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The origin of birds represents a pivotal transition in vertebrate evolution, marked by
significant changes in both brain size and feeding biomechanics. The evolution of the
avian skull involved dramatic modifications, such as a segmented palate and the devel-
opment of powered cranial kinesis in neognath birds. Powered kinesis, the ability to
move parts of the skull independently, is considered a key innovation behind the dietary
diversity and evolutionary success of birds. However, the processes driving the emergence
of avian kinesis have remained unclear until recently. By analyzing data from Mesozoic
birds, including reinterpretations of palate homology, 3D jaw muscle biomechanics, and
linkage analysis, researchers have quantified changes in muscle forces and their effects
on palate mechanics during the transition from theropods to birds. As the neurocra-
nium expanded in non-avian theropods, temporal muscles shifted to more rostrocaudal
positions in birds, aiding in the segmentation of the pterygoid. This musculoskeletal
transformation increased fore-aft muscle force in neognaths, enabling powered cranial
kinesis. A critical change was the separation of the epipterygoid ossification from the
braincase, leading to the breakdown of primitive kinematic linkages and the development
of a new basicranial joint, which allowed for greater cranial flexibility. These findings
shed light on how the neurosensory and feeding systems coevolved during bird origins
and offer new methods for identifying cranial kinesis in extinct vertebrates.

dinosaur | kinesis | biomechanics | skull | feeding

Powered cranial kinesis in neornithine birds is a key innovation in vertebrate evolution,
where, through a suite of changes, mobile linkages between the neurocranium and palate,
driven by protractor muscles, enhanced craniofacial mobility (1-4). Powered cranial kinesis
increases mechanical advantage of jaw muscles, improves craniofacial dexterity, and, con-
sequently, expands dietary flexibility, all of which is thought to have enabled the subsequent
evolutionary success and adaptive radiations of crown-clade birds (1-4). The origin of
Aves was driven by an enlarging brain (5-7) associated with cognitive enhancements as
well as the sensorimotor requirements of flight. Brain and thus skull shape changed dras-
tically during avian evolution, likely causing changes in the palate and adductor chamber
which houses the jaw musculature. However, the biomechanical relationship between
increased encephalization, palatal morphology, and kinesis in birds remains untested, and
thus, the evolution of the modern avian feeding apparatus remains poorly understood (3,
7, 8). Here, we show how using macroevolutionary biomechanics through 3D analysis of
the musculoskeletal system, applied to living and extinct dinosaur and Mesozoic bird taxa,
including Iehthyornis and Hesperornis, reveals the biomechanical cascade underlying pow-
ered avian kinesis.

Inferring cranial kinesis in extinct species has long vexed paleontologists (9, 10). Osborn
(11) suggested kinesis based on the mobility of condylar joints in Zjrannosaurus rex but
also noted that the linkages of surrounding bones would hinder movement. Indeed, many
interpretations of kinetic capacity in extinct dinosaurs have relied on hypothesized mobility
of presumed synovial joints and smooth, noninterdigitated sutures (e.g., refs. 12 and 13).
However, these intracranial condylar joints and smooth, noninterdigitated sutures are likely
features associated with growth and development, not necessarily mobility (8, 13, 14).
Moreover, the debate over cranial kinesis has been hampered by confusing discussions
focusing on either minute, vibrational movements that might occur passively during shock
absorption, or the active, muscle-powered excursions of joints, which is the hallmark of
avian-powered cranial kinesis. Diagnosing powered cranial kinesis in the ancestors of birds
should rely on two main factors which govern mobility of intracranial joints: 1) the pres-
ence of forces acting on a joint to produce movement and 2) the linkage system of joints
and bones that do not physically hinder movement (8, 14, 15). Here, we measured 3D
jaw muscle resultants and scored the linkage systems of avian and non-avian theropod
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dinosaurs to test for signals of powered cranial kinesis character-
istic modern birds.

Protractor muscles (i.e., mm. levator pterygoideus and protrac-
tor pterygoideus) connect the neurocranium with the palate and
play diverse roles in mediating kinetic excursions of cranial joints
(14, 16). Electromyographic studies have demonstrated that pro-
tractor muscles are active during cranial kinesis in some neognaths
(16); however, some akinetic species possess protractor muscles
but do not display cranial kinesis (8, 17). Finite element modeling
has shown that protractor muscles likely work to control unwanted
kinetic movements and stabilize the palatobasal joint in lizards
(13, 18) suggesting the avian condition of powered kinesis with
permissive kinematic linkages is a derived one. Regardless, the
diversity of protractor muscle functions can be attributed to many
factors, such as muscle activation patterns, muscle architecture,
and muscle orientation and position (14, 18). Muscle activation
and architecture are impossible to study in fossils. However, com-
paring muscle force orientations has shown that the derived ros-
trocaudal orientation of protractor muscles in birds is necessary
for fore-aft movements of the palate characteristic of avian-powered
cranial kinesis (14).

Almost all dinosaurs possessed condylar, if not synovial palato-
basal and otic joints (8, 13, 19). Recent studies have demonstrated,
however, that joint tissue composition is not necessarily indicative
of mobility. For example, Wilken et al. (18) illustrated through
finite element modeling that changing intracranial joint tissues
does not significantly affect loading at these joints. Moreover,
Mezzasalma et al. (15) found that gross morphology of cranial
joints better explains kinetic capacity in lizards than does histology.
Furthermore, birds with bichondral otic joints are just as capable
of streptostylic rotation of the quadrate as are lizards with unichon-
dral otic joints (20-23).

The evolution of the bird skull is characterized by an elimina-
tion of bony elements that ultimately resulted in kinetically per-
missive linkages (4, 8). The avian kinetic linkage system is a parallel
four-bar linkage wherein the quadrate pushes the strut-shaped
palate and jugal bar rostrally, elevating the beak (14, 24, 25). The
overall mobility of this four-bar linkage can be quantified by
degrees of freedom (4). The upper temporal bar (composed of
squamosal and postorbital bones) and the postorbital bar (jugal
and postorbital) prohibit kinetic excursions (7, 23, 25-28).
Reduction of these bony connections was then key to establishing
avian-style cranial kinesis (2, 8, 28-34). Cranial forces, such as
moments generated about cranial joints by muscle and bite forces,
oriented in other potentially disadvantageous directions would
make the feeding apparatus perform suboptimally and potentially
fail. Like the bones of the face (e.g., premaxillae, maxillae, nasals),
the tall, thin, braced palatal bones (e.g., palatine, pterygoid,
epipterygoid) of most non-avian dinosaurs were also primarily
oriented to resist dorsoventral forces (14). Because kinetic linkages
often require strut-like or tubular morphologies that can resist a
diverse array of axial loading, torsional loading, and bending envi-
ronments created by different kinetic feeding postures (13, 14,
18), we expect concomitant changes to evolve in the muscles pow-
ering the system. Thus, the acquisition of strut-like, propulsive
pterygoid, palatal, and cheek elements along the line to birds not
only reflects a drastic shift in loading patterns of the facial elements
but also of the palate, the jaw muscles, and the protractor muscles,
all of which contribute to the origin of cranial kinesis.

Most of the features associated with cranial kinesis can be
explained by changes in muscle force direction, and it has been
noted by many authors that birds have a markedly rostrocaudal
orientation of jaw muscles [Fig. 1; (8, 14, 26, 35, 36)]. What then
is the cause of the alteration of muscle force vectors in the
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theropod cranium? Brain size is a driving force of theropod dino-
saur cranial anatomy [Fig. 1; (5, 7, 36, 37)]. Moreover, extreme
expansion of the brain in birds did not occur until Neoaves (37),
apparently coinciding with the evolution of kinetically permissive
linkages, intracranial joints with a morphology suggestive of
mobility, and rostrocaudally oriented protractor muscles (8, 14,
35). Although it has been recognized that lateral expansion of the
braincase profoundly alters the adductor chamber [Fig. 1; (8, 35,
36)], how lateral expansion of the braincase changes position and
force production of jaw muscles as well as cranial mechanics
remains unknown. Here, we show that lateral expansion of the
braincase resulting from phylogenetic brain size increase, shifted
temporal muscles into rostrocaudal orientations, decreasing orthal
feeding efficiency while instead decreasing mediolaterally oriented
protractor muscle forces and shifting to propulsive efficiency in
the palate. All the while, drastic changes in palatal morphology in
Ornithurans set the stage for increased mobility (Fig. 2). These
biomechanical changes following brain expansion, along with
trends in miniaturization and the decoupling of the epipterygoid
to the braincase, were likely responsible for enabling more per-
missive kinematic linkages to evolve in neoavians.

When powered cranial kinesis evolved within birds also remains
unclear. Whereas early diverging avian lineages like jeholornithids,
confuciusornithids, and enantiornithines appear to have main-
tained a relatively primitive shape and number of cranial linkages
and bones (27-33), Ornithurans such as Ichthyornis significantly
eliminated cranial linkages and evolved potentially flexible palates
(3, 7). Here, we explore this hypothesis using 3D muscle recon-
struction, 3D lever analysis, linkage analysis, and comparative
methods using a sample of non-avian theropods, ichthyornithes,
hesperornithes, paleognathe, and neognathe birds.

Results

We found a cascade of changes occurred in the cranial morphology
of theropod dinosaurs that is likely the result of an expanded
neurocranium. The concatenate change in temporal fossa position
changed the orientation of jaw muscles toward a more rostrocaudal
orientation. This positional shift in musculature reoriented muscle
loading vectors about the linkage system of the palate and suspen-
sorium causing joints to release loads through kinetic excursions
while also changing the shape of the palate from the primitive
braced frame to a propulsive shape (14). Three dimensional mod-
els can be found in (https://osf.io/2kpdb/) (38).

Jaw muscles are more rostrocaudally oriented in birds compared
to the dorsoventrally oriented jaw muscles of non-avian dinosaurs
(Fig. 1 B, D, and E). Temporal muscles like mAMEP show a
gradual transition from dorsoventral orientations in non-avian
dinosaurs, while mAMES shows a bimodal distribution of
extremely dorsoventral orientations in non-avian dinosaurs and
rostrocaudal orientations in birds (Fig. 1 D and i). Conversely,
orientations of mPtd are largely rostrocaudal in non-avian dino-
saurs and shift to dorsoventral orientations in birds (Fig. 1 D and
E). Birds rely on more equal distribution of jaw muscle forces
compared to the more pterygoideus-dominant system non-avian
dinosaurs (S/ Appendix, Fig. S1).

We found appreciable changes in the sizes of jaw muscles rela-
tive to the expansion of the braincase (Fig. 14). Qualitatively, there
is a noticeable negative trend between braincase expansion and
size-corrected jaw muscle volume (Fig. 14). This trend is best
illustrated by exemplar taxa, such as Dromaeosaurus and Corvus.
Dromaceosaurus has a relatively narrow braincase (braincase width/
biquadrate width = 0.34), but a robust amount of jaw muscle
volume relative to its head size (jaw muscle volume residual = 1.8).
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Fig. 1. Increased encephalization changed orientations of jaw muscles during avian evolution which led to a decrease in orthal efficiency of the muscles. (4) the
relationship between relative braincase width and total jaw muscle volume shows the neurocranium became wider dorsally during avian evolution while jaw
muscle volume did not appreciably change. (B) Jaw muscle attachment sites and 3D vectors of jaw muscles in non-avian theropods as shown by Dromaeosaurus.
(C) Phylogenetic trends in jaw muscle vectors show avian jaw muscles became less efficiently oriented as they shifted from orthal (vertical) orientations to
rostrocaudally diagonal orientations. (D) Evolutionary changes in the 3D resultant vectors of jaw muscles show a shift from vertically oriented, to diagonally
oriented temporal muscles and shift from transversely oriented to parasagittally oriented protractor muscles. Taxon-specific muscle vectors are superimposed
on Dromaeosaurus (AMNH 5356) to illustrate these patterns. (£) 3D jaw muscle orientations of non-avian theropods and extant birds changed markedly where
many temporal muscles shifted from near vertical to more rostrocaudally sloped orientations, pterygoideus muscles shifted to more rostrocaudally sloped
orientations, and protractor muscles also shifted from transverse orientations to rostrocaudally sloped orientations. All of these shifts together reflect a change
from orthally oriented cranial loads during feeding to fore-aft loads during feeding. DV, dorsoventral; ML, mediolateral; RC, rostrocaudal; mAMEM, m. adductor
mandibulae externus medialis; MAMEP, m. adductor mandibulae externus profundus; mAMES, m. adductor mandibulae externus superficialis; mAMP, m.
adductor mandibulae posterior; mPSTp, m. pseudotemporalis profundus; mPSTs, m. pseudotemporalis superficialis; mPtd, m. pterygoideus dorsalis; mPtv, m.
pterygoideus ventralis.
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Fig. 2. Evolutionary and developmental transformational hypotheses of the palate and palatoquadrate cartilages during avian evolution reveal powered cranial
kinesis did not evolve until Neognathae. (A) Stepwise changes in palatal morphology along the line to modern birds reveal changes in 3D muscle resultants
and linkage breakdowns necessary for powered cranial kinesis were not present until Neognathae. Changes in adult morphologies are best explained by a
developmental transformation in the palatoquadrate cartilage and the synonymy of the ascending process, epipterygoid, and orbital process of the quadrate.
(B) New imaging data of Hesperornis and Ichthyornis reveal a breakdown in the articulation of the palatoquadrate cartilage and neurocranium. (C) Interpretation
and reconstruction of soft tissues in the temporal fossa of Ichthyornis (AMNH FARB 32773) reveal the orbital process of the quadrate articulates with the
laterosphenoid akin to the epipterygoid-laterosphenoid joint of non-avian dinosaurs, limiting kinetic capacity. Abbreviations: alC, Internal carotid artery; ala
Bs, ala basisphenoid; AP, Ascending process of PQ cartilage; CNVII, facial nerve; Cot, cotyle for OrbP; Cr Ant, antotic crest; ECJ, Epipterygoid-cranial joint; Ect,
Ectopterygoid; Ept, Epipterygoid; f alC, foramen for internal carotid artery; F CNV, foramen for trigeminal nerve; f CNVII, foramen for facial nerve; fo Temp,
temporal fossa; g CNV1, groove for ophthalmic nerve; HPt, Hemipterygoid; JJ, Jaw joint; Ls, laterosphenoid; MnP, Mandibular process of PQ cartilage; mMAMEP, m.
adductor mandibulae externus profundus; mAMP, m. adductor mandibulae posterior; mPTSp, m. pseudotemporalis profundus; mPSTs, m. pseudotemporalis
superficialis; mPT, m. pterygoideus; Mn, mandible; Mx, maxilla, N¢, neurocranium; nPBJ, novel palatobasal joint between HPt and parasphenoid rostrum; PQ,
palatoquadrate cartilage; Or, orbit; OrbP, Orbital process of PQ cartilage; OrbP, Orbital process of quadrate; OtP, Otic process of quadrate; OtJ, Otic joint; Pa,
palatine; PBJ, Palatobasal joint between pterygoid and basiphenoid; Pt, pterygoid; PtP, pterygoid process of quadrate; Pr, prootic; proc Bpt, basipterygoid process;
Qu, Quadrate; V1, ophthalmic nerve; V2, maxillary nerve; V3, mandibular nerve; Vg, trigeminal ganglion.
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Conversely, Corvus has a relatively wide braincase (braincase
width/biquadrate width = 0.79), but a small amount of jaw muscle
volume relative to its head size (jaw muscle volume residual =
-1.53). Despite being the largest of its kind to date, our sample
size is too small to perform meaningful statistical analyses to find
a quantitative relationship. Given the disparate cranial morphol-
ogies, feeding adaptations, and independent phylogenetic evolu-
tions of our taxa sampled, ranging from oviraptors to tyrannosaurs
to chickens, even these preliminary, qualitative insights suggest a
relationship between brain size, skull width, and muscle volume
that merits further investigation.

Mapping jaw muscle efficiency on a phylogeny of theropods
reveals stepwise patterns in feeding mechanics and generates
hypotheses of jaw muscle function in Mesozoic birds, for which
there is a dearth of 3D data (Fig. 1C). All the non-avian theropods
sampled here have relatively high jaw muscle efficiency for orthal
biting, reflecting relatively vertical muscles. In contrast, birds
demonstrate more diversity in jaw muscle efficiency, reflecting the
higher diversity of jaw muscle arrangements away from pure ver-
tical, as illustrated by the muscle vectors in ternary space (Fig. 1
C-E). Remarkably, the long branch to modern birds teases a
decrease in jaw muscle efficiency in Mesozoic birds that will
require additional investigation. We hypothesize the similarity in
jaw muscle efficiency between some of the modern birds, like
parrots, and non-avian dinosaurs like Citipati is convergence in
harder-biting performance that was likely re-evolved during the
radiation of modern birds of the Tertiary (39).

We employed linkage analysis to evaluate the interactions
among the many cranial joints in the theropod head and use this
evidence to estimate an origin for a mobile cranium in the thero-
pod lineage. To do this, we first conducted a survey of cranial joint
and palate morphologies across theropods (Fig. 2) and scored the
degrees of freedom of each individual joint in the cranium based
on descriptions from the original publications. These scores can
be found in Dataset S1. Although condylar palatobasal joints and
otic joints are ancestral to theropods and archosaurs broadly (8),
the highly overlapping scarf joints, ubiquitous throughout the rest
of the cranium is observed until crown Aves. These immobile scarf
joints restrict mobility elsewhere in the cranium (Fig. 3), creating
a linkage system best illustrated here by Allosaurus (Fig. 3D). In
this early-diverging theropod cranial linkage system, the net
degrees of freedom (DoF) is calculated to be -10. We interpret
this to mean this cranial morphotype is not a mobile linkage
system and is therefore akinetic.

This cast of morphological features, including a braced palate,
epipterygoid articulating with the laterosphenoid, and sutured
dermatocranial elements is found in Allosaurus, earlier diverging
coclurosaurs as well as Archaeopteryx and enantiornithines
(although to date there is no reported epipterygoid for an enan-
tiornithine), suggesting akinesis was a feature of the clade until
Neognathae (Figs. 2 and 3). Although Ichthyornis and Janavis have
been hypothesized to have a tubular pterygoid akin to neognathes
(3), here, we agree with Dyke et al. (40) that the alleged prerygoid
bone of Janavis is in fact a coracoid. The element possesses a clear,
flared sternal process and partial glenoid fossa which would artic-
ulate with the humerus (see SI Appendix, Fig. S14 for further
discussion of this point). Therefore, we still lack a pterygoid for
Ichthyornithes. Meanwhile, we do identify a cotyle for the artic-
ulation of the epipterygoid or orbital process of the quadrate on
the right side of AMNH FARB 32773. As in other archosaurs
and dinosaurs, the epipterygoid cotyle resides just dorsal to the
groove for the ophthalmic division of the trigeminal nerve and
ventral to the antotic crest, which separates the temporal fossa

from the orbit [Fig. 2C; (34)]. Other neighboring identifiable
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structures supporting this interpretation include the fractured
trigeminal fossa and foramen, the facial nerve exiting the braincase
next to a fractured ala basisphenoid and internal carotid foramen.
When the quadrate is articulated with the still-present otic cotyle
of the squamosal-prootic, the mitten-shaped condyle of the quad-
rate orbital process fits in the cotyle suggesting the quadrate and
pterygoids remained fully articulated with the neurocranium in
Ichthyornis. Thus, reevaluation of Ichthyornithes and Janavis sug-
gests that their cranial material still lacks evidence of a neognath-like
pterygoid, supporting the presence of a primitive palatobasal joint
and palatoquadrate-laterosphenoid joint as in other Archaeopreryx
and likely other Mesozoic birds. Despite these changes in the
palatal elements of Mesozoic birds, the palatobasal joint remains
primitive until Neognathae, where a condylar growth plate per-
sists between the pterygoid bone and the basisphenoid. With the
ejection of the coracoid from the head of Ichthyornithes, we must
dispel the hypothesis that the neognathan HPT-PR]J (a.k.a.
“novel PBJ”) was present in these Mesozoic birds. Therefore, we
do not find evidence of a propulsive pterygoid or a permissive
linkage morphology necessary for powered cranial kinesis in
Ichthyornithes (Figs. 2 and 3).

The first definitive departure from the primitive braced ptery-
goid appears to be in Hesperornis, which has a small, peculiar
pterygoid with a quadrate articulation that has both a triangular,
braced component, as well as novel condylar articulation(Figs. 2
A and B and 4). Hesperornis has also been interpreted to have a
long, mediolaterally flat, braced hemipterygoid bone that articu-
lates with the palatine. Understanding how these elements artic-
ulate is flustering. The most current reconstruction of the palate
of Hesperornis (41), where the small concave quadrate process of
the putative pterygoid articulates with a noticeable convex artic-
ular surface on the body of the quadrate between the orbital pro-
cess and articular condyles, would have the large muscular process
of the pterygoid extending ventrally, likely intersecting through
the mandible when articulated, if not at best, bracing the mandible
from wishboning. Additionally, the putative hemipterygoid in
Hesperornis [Fig. 2A; (41, 42)] appears to articulate with the lateral
surface of the pterygoid, rather than the rostromedial surface of
the element as found in other birds, and, as with the descending
flange of the pterygoid, would interfere with the mandible. This
said, without other evidence, we are currently unable to propose
an alternative reconstruction of the palate and defer to Gingerich
(41). Regardless, the orbital process of the quadrate of Hesperornis
is long, thin, and tapering, departing from the condylar shape of
the process in Ichthyornis. Although a small condyle-like articular
surface is visible on the orbital process of the quadrate, no com-
plementary cotyle can be found on the braincases of Hesperornis,
albeit, they are all crushed dorsoventrally. This suggests the quad-
rate may be able to pivot more independently from the neurocra-
nium in Hesperornis than in more earlier diverging lineages.

The palatal morphologies of Iehthyornis and Hesperornis suggest
earliest experiments in cranial kinesis may be found at the base of
Ornithurae. We find net mobility in Ichthyornis (Fig. 3C). Despite
the lack of a pterygoid for Ichthyornithes, the surrounding artic-
ulations with the quadrate and palatine tease a mobile caudal
palate (Fig. 3C). This mobility is restricted to the caudal palate,
however. Streptostylic excursions of the quadrate may have been
possible, resulting in a DoF of 4. In Hesperornis, the unique, tri-
angular pterygoid and long, overlapping hemipterygoid (42) pres-
ent no evidence for a mobile palate, resulting in a DoF of 0. Other
permissive linkages, such as the craniofacial hinges, or inferences
of streptognathy or rhynchokinesis require more testing (43, 44).
Clear craniofacial hinge joints are not present until Neoaves. The
hypothesized flexibility of the long, frontonasal scarf joints in
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Fig. 3. Cranial linkages broke down in a stepwise fashion during avian evolution following the increased encephalization and reorientation of temporal muscles,
resulting in powered cranial kinesis within Neognathae. (A) Phylogenetic patterns in cranial linkages across during the origin of birds. (B) Cranial linkage system
of Anas, (C) Cranial linkage system of Ichthyornis. (D) Cranial linkage system of Allosaurus. Linkages are scored based on articulations at each joint (integer in

circle) and loops of elements (colored in Key).
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Fig. 4. Protractor muscle forces changed in orientation and relative loading during the theropod-bird transition, ultimately promoting powered cranial kinesis
in birds. (A) Variation in 3D protractor muscle orientations in the sample projected from a shared origin on the skull of Dromaeosaurus with each colored vector
being from a different taxon. (B) Transmitted protractor muscle force changed from transverse, postural orientations (blue-gray) to fore-aft orientations (red)
along the line to birds, resulting in powered cranial kinesis in anseriforms and Neoaves. projected onto the skull of Dromaeosaurus. (C) Reorientation of protractor
muscles coevolved with the shape of the pterygoid along the line to birds. Tyrannosaurus and other nonornithurine theropods possess braced pterygoids
and transversely oriented protractor muscles that work orthogonal to the orientation of the pterygoid. Although Ichthyornis (AMNH FARB 32773) possesses a
segmented, potentially propulsive pterygoid, the protractor muscles have yet to reorient to the efficient, fore-aft orientations found in birds with powered cranial
kinesis such as Psittacus. (D) The long, rostrally projecting orbital process of the quadrate in the stem birds Ichthyornis and Hesperornis increases the moment
arm of m. protractor pterygoideus about the otic joint.
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Hesperornis and other Mesozoic birds needs to be tested more to
determine whether this was enough deformation to escape the
largely immobile cranium we find here. Without a mobile palate,
biologically meaningful excursions at the craniofacial hinge are
limited, regardless of the potential mobility of the craniofacial
hinge in isolation (Fig. 3).

Finally, the cranium of Neognathe exhibits net mobility, as
shown by Anas (Fig. 3B). The largely mobile joints within the
palate and facial skeleton allow for total DoF of 5. The increased
mobility found throughout the cranium allows for excursions at
the craniofacial hinge and thus fully accomplished prokinesis.

Regardless, the constellation of an enlarged orbital process, con-
dylar otic joint and diminishing contacts between the quadrate,
pterygoid, palatine, and quadratojugal suggests the possibility for
limited streptostyly at the base of Ornithurae (Fig. 34). The akinetic
palate of Hesperornis, suggests the hopeful cranial kinesis of Iehshyornis
may be derived compared to other taxa in its broader phylogenetic
grade (Fig. 34). Our ancestral state reconstruction suggests a partially
kinetically competent cranium was present near the origin of crown
Aves (Fig. 34) but also living paleognathes may have secondarily lost
this competency. Therefore, we find fully mobile crania were not
acquired until Neognathae (Fig. 34).

Changes in palatal morphology coincided with shifts in
protractor muscle function likely then impacting propensity for
powered kinesis (Fig. 4). Whereas protractors largely served as
mediolaterally oriented postural muscles bracing the palate in
non-ornithuran dinosaurs, once the orbital process was freed from
the braincase articulation, they shifted into more rostrocaudally
oriented vectors more capable of modulating streptostylic move-
ments of the quadrate and pterygoid. A less understood prereq-
uisite for a propulsive pterygoid is how much protractor muscle
force is transmitted axially through the pterygoid (Fig. 4). Lower
transmission of protractor muscle force implies that protractor
muscle force vectors are more orthogonal to the pterygoid (e.g.,
Fig. 4 B and C: Tyrannosaurus; Ichthyornis; Hesperornis) pulling
the palate mediolaterally toward the neurocranium, counteracting
the consistently lateral pull by the pterygoideus muscles. Novel,
more rostrally oriented protractor muscles enable more efficient
propulsive force transmission in tinamous, ducks, and neoavians
and tracks with the increasingly fore-aft, craniocervical behaviors
characteristic of birds (Fig. 4 A and B). Our sample shows that
only neognaths possess both tubular pterygoids and propulsively
oriented protractor muscles suggesting powered cranial kinesis is
likely only a neognath feature. Ichthyornis and Hesperornis did not
possess the muscles capable of powering the fore-aft movement
necessary for the behavior (Fig. 4 B and C).

Discussion

Avian-powered cranial kinesis evolved as a biomechanical cascade,
lagging behind the increased encephalization seen along the line
to birds, but was not possible until a series of musculoskeletal
innovations occurred. Braincase expansion shifted jaw muscle
vectors, leading to a breakdown of linkages, reorientation of pro-
tractor muscles, and ultimately a propulsive palatal behavior. The
change in orientation of jaw muscles following encephalization
and neurocranial shape change is one of the key drivers of avian
skull function and feeding behavior. The positional shift of tem-
poral muscles, from primitively vertical to rostrocaudally diagonal
orientations likely unloaded the jaws and face from orthal forces.
As the efficiency of vertical muscles and orthal biting waned, the
avian feeding apparatus evolved into a new envelope of musculo-
skeletal function and behavioral diversity where, alongside inertial
feeding (45), fore-aft shear forces became more prevalent. We
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hypothesize that this change in loading regime (orthal to shear)
was likely responsible for evolution of strongly recurved teeth in
dromaeosaurs, followed by the eventual replacement of teeth for
multidirectionally mechanically resistant keratinous beaks in birds
(46).

While the skulls of non-avian theropods possessed several con-
dylar intracranial joints, these skulls still possess high linkage scores
via temporal bars and palatal elements as well as mediolaterally
oriented protractor muscles that stabilized and stiffened the skull
(13, 14). The freed quadrate orbital process and reoriented pro-
tractor muscles were paramount musculoskeletal transformations
that were necessary to achieve powered kinesis prior to the acqui-
sition of a clear craniofacial hinge. Other forms of kinesis, such
as rhynchokinesis, might appear in paleognath birds (44), but the
cranial morphology of these animals is adapted to resist any sig-
nificant kinetic excursions (19). Powered prokinesis likely only
evolved in Neognathae (Fig. 4).

Although our sampled neognath birds demonstrate a diversity
of jaw muscle arrangements, reflecting the spectacular trophic
diversity of the modern clade, we suspect a similar 3D analysis of
the skulls of Mesozoic species will reveal a bottleneck of muscu-
loskeletal morphology near the origin of crown birds where the
breakdown of temporal bars and temporal muscle reorganization
co-occur. Like in confuciusornithids, various extant bird lineages
evolved solutions to these inefficient jaw muscle orientations by
developing secondary temporal arcades formed by mineralized
aponeuroses (28, 47). These novel bony bars enable the temporal
muscles to reoccupy more vertical, orthal orientations and expand
the surface area of bony attachment. While temporal muscle load-
ing changed, pterygoideus musculature orientations and forces
remained rather consistent. So, whereas the fore-aft loading ori-
entations of m. pterygoideus were in part counteracted by orthal
loads of temporal muscles in non-avian theropods, the reoriented
temporal muscles of birds instead act synergistically to create
fore-aft loads and ultimately promote powered avian kinesis.

Despite the earlier acquisition of flight and small body size,
Mesozoic birds including Archaeopteryx, jeholornithids, confuciu-
sornithids, and enantiornithines retained similar temporal and
palatal morphologies of dromacosaurs and other non-avian thero-
pods including braced pterygoids, ectopterygoids, epipterygoids,
condylar palatobasal joints, and presumably orthally oriented
temporal muscles [(28-33, 48), Fig. 1]. Even Ichthyornis appears
to still possess condylar palatobasal joints and additional articu-
lations between the quadrate and braincase. Meanwhile, there is
currently a gulf of missing information linking the palatal mor-
phologies found in ornithurine birds from those found in earlier
diverging clades. In particular, we are missing species that possess
transitional morphologies revealing how the pterygoid shifted
from a tall, thin, braced morphology still found in Hesperornis, to
the intermediate shape found in paleognathes, to the tubular shape
found in neognathes. Additionally, we lack transitional forms that
reveal how the quadrate evolved the orbital process. When the
fossil record fails to provide clear phenotypic transformations, we
can look to patterns in developmental biology.

We propose the orbital process of the quadrate in Ichthyornis,
Hesperornis, and other birds is actually the epipterygoid, explaining
the so-called loss of the element. The orbital processes of Ichthyornis
(AMNH FARB 32773) and Hesperornis (KUVP 71012) are incred-
ibly long (Figs. 2B and 4D) and possess articular condyles that still
likely articulated with the laterosphenoid (Fig. 2C). The epiptery-
goid and quadrate are both endochondrally ossified portions of the
palatoquadrate cartilage and it is reasonable to predict the two ele-
ments can maintain close association through development and
evolution (Fig. 2). Previous studies of avian cranial development
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illustrate the orbital process [sensu Crompton (47); sensu ascending
process of de Beer (49); sensu “pterygoid process” of other avian
developmental biologists (50)] of the palatoquadrate emerges from
the cartilaginous body of the quadrate while the pterygoid bone
membranously ossifies from a separate population of mesenchyme
(51). This differs from the putative primitive reptile condition in
Sphenodon where the ascending process (sensu orbital process) of
the palatoquadrate is separated from the quadrate condensation by
the ossification of the pterygoid. We envision that the palatoquad-
rate cartilage of primitive archosaurs does not look like the pala-
toquadrate cartilage of Sphenodon and lepidosaurs, but instead is a
large, shield-shaped cartilage, which has clear otic, mandibular, and
orbital (ascending) process emerging from the body of the cartilage,
where the pterygoid process is merely the rostroventral corner of
the cartilage [Fig. 2; (47, 49-52)]. The presence of both the putative
orbital process and the mineralizing pterygoid bone near the ptery-
goid process demonstrate the two structures are not homologous
via the test of conjunction. Topologically, the lateral surface of the
bony orbital process of the quadrate remains an attachment site for
mPSTp, similar to the epipterygoid of non-avian dinosaurs and all
other diapsids [Fig. 2; (34)]. Similarly, both the orbital process of
the quadrate and the epipterygoid form a bony divide between the
ophthalmic nerve (V) and the maxillary nerve [V,; Fig. 2; (34)].
This cast of characters demonstrates the epipterygoid and its attach-
ments remained fixed to the quadrate during avian development
and evolution. At minimum, the presence of a pronounced orbital
process of the quadrate shows Ornithurae grade stem birds possess
adductor chamber anatomical topology reminiscent of crown Aves.
A refined fossil record of the quadrate, epipterygoid, and palate in
stem birds such as jeholornithids, confuciusornithids, and enanti-
ornithines will be needed to test this hypothesis.

Given the fossil record, we remain challenged to confidently
diagnose powered cranial kinesis in birds outside Neoaves. We find
Ichthyornis might be an early evolutionary experiment in cranial
mobility, having 4 degrees of freedom, but insignificant protractor
muscle force transmission through the palate (Figs. 3 and 4).
Hopeful kinesis can be viewed as an unstable palate, creating a novel
motor control problem for feeding in monsters like lehthyornis and
Hesperornis (e.g., refs. 18 and 53) where these birds may have to
had coordinate potentially pathological pushing and pulling of the
posterior palate using m. protractor prerygoideus. Because the fron-
tonasal joint does not show evidence of mobility in Iehthyornis or
Hesperornis, the adaptive benefits of cranial kinesis in extant birds,
such as having a dexterous upper beak (e.g., ref. 35) or increasing
mechanical advantage for jaw musculature (1, 25), are not viable
for these stem birds. We are currently unable to quantitatively test
for intrabone flexibility (e.g., streptognathy, rhynchokinesis) which
has been proposed for these animals in the past (43, 44). The pro-
tractor muscle force of Ichthyornis is largely orthogonal to the palate,
no different from earlier theropod dinosaurs (Fig. 4 Band C), mak-
ing the protractor muscles best suited for postural roles, modulating
excursions of the palate during feeding (18). Further, the long,
rostral-projecting orbital process of the quadrate in Ichthyornis and
Hesperornis would increase the moment arm for mPSTp about the
jaw joint while simultaneously increasing the moment arm for pro-
tractor muscles about the otic joint (Fig. 4D), placing this muscle
in ideal positions to modulate streptostylic motions of the quadrate.
Moreover, the mandibular articulation of the quadrate in Ichthyornis
and Hesperornis is plesiomorphic and bicondylar, as opposed to the
tricondylar jaw joint observed in Neoaves [Fig. 4D; (23)]. The tri-
condylar jaw joint has been proposed to be a necessary “locking
device” for coupled cranial kinesis (24), potentially limiting the
types of kinetic excursions Ichthyornis and Hesperornis would have
been capable of. The addition of a flexible frontonasal joint appears
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to be a turning point in early bird evolution wherein paleognath
birds maintain largely stiff, arguably rhynchokinetic faces, while
neognath birds become more kinetic via joint mobility (Fig. 3).
These evolutionary trends likely represent alternate strategies to
mitigate the potential for pathological cranial mobility in early
birds, as demonstrated by Iehthyornis.

Innovations in the feeding apparatus remain drivers in major
transformations in vertebrate evolution. Reorientations of jaw
muscles and the cascade of mechanical adaptations frequently
characterize the origins of major clades, as shown here in birds.
'The origins of cranial fenestration in tetrapods, the migration of
muscle-attaching bones of the mandible into the middle ear of
mammaliaforms (54), the shift from facial loading to palatal load-
ing in lepidosaurs (55) and the further reorganization of the mus-
culoskeletal system in kinetic snakes (56), and the reorientation
and hypertrophy of jaw muscles in flat-headed crocodyliforms
(57) all show how macroevolutionary biomechanics of feeding
ecology and ultimately changes in cranial musculoskeletal mechan-
ics are major drivers of vertebrate diversity.

Conclusions

The vertebrate skull is a composite organ with the unique chal-
lenges of facilitating feeding while protecting the brain and cranial
sensory organs. Cranial design therefore reflects a tradeoff among
these competing demands. Here, we show how dinosaurs and their
living descendants, birds, mediated the spatial tradeoff between
an expanding braincase and powerful jaw musculature. Shifting
patterns of 3D jaw muscle vectors correspond with not only the
inflation of the avian neurocranium but also a reorganization of
palatal structures. These new jaw muscle arrangements influence
intracranial mechanics in the avian skull by reorienting protractor
muscles to better transmit forces through the pterygoid. Linkage
mechanics illustrates that dinosaur skulls were likely immobile
until Neognathae. Our approaches allow for the quantification of
classic ideas in functional morphology with new nuance and pro-
vide the framework for rigorous investigations into the origins of
cranial kinesis in birds.

Materials and Methods

3D models of dinosaur skulls were generated from a mix of CT-scanned and laser-
scanned specimens which were variably segmented, cleaned, and smoothed in
Avizo 9.1 (Thermofisher, Waltham, MA) and Geomagic Studio v7 (3D Systems,
Rock Hill, SC) as well as previously published 3D models (S/ Appendix, Table S1).
3D models of dinosaur skulls were used to model muscle forces. First, the models
were imported to Geomagic Studio and aligned so that the origin is the mid-
sagittal plan of the jaw joint axis and the x direction is mediolateral (positive
being left), the y direction is dorsoventral (positive being dorsal), and z direction
is rostrocaudal (positive being rostral). Muscle attachment sites were then isolated
from the model and exported as stl files. The surface area and area centroid of
the muscle attachment sites were computed in Avizo v9 (Thermo Fisher Scientific,
Waltham, MA), and muscle attachment sites were determined via first-hand anal-
ysis of specimens and previous publications (e.g., refs. 8, 14, 16, and 58-60).
See SI Appendix, Figs. S5-511 for jaw muscle maps used in this study. Muscle
abbreviations can be found in S/ Appendix, Table S2.

Surface areas and centroid coordinates from jaw muscle attachment sites were
then used to model jaw muscles as a frustum to create a muscle volume sensu
Sellers etal. (61). This volume is defined by Eq. 1:

V=3 (A A+ (VA A ) ) 1]

where 1 is muscle volume, /, is centroid-centroid length of the muscle, A., is the
area of the muscle origin site, and Agqg is the area of the muscle insertion site.
"Origin” and "insertion” were arbitrarily defined and do not have any effect on

https://doi.org/10.1073/pnas.2411138122 9 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2411138122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2411138122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2411138122#supplementary-materials

Downloaded from https://www.pnas.org by Kirsten Vallee on March 21, 2025 from |P address 99.7.2.48.

10 of 11

the calculation of V. This volume can then be used to calculate physiological
cross-sectional area (PCSA) with Eq. 2 (62):

v
PCSA = —Z . cos(8), (2]

where I is muscle fiber length, and 6 is the angle of pennation. PCSA can then
be used to calculate muscle force using Eq. 3 (63):

Fy=PCSA- T\ 0 g [3]

where F,is muscle force, and Tg g1+ is the specific tension of the muscle. We chose
avalue of 0.3 N/mm” for specific tension, following Hieronymus (64). Because F,,
scales linearly with T4, the specific value is relatively unimportant and does
notimpact later steps in the analysis pathway. Muscle fiber length and pennation
angle must be inferred in extinct taxa. For all taxa without reported values in the
literature, fiber length was assumed to be two-thirds of the muscle length, and
pennation angles for taxa without reported values are the same as those used
for T rex in Cost et al. (65). These muscle force data can then be used to create
ternary diagrams of muscle vectors, be compared against braincase shape, and
to analyze feeding mechanics.

Ternary diagrams display the orientation of jaw muscle force vectors (66).
These diagrams were made in R using the package MuscleTernary (https:/
github.com/MiddletonLab/MuscleTernary). To better compare muscle force and
orientation across a broad phylogenetic range of taxa, individual muscle forces
were scaled to summed muscle force, creating a per-taxon, relative muscle force.

To test our hypotheses about the effect of braincase expansion on jaw muscle
variation, we created a ratio describing braincase expansion by dividing the width
of the braincase (greatest width of the temporal fossa of the neurocranium) by the
width of the jaw joints (biquadrate width), as shown in Fig. 24.To scale total jaw
muscle to body size we performed a linear model regression of log-transformed
total jaw muscle volume on log-transformed skull length (caudal edge of occiput
to rostral tip of premaxilla). The residuals of this regression were then used to
compare jaw muscle size against braincase expansion. We also performed this
analysis on each individual muscle, as well as a grouping of the muscles found in
the adductor chamber (S/ Appendix, Figs. S3 and S4) to highlight differing effects
of braincase expansion on different muscle volumes.

To understand the effects of novel jaw muscle arrangements on the feeding
apparatus, we calculated muscle efficiency (57). Muscle efficiency is calculated
with Eq. 4:

£ =" 4]

where E, is muscle efficiency, F, is the muscle force resultant, and F. is the gross
muscle force (57). This metric describes the estimated muscle force that is wasted
by muscle force components canceling each other out (57). Ancestral state recon-
struction of jaw muscle efficiency was performed using the R package ape (https:/
CRAN.R-project.org/package=ape) on a phylogeny of dinosaurs modified from
Felice etal.(66). We consider muscles as being more efficient when they are verti-
cally oriented in line with orthal feeding behaviors and muscle forces. This is largely
the primitive condition of theropods (34). We consider jaw muscles less efficient rel-
ative to orthal orientations even though we acknowledge a rostrocaudally oriented
muscle in a bird, for example, is still likely to be efficient for its behavioral needs.

To evaluate the presence of powered prokinesis, we calculated the amount of
protractor muscle force that is axially transmitted along the pterygoid bone. This was
accomplished by creating a vector describing the direction of the pterygoid using cen-
troid coordinates at both the caudal and rostral ends of the pterygoid. The resultant pro-
tractor muscle force vector was then projected on to the pterygoid vector using Eq. 5:

FmPPz : thy

projf, , = ;
Vo]

N 5]
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where projF, ,is the projected protractor muscle force, F, ,is the protractor muscle
force, and V5 is the direction of the pterygoid. We then divided the projected
protractor muscle force by the original protractor muscle force to create a percent-
age of protractor muscle force that is transmitted. Although there is no publicly
available 3D model of Ichthyornis or Hesperomis to calculate the protractor mus-
cle force vector and pterygoid vector from, estimation of these vectors was made
possible via multiple, different 2D views (39, 41). Despite the lack of reliable
pterygoid for Ichthyornis, the boundary conditions created by a present quad-
rate, palatine, and basicranium provide a basis for a reliable estimation of the
orientation the pterygoid ought to be in. These data were plotted on a chimera
model of Ichthyornis quadrate material from BHI 6421 and AMNH FARB 32773.
Ancestral state reconstruction of protractor muscle force transmission was per-
formed using the R package ape (https://CRAN.Rproject.org/package=ape) on
a phylogeny of dinosaurs modified from Felice etal. (66). To quantify the kinetic
capacity of a taxon's skull we employed linkage analysis (4). We quantified total
linkage mobility with Eq. 6 (67):

M= Y (f)-dn, [6]

where Mis the total degrees of freedom of the linkage, fis the degrees of freedom
for a given joint, d is the dimensionality constant (6 for 3D linkages), and n is
the number of loops [four for non-avian dinosaur skulls as well as the primitive
diapsid condition; (4, 53)]. The maximum degrees of freedom a joint may have is
six (translations in three dimensions and rotations in three dimensions). Because
solving for M only requires descriptions of joints and not fully articulated 3D
models, we were able to expand our sample size for this analysis to capture extinct
species that likely represent key steps in the evolution of cranial kinesis (e.g., refs.
7,31-33,44,and 68). We based our coding of individual joint degrees of freedom
based off a search for key words in descriptions of joints. This creates a consistent
character coding of individual joint morphologies that is meaningful even if the
functional interpretations are erroneous. Ancestral state reconstruction of linkage
mobility was performed using the R package ape (https://CRAN.R-project.org/
package=ape) on a phylogeny of dinosaurs modified from Felice et al. (66).

Data, Materials, and Software Availability. Models are available via down-
load on Sketchfab and Open Science Framework (OSF). Data from dinosaur mate-
rial are available in part through Sketchfab and OSF, or the authors by request.
Data type-3D models (.stl files) data have been deposited in Sketchfab and OSF
(https://osf.io/2kpdb/) (38). Previously published data were used for this work
(59,69).
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