of the ceratobranchial): (0) present; (1) absent.  

Note: CBII is present in outgroup, e.g., Lepidosaurs and turtles; based on current 

fossil evidence, it is very likely reduced from the ancestral Archosauria and this could be 

a synapomorphy for Archosauria. 

3. Basihyal (middle-line element), ossification: (0) well ossified; (1) moderately 

ossified; (2) cartilaginous.  

Note: observations were made based on a large number of specimens from 

museum collections (USNM and NMNH collections) for birds; it is well ossified in 

Neognathae, moderately ossified in Palaeognathae; while, ossification is lacked in most 

non-avian dinosaurian taxa, except for a few avialans (e.g., Confuciusornis and 

Hongshanornis).  

4. CB I (or the first pair of ceratobranchial): (0) robust; (1) moderate; (2) slim. 

5. CB I, the anterior joint with the middle-line basihyal: (0) absent; (1) a weakly 

developed knob; (2) well-developed knob present. 

Note: As an avian neomorph, the well-developed knob is present in Neognathae, 

moderately developed in Palaeognathae; Jeholornis, numerous Enantiornithes and 

Ornithurines show the derived condition on this feature.  

6. The pair of CB I, the median space between them in front: (0) large, the pair CB I 

are widely separated; (1) close to each other. 
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Note: the wide space of the two CB I would exclude the possibility that with a 

presence of a large ossified basihyal in the median.  

7. CB I, general shape: (0) straight or slightly dorsally deflected; (1) strongly 

dorsally deflect. 

Note: Only in Jeholornis, several enantiornithine specimens (e.g., IVPP V13266), 

and outgroup taxa, the feature were scored as 1; this feature might indicate a convergent 

evolution in carrying a similar function of the strongly deflected epibranchial in 

Neognathae. 

8. CB I, anterior extension in lateral view: (0) posterior or close to the middle of the 

orbit; (1) bypass the middle of orbit; (2) significantly beyond orbit. 

Note: two major transitions were detected from the Archosauria phylogeny; 

“0→1” occurred at the node “Saurischia”; “1→2” occurred at the node “Neognathae” 

(Figure 5.2). However, the functional significance of this character in archosaur evolution 

in unclear yet. It might relate to the heavily involve the hyoid in feeding in birds in 

comparison with non-avian dinosaurs. See Figure G5 for the illustration of this character 

in outgroup and Avialae. 

9. A separated epibranchial: (0) absent; (1) short; (2) well-elongated.  

Note: we consider the order of character changes represent evolutionary 

transitions in outgroup-Avialae-crown birds. 

10. Epibranchial, distal end: (0) slightly dorsally deflected; (1) strongly dorsally 

deflected; (2) ventrally deflected. 

11. Epibranchial, ossification: (0) cartilaginous; (1) weakly ossified; (2) well ossified.  

12. Paraglossal: (0) absent; (1) present. 

Note: currently paraglossal is only found in Aves within Archosauria and was 

reconstructed as an s synapomorphy for Aves.    
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13. Paraglossal, connection with basihyal: (0) soft tissue connection; (1) direct 

connection with well-developed joint. 

B: Hyoid related muscular Parts  

14. M. branchiohyoideus, or M. ceratohyoideus (in Lepidosaurs) or the proposed 

homologous muscles (M. branchiomandibularis[visceral]), origin on hyoid: (0) 

CB I and Ceratohyal; (1) only CBI; (2) both the CB I and epibranchial, mainly on 

the epibranchial. 

15. M. branchiomandibularis (visceral) or the homologous muscles: (0) one portion; 

(1) two portions. (See Figure G7: It has only one portion in palaeognathous birds 

(Rhea americana and Dromaius novaehollandiae; Figure G7: A, B); it is weakly 

differentiated in Tinamou (e.g., Nothura machulosa) and is well distinctive in 

having two portions in Megapodius pritchardii and Phasianus colchicus (Figure 

G7: C, D, E); the anterior portion extends further craniad in Neognathae than that 

in Palaeognathae and alligator (Figure G7: F). 

Note: given M. branchiomandibularis is adopted from Avian anatomic 

terminology (Vanden Berge and Zweers, 1993), for the scoring of muscular feature in 

Lepidosaurs, we scored the condition for the potential homologous M. branchiohyoideus, 

or M. ceratohyoideus muscle instead. The same is for the character 16.  

16. M. branchiomandibularis (visceral), extension, anteroposteriorly: (0) short; (1) 

medium; (2) long. 

Note: The well elongated epibranchial in Neognathae is proposed to be a direct 

skeletal correlation with the posteriorly extension of branchiomandibularis muscle herein.  

17. M. branchiomandibularis (visceral) or homologous muscles, position to the M. 

intermandibularis: (0) one portion, outside (ventral to) the M. intermandibularis; 
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(1) one portion outside, another inside; (2) only one portion, inside (Werner and 

Weber, 1998).  

18. M. intermandibularis anterior, development: (0) well developed and cover the 

ventral side of buccal floor; (1) moderately developed; (2) weakly developed or 

absent, very thin.  

Notes: M. intermandibularis is well developed in Rhea americana, Nothura 

machulosa, Dromaius novaehollandiae, Struthio camelus, and Alligator mississippiensis 

(See Figure G13: A-E), but not in Phasianus colchicus (F); it is also relatively thinner in 

birds than that in comparison with alligator. 

19. M. branchiomandibularis spinalis: (0) present; (1) absent. 

Note: M. branchiomandibularis spinalis is distinctive from M. 

branchiomandibularis (visceral) by its innervation by the hypoglossal nerve (CN XII) 

rather than the glossopharyngeal nerve (CN IX) (Schumacher 1973). It is only reported 

from Alligator. Besides, the topographic and morphology of the muscle are highly similar 

with other hypobranchial muscles (based on data from Alligator). Here we considered the 

homologous muscles in outgroup would be M. mandibulohyoideus. 

20. Separated M. coracohyoideus (M. omohyoideus) or homologous muscles: (0) 

present; (1) absent. 

21. M. coracohyoideus, or proposed homologous muscle (e.g. M. omohyoideus in 

Alligator; the M. cleidohyoideus and the M. cleidotrachealis in birds), origin: (0) 

interclavicles, clavicle (or the homologous episternum); (1) coracoid; (2) furcular.   

Note: Furcular symphysis and the cranial-medial border of the furcula are 

reported and confirmed as the insertion site for the muscles in several birds (e.g., 

Phasianus, Chen and Athya). Therefore, skeletal evidence of furcula was considered as a 
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potential correlation for tracing the muscular changes among extinct archosaurs. 

Supplementary Figure G14 (A, B: Alligator and C, D: Aythya). 

22. M. coracohyoideus, or potential homologous muscle, insertion: (0) hyoid element 

and tracheal rings; (1) only on the trachea and the larynx.   

23. M. sternohyoideus or homologous muscles (e.g. episternobranchiotendineus 

and/or episternobranchialis in Alligator; tracheolaryngealis in birds), origin: (0) 

interclavicle and/or episternum; (1) particularly on the craniolateral region or the 

craniolateral process of the sternum.  

Note: This skeletal correlation was used to estimate the related muscular changes 

in non-avian dinosaurs as well as avialans. (Theses episterno-hyoid muscle complex are 

generally not well developed in birds. They reduced their attachment from hyoids to the 

larynx and the tracheal. See Figure G12, the well-developed robust episterno-hyoid 

complex in alligator (A, B); the various slim muscles proposed to be homologous in birds 

including the M. sternotrachealis (C, D: Chen caerulescens), tracheolateralis (E, F: 

Aythya americana and Rhea americana) as well as the M. cricohyoides (G, H, I: Nothura 

machulosa, Megapodius pritchardii, and Aythya americana). The condition in alligator 

probably represents the ancestral condition for Archosauria. 

24. M. sternohyoideus or homologous muscles, insertion: (0) hyoid elements and/or 

trachea; (1) only on the trachea and/or the larynx. 

25. Reptilian hyoglossal or homologous muscles (i.e., M. ceratoglossal in birds): (0) 

well developed; (1) slim. 

26. M. geniohyoideus or M. genioglossus: (0) well developed; (1) weakly developed 

(relatively thin); (2) absent. (M. genioglossus and/or geniohyoideus are well 

developed in Dromaius novaehollandiae, Nothura machulosa,  Rhea americana, 

Struthio camelus, as well as in Alligator; but totally reduced in most Neognathae 
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dissected (Phasianus colchicus, Aythya americana); compared to Alligator, it is 

relatively thin and less developed in Palaeognathae). 

27. Avian hyoid retractor muscles (M. serpihyoideus and M. stylohyoideus), 

anteriorly extension: (0) moderate, only to the urohyal; (1) extend to the basihyal.  

28. M. interceratobranchialis: (0) absent; (1) present. 

       M. interceratobranchialis is a derived muscle that is only found in birds. 

C: Laryngeal apparatus Parts 

29. Larynx, position relative to the basihyal: (0) above the middle of the basihyal; (1) 

posterior to the basihyal. (The larynx is above the basihyal in Alligator, but 

posterior to the basihyal in Dromaius novaehollandiae, Phasianus colchicus, and 

Nothura machulosa examined; Figure G15: A-D). 

30. Muscle that connecting the larynx to the hyoid (e.g., M. cricohyoideus): (0) absent; 

(1) present, short; (2) present, well extended. 

Notes: M. cricohyoideus is a derived muscle that is only found in birds, e.g., in 

Nothura machulosa, Megapodius pritchardii, and Aythya americana (Supplementary 

Figure G12: G-I); the muscle was proposed to be homologous to the anterior portion of 

the M. sternohyoideus in non-avian reptilian (Edgeworth, 1935). 

D: Potential skeletal correlates outside the hyoid elements and others 

31. Episternum or interclavicle: (0) present; (1) absent. 

Note: Present in extant outgroup as well as the Euparkeria (probably in Ancestral 

Archosauria, but lost in dinosaurian evolution) 

32. Furcular: (0) absent; (1) present.  

33. Cervicals, number: (0) <8; (1) 9-11; (2) more than 12. 

34. Teeth reduction: (0) none; (1) partially edentulous; (2) fully edentulous.
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Appendix I: Supplementary Data matrix (character list and coding) 
Character 1 2 3 4 5 6 7 8 9 1

0 11 1
2 

1
3 

1
4 

1
5 

1
6 

1
7 

1
8 

1
9 

2
0 

2
1 

2
2 

2
3 

2
4 

2
5 

2
6 

2
7 

2
8 

2
9 

3
0 

3
1 

3
2 

3
3 

3
4 

Neoaves 
Acanthistta 1 1 0 2 2 1 0 2 2 1 2 1 1 2 ? 2 ? 2 1 0 ? 1 1 1 1 2 1 1 1 2 1 1 2 2 

Aves:Pheasent 1 1 0 2 2 1 0 2 2 1 2 1 1 2 1 2 1 2 1 0 2 1 1 1 1 2 1 1 1 2 1 1 2 2 

Aves: 
Chachalaca 1 1 0 2 2 1 0 2 2 1 2 1 1 2 1 2 1 2 1 0 2 1 1 1 1 2 1 1 1 2 1 1 2 2 

Aves:Redhead 1 1 0 1 2 1 0 2 2 1 2 1 1 2 0 2 2 2 1 0 2 1 1 1 1 2 0 1 1 2 1 1 2 2 

Aves:Canada 
goose 1 1 0 1 2 1 0 2 2 1 2 1 1 2 0 2 2 2 1 0 2 1 1 1 1 2 1 1 1 2 1 1 2 2 

Aves:Emu 1 1 1 2 1 1 0 1 2 0 1 1 0 2 0 1 0 1 1 0 ? 1 1 1 1 1 0 1 1 1 1 1 2 2 

Aves:Rhea 1 1 1 2 1 1 0 1 2 0 1 1 0 2 0 1 0 1 1 0 ? 1 1 1 1 1 0 1 1 1 1 1 2 2 

Aes:Nothura 1 1 1 2 1 1 0 1 2 0 2 1 0 2 0 1 0 1 1 0 ? 1 1 1 1 1 0 1 1 1 1 1 2 2 

Aves:Nothoproct
-a 1 1 1 2 1 1 0 1 2 0 2 1 0 2 0 1 0 1 1 0 ? 1 1 1 1 1 0 1 1 1 1 1 2 2 

Aves:Struthio 1 1 1 1 1 1 0 1 2 2 1 1 0 2 0 1 0 1 1 0 ? 1 1 1 1 1 0 1 1 1 1 1 2 2 

Hongshanornis 1 1 1/
2 2 1 1 0 1 1 0 0/

1 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 1 1 

Longipteryx 1 1 2 2 1 1 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 0 1 

New 
enantiornithine 1 1 2 2 1 1 1 1 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 ? 1 

Confuciusornis 1 1 1/
2 2 1 1 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 1 2 

Jeholornis 1 1 2 2 2 1 1 ? 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 1 1 

Dromaeosaurida-
e (Linheraptor) 1 1 2 2 0 ? ? 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? 1 0 

Dromaeosaurida-
e (Microraptor) 1 1 2 2 0 ? 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 1 0 

Troodontoidea 
(Sinorithoides) 1 1 2 1 0 1 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? ? 2 

Simicaudipteryx 1 1 2 1 1 ? 0 1 0 ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? ? ? 

Ornithomimidae 
(Sinornithomimu

-s) 
1 2 1 0 ? 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? 1 2 ? 

Tyrannosauroide
a (Yutyrannus) ? ? ? ? ? ? ? ? ? ? ? 1 1 2 1 0 ? 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? 

Megalosauroidea 
(Sciurumimus) 1 1 2 1 0 ? 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 1 0 

Ceraosaruia 
(Syntarsus) 1 1 2 1 0 ? 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 ? 0 
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Sauropodomorph
-a 

(Massospondylus
) 

1 2 1 0 0 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 1 0 ? 

Ornithischia 
(Jeholosaurus) ? ? ? ? ? ? ? ? ? ? ? ? ? 1 1 2 1 0 0 0 1 0 - ? ? ? ? ? ? ? ? ? ? ? 

Alligator 
mississippiensis 1 1 2 0 0 0 1 0 0 - ? 0 ? 1 1 0 0 0 0 0 1 0 0 0 0 0 ? 0 0 0 0 0 9 0 

Alligator 
prenasalis 1 1 2 0 0 0 ? 0 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 ? 0 

Euparkeria 1 1 2 2 0 ? 0 0 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 0 0 

Proterosuchus 1 1 2 0 0 1 0 0 0 - ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? 0 0 0 0 

OUT Sphenedon 0 0 0 2 1 1 1 0 0 - ? 0 ? 0 0 0 0 0 0 0 0 0 0 0 0 0 ? 0 0 0 0 0 0 ? 

OUT Turtle 1 0 0 0 1 1 1 0 0 - ? 0 ? 0 1 0 0 0 1 0 1 0 ? ? 0 0 ? 0 0 0 0 0 0 2 
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Supplemental file 1: an interactive 3D PDF showing the myology of the 

hyolingual apparatus in Alligator mississippiensis. (Chapter 2) 

Supplemental file 2: an interactive 3D PDF showing the myology of the 

hyolingual apparatus in Phasianus colchicus. (Chapter 5) 
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