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SUMMARY
The extent to which evolution is deterministic is a key question in biology,1–9 with intensive debate on how
adaptation6,10–13 and constraints14–16 might canalize solutions to ecological challenges.4–6 Alternatively,
unique adaptations1,9,17 and phylogenetic contingency1,3,18 may render evolution fundamentally unpredict-
able.3 Information from the fossil record is critical to this debate,1,2,11 but performance data for extinct
taxa are limited.7 This knowledge gap is significant, as general morphologymay be a poor predictor of biome-
chanical performance.17,19,20 High-fiber herbivory originated multiple times within ornithischian dinosaurs,21

making them an ideal clade for investigating evolutionary responses to similar ecological pressures.22 How-
ever, previous biomechanical modeling studies on ornithischian crania17,23–25 have not compared early-
diverging taxa spanning independent acquisitions of herbivory. Here, we perform finite-element analysis
on the skull of five early-diverging members of the major ornithischian clades to characterize morphofunc-
tional pathways to herbivory. Results reveal limited functional convergence among ornithischian clades,
with each instead achieving comparable performance, in terms of reconstructed patterns and magnitudes
of functionally induced stress, through different adaptations of the feeding apparatus. Thyreophorans
compensated for plesiomorphic low performance through increased absolute size, heterodontosaurids
expanded jaw adductor muscle volume, ornithopods increased jaw system efficiency, and ceratopsians
combined these approaches. These distinct solutions to the challenges of herbivory within Ornithischia
underpinned the success of this diverse clade. Furthermore, the resolution of multiple solutions to equivalent
problems within a single clade through macroevolutionary time demonstrates that phenotypic evolution is
not necessarily predictable, instead arising from the interplay of adaptation, innovation, contingency, and
constraints.1–3,7–9,18
RESULTS

Bite forces and functionally induced stresses were calculated via

finite-element analysis (FEA) of the skulls of five early-diverging

representatives from major ornithischian clades (the heterodon-

tosaurid Heterodontosaurus, the putative thyrephoran or early-

diverging ornithischian Lesothosaurus, the thyreophoran Sceli-

dosaurus, the ornithopod Hypsilophodon, and the ceratopsian

Psittacosaurus; Figure 1). Skull models were reconstructed

from CT scans (Data S1), with retrodeformation procedures26

applied to correct taphonomic damage and loaded with forces

calculated through reconstruction of the jaw adductor muscle

musculature from osteological correlates27 (Figures 2 and S1;

Tables S1–S3; STAR Methods).

Jaw musculature and bite performance
Lowest predicted bite forces occurred in Lesothosaurus, but

substantial variance in absolute bite forces is observed among
Current Biology 33, 1–9, F
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the other taxa (Tables S4 and S5). Nevertheless, comparable

magnitudes are observed in similarly sized taxa (e.g., Hetero-

dontosaurus and Hypsilophodon; Figure 2A). Comparison of

biting efficiency (the mechanical advantage, as measured by

the ratio of input muscle force to output bite force; Figure 2B)

to the reconstructed sizes of the jaw adductor musculature

(Figures 2C and 2D; Table S1) reveals striking differences among

taxa. The lowest mechanical advantage values, at every biting

position, were observed in Heterodontosaurus, with relatively

low values also predicted across the toothrow in Lesothosaurus

and Scelidosaurus (Figure 2B). Nevertheless, Heterodontosau-

rus achieved elevated bite forces through larger adductor mus-

cles relative to skull size (Figure 2D), and Scelidosaurus achieved

similar forces due to its greater overall body size, which is asso-

ciated with absolutely larger (Figure 2C)—although relatively

smaller (Figure 2D)—jaw adductors compared with other taxa.

In contrast toScelidosaurusandHeterodontosaurus, greater ef-

ficiency, especially during posterior bites, was predicted in the
ebruary 6, 2023 ª 2022 The Author(s). Published by Elsevier Inc. 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
19002

mailto:david.button@bristol.ac.uk
https://doi.org/10.1016/j.cub.2022.12.019
http://creativecommons.org/licenses/by/4.0/


Figure 1. Reconstructed cranial osteology

and myology of ornithischian taxa

Retrodeformed skulls of Heterodontosaurus tucki,

Lesothosaurus diagnosticus, Scelidosaurus harriso-

nii, Hypsilophodon foxii, and Psittacosaurus lujiatu-

nensis, with mapped origination and insertion areas,

and reconstructed volumes of jaw muscles indi-

cated. Scale bars for complete skulls, 20 mm. Skulls

are mapped onto ornithischian phylogeny

following.82 Broad feeding style—orthal pulping/

puncture crushing, with no systematic tooth-tooth

occlusion vs. systematic tooth-tooth shearing

across the toothrow—and characters of the feeding

apparatus were also mapped onto this phylogeny.

Characters of the feeding apparatus for numbered

clades are as follows. (1) Ornithischia: predentary

beak, subtriangular and denticulate tooth crowns,

and orthal pulping/puncture crushing. (2) Hetero-

dontosauridae: heterodont dentition and diastema,

Heterodontosaurinae: tooth-tooth occlusion,

asymmetrical tooth enamel, and hypsodont denti-

tion,49 increased relative size of adductor muscula-

ture. (3) Thyreophoroidea: increased body size. (4)

Cerapoda: increase in size of temporal muscles

(external adductors and pseudotemporalis groups)

relative to the palatal musculature.62 (5) Ornitho-

poda: increased height of coronoid process, pos-

terior extension of toothrow medial to coronoid

process, tooth-tooth occlusion, asymmetric tooth

enamel,34 and increased biting efficiency and rela-

tive bite force. (6) Ceratopsia: rostral bone,

increased height of coronoid process, posterior

extension of toothrowmedial to coronoid process,41

tooth-tooth occlusion, asymmetric tooth enamel,83

increased adductor muscle size, increased robus-

ticity of cranium and mandible, increased biting ef-

ficiency, and relative and absolute bite force. See

Figure S1 for more information on adductor muscle

reconstruction.
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cerapodansHypsilophodon and Psittacosaurus through a combi-

nation of structural modifications to the skull (increased height of

coronoid process, extension of toothrow posterior to coronoid

process, shortenedsnout;Figure1) and jawadductormusculature

(greater relative contribution of the more mechanically advanta-

geous external adductors compared with the palatal muscles;

Figures 2C and 2D). Nevertheless, significant functional differ-

encesoccurredbetween these two taxa:Psittacosaurusexhibited

substantially greater absolute and relative jaw adductor forces

(Figures 2C and 2D) and greatermechanical advantage at anterior

biting positions, whereas more efficient bites at the posterior end

of the toothrow are predicted in Hypsilophodon (Figure 2B).

Functionally induced stress
When scaled to absolute size, FEA revealed similar functionally

induced stress magnitudes between all taxa during simulated

bites (Figure 3), as expected given the general conservation of

safety factors across vertebrates.28 However, scaling to account

for differences in size and applied force29 (STAR Methods)
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revealed differences in relative perfor-

mance between taxa (Figures 4 and S2).

The lowest stress magnitudes, in both the
cranium and mandible, were observed during simulated biting

in Psittacosaurus. Patterns of relative stress distribution within

the mandible were broadly similar between Lesothosaurus and

Hypsilophodon, and the mandible of Heterodontosaurus ex-

hibited lower overall magnitudes relative to these taxa (Figure 4).

The mandible of Scelidosaurus behaved similarly for bites at the

posterior dentition, but was relatively weaker than the other taxa,

for its size, at more anterior biting positions, as indicated by large

regions of elevated stress throughout the thin exterior walls of

the dentary (Figure 4). By contrast, patterns of biting-induced

stress within the cranium were consistent between all taxa,

potentially reflecting the greater number of competing functional

demands on the morphology of the cranium beyond those asso-

ciated with feeding.30

DISCUSSION

Herbivory poses particular challenges for vertebrates,31 and or-

nithischians exhibited numerous specializations of the feeding



Figure 2. Calculated bite forces and muscle

cross-sectional areas for ornithischian taxa

(A and B) Absolute (A) and relative (B) (calculated as

input muscle force:output bite force) bite force for

unilateral bites at all biting positions, as obtained

from finite-element modeling of the mandible of all

study taxa. Bite position is given as a proportion

from 0 (biting at the anterior tip of the jaws) through

to 1 (biting at the posteriormost tooth).

(C and D) Absolute (C) and size-standardized (D) (by

dividing by the total surface area of the mandible)

estimated physiological cross-sectional areas

(PCSAs) of the jaw adductor muscles as calculated

for the study taxa. Muscle PCSA is proportional to

contractile force. Contributions from the temporal

muscles (m. adductor mandibulae externus group

and m. pseudotemporalis), the adductor man-

dibulae posterior, and palatal muscles (m. pter-

ygoideus group) indicated in pink, brown, and pur-

ple, respectively.

See Tables S1 and S3 for individual muscle volumes

and Tables S4 and S5 for full bite force results.
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apparatus32–37 that, in some deeply nested taxa, paralleled—or

even exceeded—those of extant ungulates in complexity.35,38–40

Although the evolution of feeding-related characters has been

documented within ornithischian clades in some detail (e.g.,

Weishampel,34 }Osi et al.,36 and Tanoue et al.41), and repeated

morphofunctional trends have been identified,22,36,42 a previous

lack of biomechanical data from early-diverging members of

these lineages means that the morphofunctional pathways to

herbivory have remained obscure. FEA of these five key ornithis-

chian taxa—the omnivorous43,44 early ornithischian Lesothosau-

rus as an exemplar of plesiomorphic ornithischian cranial

morphology,45 and early-diverging members of the major ornith-

ischian clades that independently acquired specialized high-fi-

ber herbivory21 (the heterodontosaurid Heterodontosaurus, thy-

reophoran Scelidosaurus, ornithopod Hypsilophodon, and

ceratopsian Psittacosaurus) —provides a comparative overview

into the patterns ofmorphological change accompanying dietary

specialization

Synthesis of results demonstrates that acquisitions of herbivo-

ry involved a combination of divergence and convergence in

morphological evolution and functional outcomes. Increased

bite force output was found among early-diverging members of

Heterodontosauridae, Thyreophora, Ornithopoda, and Ceratop-

sia, and increased absolute mandible robustness, as measured
CURBIO 19002
by lower functionally induced stressmagni-

tudes, was observed in Heterodontosau-

rus, Scelidosaurus, and Psittacosaurus.

This pattern is consilient with other

observed examples of convergence inmor-

phofunctional character evolution between

ornithischian clades.21,22,42 Furthermore,

the differences in functional outcomes be-

tween these taxa and Lesothosaurusmatch

those observed in other herbivorous

tetrapod clades relative to omnivorous out-

groups46–54 and with increased distance

along the omnivory-herbivory spec-
trum55,56 (although patterns may be more complicated across

broader phylogenetic scales57). Similar trends toward increased

mechanical advantage, as seen in ornithopodsand ceratopsians,

also occurred in herbivorous sauropodomorphs,58 non-avian

theropods,51 squamates,47 early mammals,50 ungulates,59

waterfowl,60 and some other birds,61 although fundamental dif-

ferences in the structure of the jaw apparatus limit convergence

between these taxa. Nevertheless, comparison of these results

reveals common functional signals in biting efficiency associated

with the independent acquisitions of herbivory in ornithischian

clades, and among amniotes across broad taxonomic and size

ranges. However,more detailed biomechanical comparison indi-

cates fundamental differences underpinning the distinct modes

of herbivory exhibited by these ornithischian taxa. These were

achieved through larger overall adductor muscle forces inHeter-

odontosaurus, greater absolute body size in Scelidosaurus,

increased mechanical efficiency in Hypsilophodon, and both

increased efficiency and increased overall adductor volume in

Psittacosaurus (Figures 1, 2, and 4). Comparison of relative re-

constructed adductor muscle volumes (Figures 2C and 2D) al-

lows these functional signals to be parsed in more detail.Hetero-

dontosaurus, Lesothosaurus, andScelidosaurus exhibit relatively

large pterygoideusmuscles, similar to those of sauropodomorph

and theropod outgroups,62 and subvertical external adductors
Current Biology 33, 1–9, February 6, 2023 3



Figure 3. Results from the unscaled FEA of

ornithischian taxa

von Mises stress contour plots for (A) Hetero-

dontosaurus, (B) Lesothosaurus, (C) Scelidosaurus,

(D) Hypsilophodon, and (E) Psittacosaurus in oblique

left lateral view. Results are shown for bites at (from

left) the anterior beak, the last premaxillary tooth,

and opposing dentary tooth (absent for Psittaco-

saurus which lacks premaxillary teeth), the middle

maxillary tooth and opposing dentary tooth, and the

final tooth position. Scale bars, 50 mm.
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driving orthal bites.62 By contrast, Hypsilophodon and Psittaco-

saurus exhibit a more inclined adductor chamber and expansion

of themoremechanically advantageous temporalmuscle groups

relative to the pterygoideus muscles (Figures 1, 2C, and 2D), as

also seen in more later-diverging ornithischians,62 some sauro-

pods,63 and some herbivorous squamates.46

Mapping these data onto ornithischian phylogeny (Figure 1),

and considering the combination of plesiomorphic and apomor-

phic characters present in each taxon, enables consideration of

the biomechanical significance of the patterns of character

acquisition in each clade, illuminating the pathways through

which the distinct feeding apparatus of each group evolved. Het-

erodontosaurids are defined by trophic-related characters of the

dentition,64 with Early Jurassic taxa, including Heterodontosau-

rus, exhibiting numerous craniodental features (e.g., closely

packed high-crowned teeth, ventral deflection of the jaw joint,

enhanced adductor musculature) that are inferred to be special-

izations for processing tough plant material.64,65 Here, these are

shown to be associated with a relatively robust skull and

increased overall bite force (as a result of jaw adductor muscle
CURBIO 19002
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expansion) but with relatively low biting ef-

ficiency, in contrast to other herbivorous

taxa.47,50,51,60 This difference is due, in

part, to the large relative contribution of

the pterygoideus musculature (Figures 2C

and 2D), which inserts on the caudal end

of the mandible and confers lower me-

chanical advantage than the temporal

muscles during vertical biting. The low me-

chanical advantage in Heterodontosaurus

would have compromised biting efficiency

for the sake of greater jaw closing speed

and a wider gape, outcomes that would

be unexpected among herbivorous

taxa47,50,51 but that are consistent with

the demands of prey capture during poten-

tial facultative omnivory in heterodonto-

saurids.66 Although jaw adduction inHeter-

odontosaurus would have been primarily

orthal,64,67 driven by the subvertical tem-

poral muscles,62 the low angle of the pter-

ygoideus muscles—although making

them less efficient at delivering vertical

bite forces—may have enabled them to

drive possible subordinate palinal move-

ments,62,68 as part of a varied feeding
repertoire. Consequently, the distinctive biomechanical signal

of this taxonmight be the result of both ecological and behavioral

requirements.

Increased efficiency in Hypsilophodon and Psittacosaurus is

associated with a suite of new craniodental21,32–34,41 (e.g., taller

coronoid process, asymmetric tooth enamel, caudal expansion

of the toothrow, and reduction in postdentary elements) and

myological42,62 (e.g., relative expansion of temporal muscula-

ture, and greater inclination of the adductor chamber) characters

that evolved in parallel between Ornithopoda and Ceratopsia,

and were further elaborated independently in the more deeply

nested members of both clades.21,32–34,41,42 These attributes re-

sulted in a functional complex that would have maximized effi-

ciency at posterior biting positions (Figure 2B), with the powerful

temporal muscles, inclined adductor chamber and shortened

postdentary region resulting in an orthopalinal powerstroke,69

as characterized previously for Late Cretaceous ornithopods

and ceratopsians,32,33,37,70 which was stabilized by the vertically

oriented pterygoideus musculature.60,71 Consequently, the evo-

lution of this character complex in early ornithopods and



Figure 4. vonMises stress contour plots from

scaled FEA of the cranium and mandible of

the study ornithischian taxa

Results from models scaled to account for differ-

ences in absolute size between study taxa. Taxa,

from top to bottom: Heterodontosaurus, Lesotho-

saurus, Scelidosaurus, Hypsilophodon, and Psitta-

cosaurus. Results are for simulated bilateral bites at,

from left to right; the anterior beak; the final pre-

maxillary tooth; and opposing dentary tooth; (absent

for Psittacosaurus, which lacks premaxillary teeth),

the middle maxillary tooth and opposing dentary

tooth, and the posteriormost maxillary and dentary

tooth positions. Scale bars, 50 mm. See Figure S2

for additional FEA results.
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ceratopsians not only permitted trituration of fibrous plant mate-

rial, but also underpinned the later evolution of sophisticated oral

processing in these clades.21,22,32,34,37,41 Further, the major per-

formance differences between Hypsilophodon and Psittacosau-

rus (Figures 2 and 3), due to the unique character combinations

diagnosing their respective clades, appear to represent incipient

states of the derived functional complexes observed in more

deeply nested ornithopod and ceratopsian taxa. For example,

the increased cranial robustness and expanded adductor cham-

ber of Psittacosaurus result from several ceratopsian synapo-

morphies (rostral bone, highly flared jugals, and transversely

broadened skull) that were acquired early in the history of the

clade and retained in later ceratopsians (which also possessed

jaw systems dominated by high bite forces).32,33,37 Similarly,

the lower bite forces and higher functionally induced stresses,

but greater maximum bite efficiency, of Hypsilophodon is

consistent with an emphasis on extensive oral processing be-

tween the cheek-teeth that has been documented inmore phylo-

genetically nested ornithopods (e.g., Weishampel,34 Mallon

and Anderson,37 Ostrom,70 and Mallon and Anderson72).
CURBIO 19002
Consequently, these results indicate that,

despite their shared ancestry, distinct mor-

phofunctional responses to the demands

of high-fiber herbivory were possible in Or-

nithopoda and Ceratopsia and that these

initial responses shaped the subsequent

trajectories of morphological and ecolog-

ical evolution in these clades.

By contrast, early thyreophorans exhibit

few specializations of the feeding appa-

ratus, with low relative performance across

all metrics in Scelidosaurus, which instead

exhibits increased absolute performance

as a consequence of its greater overall

body size. Thyreophora was the first ornith-

ischian clade to reach large body sizes,

exhibiting an evolutionary shift toward

gigantism as early as the Early Jurassic,

whereas large size did not occur in either

Ornithopoda or Ceratopsia until much later

in the Jurassic or Cretaceous.73 The size-

dependent performance of Scelidosaurus

provides an explanation for this discrep-
ancy: whereas other ornithischian clades responded to the chal-

lenges of obligate herbivory through morphofunctional changes

to the feeding apparatus, thyreophorans instead initially re-

sponded through increased body size, both increasing the abso-

lute performance of the feeding apparatus and permitting a

longer digestive tract,21 enabling extended gut retention time74

as an alternative to extensive oral processing. Thyreophorans

occupied a narrower total range of body sizes than neornithi-

schians, with only one75 potential small-bodied taxon (adult

size of <100 kg) known after the Early Jurassic.73 Although

greater craniodental specialization is observed in deeply nested

ankylosaur taxa,36 thyreophorans generally exhibited lower rela-

tive bite forces than other ornithischian groups,42 and the early

assembly of a size-specific functional complex within Thyreo-

phora, including low relative cranial performance and extensive

gut fermentation,22,74 may have constrained the clade to a sub-

set of larger body size niches. The adoption of this different

herbivorous strategy in Thyreophora may be due to multiple,

non-mutually exclusive factors, such as the absence of

other large-bodied ornithischians during the Early Jurassic73 or
Current Biology 33, 1–9, February 6, 2023 5
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finer-scale differences in foraging ecology (e.g., early-onset of

bulk-feeding,73 necessitating long gut retention times21),

although these hypotheses are difficult to test given the scarcity

of direct dietary evidence from early ornithischian taxa.76 Never-

theless, the differences in relative bite forces between Scelido-

saurus, Hypsilophodon, and Psittacosaurus are hypothesized

to represent the plesiomorphic conditions of the divergent ecol-

ogies exhibited by more deeply nested thyreophoran, ornith-

opod, and ceratopsian taxa during the Late Cretaceous.37,72

The sample of early-diverging taxa examined here captures

emergent differences in both the anatomy and cranial function

of these taxa, which became more exaggerated in their later rel-

atives. Consequently, despite the parallel evolution of complex

craniodental systems among these clades,21,22,32,34,36,37,42,74

each appears to have been canalized in specific regions of mor-

phospace due to disparate functional regimes that were estab-

lished early in their evolutionary histories.

Quantitative biomechanical comparisons between the

feeding apparatuses of early-diverging members of the major

ornithischian lineages demonstrate that each evolved a funda-

mentally different, independently derived solution to the chal-

lenges posed by high-fiber herbivory. For example, each of

these clades diverged in characters that directly impact on

the ability to use tough plant resources, such as bite effi-

ciency47,50–53,60 and stress accommodation.49,77 This discovery

reveals a previously unappreciated diversity among the feeding

apparatuses of early ornithischian taxa, with character combi-

nations underpinning distinct feeing modes: unspecialized

morphology in the omnivorous43,44 Lesothosaurus; broad per-

formance consistent with a varied diet43,66 in heterodontosaur-

ids; reliance on gut-processing74 in Scelidosaurus; efficient oral

processing34 in Hypsilophodon; and adaptations toward the

exertion and accommodation for large bite forces in Psittaco-

saurus, which may have further permitted consumption of

particularly hard or tough foods.69 Furthermore, these results

indicate that repeated morphofunctional trends between these

lineages22,42 were the result of ‘‘many-to-one mapping’’ of

unique character combinations onto similar functional out-

comes,9,20,78 as opposed to repeated convergence toward

specific solutions,4–6 shared constraints,2,9,14–16 or low trait

dimensionality79,99 limiting diversification along predictable

axes. In addition, it provides an example of the cryptic func-

tional diversity that is often masked by similarities in gross

morphology,17 highlighting the importance of quantitative

biomechanical modeling in testing putative instances of evolu-

tionary convergence, and in integrating both anatomical and

functional data into palaeobiological reconstructions.

The pervasiveness of convergence has been used to argue

for the primacy of adaptation in driving evolutionary pat-

terns13—sufficiently powerful to make evolution predictable,

as clades will repeatedly find the same solutions to similar

ecological problems.4–6 Although there are many examples

of convergent evolution,1,2,4,5,9 especially between closely

related taxa,80 whether it represents a dominant, or even rela-

tively common, phenomenon remains unclear, as counter ex-

amples of non-convergence—taxa responding divergently to

common pressures—are rarely compared or documented.81

The recognition of divergent pathways to herbivory between

ornithischian dinosaur clades provides an important example
CURBIO 1900
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of non-convergence between related taxa through macroevo-

lutionary time. Rather than driving convergent evolution,

adaptation toward a plant-based diet instead prompted the

assembly of distinct morphofunctional complexes early in

ornithischian evolution. These early adaptations may have

constrained the succeeding axes of variance explored by

each clade due to positive feedback loops between co-vary-

ing characters21 and the biomechanical unviability of specific

character combinations,22 leading to continued functional and

ecological separation between the deeply nested members of

these clades.37,72 This example highlights that convergent

evolution, even between related taxa adapting to seemingly

similar ecologies, is not inevitable and, although certain as-

pects of evolution—such as selection for absolute bite perfor-

mance—may be repeatable and predictable, the morphofunc-

tional pathways through which these are achieved are not.

Instead, the regions of morphospace explored by clades will

be delimited by their idiosyncratic phylogenetic histories,22

so that previous evolutionary events—including the acquisi-

tion of distinct ecological adaptations1—may prevent com-

plete convergence between taxa. This combination of biolog-

ical innovation and phylogenetic contingency means that

morphofunctional evolution is not easily predictable across

macroevolutionary timescales.1,3,81
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Ornithischian CT-scan data This paper Morphosource: Project 000486311

(https://www.morphosource.org/projects/000486311?)

Software and algorithms

Avizo (v. 2020.1) ThermoFisher Scientific https://www.thermofisher.com

Strand7 (R3.1.1) Strand7 https://www.strand7.com/

MatLab MathWorks https://www.mathworks.com/

products/matlab.html

BoneLoad Grosse et al.109 and Davis et al.110 http://faculty.usi.edu/

jldavis2/research/

Other

Ornithischian skull models This paper figshare: https://doi.org/10.6084/m9.figshare.21750494

Psittacosaurus skull osteological model Taylo et al.25 https://anatomypubs.onlinelibrary.wiley.com/

doi/10.1002/ar.23489
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, D.J. But-

ton (david.button@bristol.ac.uk).

Materials availability
This study did not generate new unique reagents. The CT scan data collected for this study are available at Morphosource: Project

000486311 (https://www.morphosource.org/projects/000486311?) and the skull models generated and analyzed in this study are

available at figshare: https://doi.org/10.6084/m9.figshare.21750494.

Data code and availability
The CT scan data collected for this study are available at Morphosource: Project 000486311 (https://www.morphosource.org/

projects/000486311?) and the skull models generated and analyzed in this study are available at figshare: https://doi.org/10.

6084/m9.figshare.21750494.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The CT-scan data analyzed in this study was collected from fossil specimens housed in public trust repositories (full specimen and

CT-scan details are given in Data S1). No data from privately held specimens was included in this study.

METHOD DETAILS

Institutional abbreviations
AM=AlbanyMuseum, Grahamstown, South Africa; AMNH=AmericanMuseumof Natural History, NewYork, USA; BRSMG=Bristol

CityMuseum, UK; NHMUK=Natural HistoryMuseum, London, UK; NM=National Museum, Bloemfontein, South Africa; SAM= Iziko

South African Museum, Cape Town, South Africa.

CT-scanning
Specimens of Scelidosaurus harrisonii and Hypsilophodon foxii were each subject to X-ray micro-Computed Tomography (XmCT)

using a Nikon XTH ST 225 CT-scanner (Nikon metrology, Leuven, Belgium) at the Natural History Museum, London. Details of the

scan parameters used for each specimen are given in Data S1. For each, the ‘minimize ring artefacts’ approach was used, implying

an acquisition in step-by-step mode (i.e. rotation motor stopped during radiograph acquisition). Tomographic reconstruction was

done using CT agent software (Nikon metrology) based on the filtered-back projection algorithm. Prior to the reconstruction, a

beam hardening correction was applied, using the automated approach of CT agent, manually defining material and background
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with a threshold. CT data were exported as 16-bit raw data, selecting the 32-bit range by excluding 0.2% of values on both sides of

the histogram. The parameters of the CT scans of Lesothosaurus material used to produce the osteological model are described in

Porro et al.,84 and those of Psittacosaurus in Taylor et al.25

Osteological reconstruction
The osteological models for each taxon were produced in Avizo (v. 2020.1, ThermoFisher Scientific), employing retrodeformation

procedures into order to reconstruct original morphology through filling cracks and holes, restoring missing elements, and correcting

warpage.26 These procedures are described in more detail per each taxon below.

Heterodontosaurus tucki

Themodel ofHeterodontosaurus tucki used herein is based upon CT scans of SAMPK K1332, with additional information from visual

comparison to otherHeterodontosaurus specimens (SAMPKK10487, AM 4766, NMQR 1788 and AMNH 24000). To produce a sym-

metrical, 3Dmodel of the skull, the best preserved of each paired element was first selected. For the cranium, themajority of elements

were taken from the better-preserved left side of the skull, with the exception of the palpebral, which was taken from the right side of

the skull. For the midline elements, the (fused) vomers and basioccipital were used as preserved. However, the right sides of both the

supraoccipital and basisphenoid are deformed: consequently, the left half of these elements were segmented and mirrored to pro-

duce a symmetrical reconstruction of the bone. Holes and cracks in skeletal elements were patched, and the broken dorsal and

ventral parts of the quadrate shaft realigned. In addition, the upper temporal bar has suffered plastic deformation on both sides of

SAM PK K1332. To correct this deformation, a series of landmarks, defining a smooth curve from the back of the main body of

the postorbital to the front of the main body of the squamosal were created, and the bones were warped to fit this curve. Finally,

because the posteriormost tooth of the cranium was missing, the tooth immediately anterior to it was duplicated and moved to

occupy the empty tooth space. Once these digital repairs were completed, all elements were duplicated and rearticulated with their

antimeres to produce a symmetrical reconstruction of the cranium.

The mandible was reconstructed wholly on the basis of the better-preserved left hemimandible, with the exception of the midline

predentary, which is preserved attached to the right hemimandible. Cracks and small holes in these elements were repaired,

including closure of much of the gap between the upper and lower tracts of the surangular of SAM PK K1332 to more closely

resemble the condition preserved in other Heterodontosaurus specimens. The left hemimandible was then mirrored to produce a

complete mandible.

Lesothosaurus diagnosticus

The Lesothosaurus osteological model used herein is a composite based upon NHMUK PV RU B17 and NHMUK PV RU B23. The

best-preserved of each paired element between these two specimens was selected. Specifically, the fused vomers, basisphenoid,

basioccipital and predentary were taken from NHMUK PV RU B17, as were the left main body of the premaxilla, posterior third of the

jugal, prootic, laterosphenoid, surangular, angular, prearticular and articular, and the right palatine, ectopterygoid, pterygoid, dentary

and splenial. The supraoccipital and fused parietals, the left posterior process of the premaxilla, maxilla, lacrimal, palpebral, anterior

two-thirds of the jugal, quadrate, exoccipital, and the right nasal, prefrontal, frontal, postorbital, squamosal and quadrate were taken

from NHMUK PV RU B23. The small quadratojugal had to be almost completely reconstructed because it was so incomplete in the

available scanned specimens; this reconstruction was done using images of, and information from, NHMUK PV R8501.

The internarial bar and the walls of the opisthotic between the exoccipital and the prootic and laterosphenoid were reconstructed

through interpolation, constrained by contacts with surrounding bones. Only a single well-preserved tooth is present in the maxilla of

NMHUK PV RU B17: this tooth was copied and used to restore the other maxillary teeth. The dentary of NHMUK PV RU B17 is pre-

served in two blocks: the separate pieces were re-joined. The dentary teeth were then restored based upon the isolated and dis-

placed teeth in these blocks, with the first three after a small, presumably anterior tooth, and the others from a larger, more typical

dentary tooth.

The restored cranial elements were then combined and mirrored as necessary to rearticulate a right half of the cranium and

mandible. These were each then mirrored and recombined to produce a complete model of the skull.

Scelidosaurus harrisonii

The Scelidosaurus model used herein is a composite of NHMUK PV R1111 and BRSMG Ce12785. Specifically, the basioccipital,

basisphenoid, fused vomers, both laterosphenoids, exoccipitals and opisthotics, the left pterygoid, and the right squamosal, quad-

rate, nasal, prefrontal, frontal, prefrontal, frontal, postfrontal, parietal, ectopterygoid, posterior dentary, splenial, coronoid, surangu-

lar, angular, prearticular and articular were taken from NMHUK PV R1111. The right premaxilla, maxilla, lacrimal, jugal, postorbital

and associated ossification, quadratojugal, palatine and anterior dentary were then taken from BRSMG Ce12785.

For the cranium, the right premaxilla of BRSMG Ce12785 is preserved in two pieces, which were repositioned and merged with

each other. The anterior part of the nasal and the internarial bar were restored using interpolation. The missing fourth maxillary tooth

was replaced by duplicating the third maxillary tooth and moving it to occupy this socket. The missing supraorbital element was

restored following.85 For the mandible, the anterior and posterior ends of the dentary, preserved in NHMUK PV R1111 and

BRSMG Ce12785 respectively, were merged, with gaps in the toothrow replaced through replicating the second dentary tooth of

BRSMG Ce12785. Finally, a small predentary capping the anterior ends of the dentaries was recreated, based upon the dimensions

of these elements and the predentaries of other thyreophoran taxa. The restored elements were thenmirrored as necessary and rear-

ticulated to yield the osteological model used here.
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Hypsilophodon foxii

The model of Hypsilophodon foxii used herein is based primarily upon the holotype, NHMUK PV R197. However, this specimen is

incomplete, lacking the predentary and anterior end of the dentary, much of the articular, and the palpebral, and has suffered exten-

sive taphonomic deformation and fragmentation of the skull roof. As a result, missing or excessively damaged elements were based

uponmore complete or less deformed examples fromNHMUKPVR196, NHMUKPVR2470, andNHMUKPVR2477. Specifically, the

left main body of the premaxilla, maxilla, lacrimal, jugal, quadratojugal, bottom of the quadrate wing, pterygoid, ectopterygoid, pal-

atine, vomer, posterior dentary, surangular, coronoid, splenial, angular, prearticular and anterior part of the articular, and the right

ascending process of the premaxilla and squamosal were taken from NHMUK PV R197. The braincase, the left nasal, frontal, post-

orbital, parietal, and main body of the quadrate, and the right prefrontal were taken from NHMUK PV R2477. The anterior end of the

left dentary, up to the second tooth, was taken from NHMUK PV R196, and the predentary from NHMUK PV R2470.

Comparison of measurements from overlapping elements/partial elements indicates that those of NHMUK PV R2477 are consis-

tently�12-20% larger than those of NHMUKPV R197, similar to the difference between postcranial measurements from these spec-

imens,86 suggesting size variance between the two was approximately isometric. Elements from NHMUK PV R2477 were hence

scaled based upon their preserved dimensions in NHMUK PV R197. However, as NHMUK PV R197 entirely lacks the predentary,

that of NHMUK PV R2470 was scaled based upon the articular facet for the predentary preserved in NHMUK PV R196. A complete

articular is lacking from this material, and so the posterior end of the articular of NHMUK PV R197 was completed using that of Le-

sothosaurus. Themissing palpebral was also based upon that of Lesothosaurus, scaled according to its corresponding articular facet

in NHMUK PV R197. The palpebral is not thought to play any role in accommodating feeding-related stresses, and indeed was not

resolved to do so in the analyses conducted herein. Furthermore, only the posterior end of the articular, posterior to the glenoid for the

quadrate, was restored after Lesothosaurus and, although this restoration may affect the shape of the insertion site for the m.

depressor mandibulae, this muscle was not included in the FEA performed herein. Consequently, these compromises are not

believed to adversely affect the results.

Cracks and holes in these elements were repaired. The fragments of the ascending process of the right premaxilla of NHMUK PV

R197 were rotated back and merged with each other, mirrored, and combined with the left premaxilla to form a complete element.

The ascending process of themaxilla of NHMUKPVR197 is complete but fragmented: these fragments were pieced back together to

complete the element. The angle of the anterior ramus of the pterygoid of this specimen has been warped, and the vomers are

crushed and fragmented. These elements were segmented along their length and these fragments were moved back into their orig-

inal positions, constrained by the positions of other bones (see below). The left nasal of NHMUK PV R2477 was straightened and

positioned based upon preserved fragments of the nasal of NHMUK PV R196. The tip of the descending process of the postorbital

of NHMUK PV R2477 was restored using interpolation based on the facet for this process on the surface of the jugal of NMHUK PV

R197. The fragmented posterolateral wing of the left parietal of NMHUK PV R2477 was restored by rotating these pieces back

together. The quadrate was mostly from NHMUK PV R2477, but with the ventral part of the quadrate wing restored using the bet-

ter-preserved part of this element from NHMUK PV R197. The anterior part of the dentary of NHMUK PV R196 was merged with

the rest of the dentary of NHMUK PV R197 by rotating and scaling it so that the alveolus for the second tooth of both elements

matched.

These repaired elements were then mirrored to produce their antimeres and rearticulated. To ensure symmetry, the braincase and

predentary were also bisected down the midline, mirrored, and these halves were stitched together. The better-preserved and con-

strained regions of the skull (skull roof, braincase, snout) were re-articulated first, and then used to help establish the more poorly

constrained topology of the palate, in particular the vomers and the angle of the anterior ramus of the pterygoid (see above). The

hemimandibles were rearticulated last, based on the morphology of the predentary and the shape of the upper toothrow.

Psittacosaurus lujiatunensis

See Taylor et al.25 for details of the Psittacosaurus osteological model used herein.

Muscle reconstruction
Muscle insertion and origination sites were reconstructed on the basis of observed osteological correlates,27 with inferences

constrained based upon extant phylogenetically bracketing87 taxa, including Alligator88 and Columba,89 as well as previous recon-

structions of ornithischian jaw musculature.25,42,63,65,68,70,71,85,89 A parrot-like pseudomasseter, as reconstructed in Psittacosaurus

by Sereno et al.,69 and m. adductor mandibulae externus ventralis, as has been suggested in Heterodontosaurus64 and Psittacosau-

rus,69 were not reconstructed due to the lack of phylogenetic, and limited osteological, evidence for these tissues,25 and to

standardize comparisons between taxa. The origination and insertion sites of the other taxa are described below and illustrated in

Figure S1.

M. adductor mandibulae externus superficialis (m.AMES)

The m.AMES is inferred to originate from the smooth medial and medioventral surfaces of the upper temporal bar, as in lepido-

saurs27,70,86,90 and typical for non-avian dinosaurs,27,62,70 in a level I inference.87 Anteromedially, the extent of the m.AMES was de-

limited based upon a slight separation between the excavation for the m.AMES and that of the m.PSTs within the supratemporal

fossa in Heterodontosaurus, Lesothosaurus, Hypsilophodon and Psittacosaurus. In Scelidosaurus this separation is more obvious,

with distinct, deep excavations in the posterior surfaces of the postorbital medial process and the frontal reconstructed as occupied

by the m.AMES and m.PSTs, respectively (Figure S1C). The m.AMES of Lesothosaurus, Scelidosaurus and Psittacosaurus is hence

reconstructed as occupying a significant portion of the anterior part of the supratemporal fenestra, originating from most of the
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posterior surface of the medial process of the postorbital. By contrast, the anteromedial extent of the m.AMES in both Heterodon-

tosaurus andHypsilophodon appears to have beenmore restricted, on the basis of both these osteological correlates and topological

constraints provided by the cranium and other adductor muscles.

Posteriorly, the origin of the m.AMES extends onto the anterior face of the medial process of the squamosal, and is separated from

the insertion area for the m.AMEM by a slight ridge in Heterodontosaurus, Lesothosaurus, Scelidosaurus and Psittacosaurus. In

Lesothosaurus, the origin for the m.AMES also appears to extend slightly into a well-defined sulcus on the ventrolateral surface of

the anterolateral process of the squamosal84 (Figure S1B). Scelidosaurus exhibits a smooth ventrolateral surface on the squamosal

anteromedial process, which is bounded dorsally by its overhanging lateral surface,85 and continuous with the scar for the m.AMES

on its ventromedial surface. The origination site for the m.AMES in Scelidosauruswas hence inferred to extend onto the ventrolateral

surface of the squamosal, similar to the reconstruction of Norman,85 although extending less far anteriorly and posteriorly (Fig-

ure S1C). An attachment of the m.AMES onto the ventrolateral surface of the squamosal was also suggested in Hypsilophodon

by Galton,86 but was rejected here due to topological constraints and the absence of an osteological correlate in this region.

InHeterodontosaurus, a large excavation is present on the lateral surface of the supratemporal bar and ventral process of the post-

orbital, bounded dorsally by a longitudinal ridge, itself continuous anteriorly with a pronounced ridge on the postorbital, and poste-

riorly with the squamosal rim. This areawas considered to represent an additional insertion area for them.AMES the on lateral surface

of the supratemporal bar similar to, but extending less far posteriorly than, the ‘m.AMESX’ of Norman et al.67 (Figure S1A, see also

similar reconstructions by Nabavizadeh,42 Sereno,64 and Crompton and Attridge65). Nonetheless, the novel nature of this correlate

makes this origin a level III inference.

The m.AMES is reconstructed as inserting onto the dorsolateral edge of the surangular in all five taxa (Figure S1), as is typical for

ornithischians,25,27,62,64,65,70,85,86,91 and sauropsids in general,27,90 in a level I inference. In Lesothosaurus this insertion site is marked

by the smooth, ventrolaterally beveled dorsal margin of the surangular, which is bounded ventrally by a slight ridge. In Scelidosaurus,

Hypsilophodon and Psittacosaurus it is marked by a more vertically oriented fossa in the surangular, which extends onto the lateral

surface of the coronoid process inHypsilophodon. In Scelidosaurus this fossa is bound ventrally by a strong lateral shelf, reminiscent

of the condition observed in theropods27 (Figure S1C). Heterodontosaurus possesses an unusual surangular morphology, where its

dorsal edge is composed of two bony tracts, delineated by a groove.64,67 Norman et al.67 reconstructed the m.AMES as inserting

ventral to these struts, onto the thickened surface of the angular, resulting in this muscle passing lateral to the lower temporal

bar. This arrangement is problematic, however, as this it would be unique among archosaurs.64 Instead, the m.AMES is here recon-

structed as inserting onto the dorsal and lateral surfaces of the upper tract, and extending onto the dorsal surface of the lower tract,

(Figure S1A, cf. Sereno64), based on the smooth surfaces of these areas and the unambiguous insertion of the m.AMES onto the

dorsolateral surface of the surangular, as in other ornithischian taxa.27,64

M. adductor mandibulae externus medialis (m.AMEM)

The m.AMEM is reconstructed as originating from the posterior region of the supratemporal fossa as is typical for non-avian

dinosaurs (e.g., Taylor et al.,25 Holliday,27 Nabavizadeh,62 and Ostrom70), occupying the anterior surface of the medial process of

the squamosal, part of the lateral surface of the parietal, and the dorsolateral surface of the opisthotic (Figure S1), in a level I inference.

The lateral distinction between this insertion site and that of the m.AMES is demarcated by a ridge in Heterodontosaurus, Lesotho-

saurus,Scelidosaurus andPsittacosaurus. InHypsilophodon, them.AMEM is reconstructed as filling the entirety of a circular fossa on

the anterior face of the squamosal, distinct from the shallower scar for them.AMES. Themedial distinction between this insertion site

and that of them.AMEP is difficult to ascertain,27 but is based upon a slight change in curvature and difference in shape of the parietal

within the supratemporal fossa: this fossa ismore prominent in Scelidosaurus andHypsilophodon. The ventral margin of this insertion

is not distinct but is considered to be coincident with a swelling of the braincase, based upon topological constraints within the re-

constructed adductor chamber.

Them.AMEM is reconstructed as inserting onto the dorsomedial surface of the surangular, as in previous reconstructions of ornith-

ischian taxa25,27,62,67,70,86 and typical for sauropsids.27,70,90 However, the generally ambiguous nature of this muscle in extant taxa

can make it difficult to separate from the m.AMES andm.AMEP,5 making this inference a level I’ inference.27 Here, the m.AMEMwas

reconstructed inserting onto the surangular posterior to the coronoid eminence of each taxon, leaving a narrow scar slightly sepa-

rated from the more anterior insertion reconstructed for the m.AMEP (see below). Norman85 reconstructed the m.AMEM of Scelido-

saurus as attaching to the coronoid eminence via a bodenaponeurosis. However, this arrangement was not adopted here, due to the

presence of a clear osteological correlate for the m.AMEM on the surangular (Figure S1C).

M. adductor mandibulae externus profundus (m.AMEP)

Them.AMEP is reconstructedas originating from themedialwall of the supratemporal fossa, occupying the lateral surfacesof themid-

dle portion of the parietal and the laterosphenoid, in all five taxa, as is typical for dinosaurs,27 including ornithischians.27,62,64,67,86 This

inference is a level I inference for all five ornithischian taxa. Dorsally, this origination site extends onto a low sagittal crest in Hetero-

dontosaurus, Scelidosaurus, Hypsilophodon and Psittacosaurus (Figures S1A and S1C–S1E) whereas the supratemporal fossa is

lower in Lesothosaurus (Figure S1B). The boundary between the origins for them.AMEP and them.PSTs ismarked by a vertical, ante-

rodorsally oriented, ridgeon theparietal inHeterodontosaurus,LesothosaurusandScelidosaurusasalsoseen in someothernon-avian

dinosaurs,27 andby amore subtle change in curvature of theparietal surface inHypsilophodon27 andPsittacosaurus. Topological con-

straints between the reconstructed volumes of the m.AMEP and m.PSTs also help to delimit their relative extents in these taxa.

Them.AMEP is reconstructed as inserting into the coronoid region of themandible, as is typical for ornithischians25,27,42,62,64,69,70,85

and sauropsids in general.27,70,90 In all five taxa, a distinct, circular scar is present on the dorsomedial surface of the apex of the
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coronoid process, wrapping around onto its dorsal and, slightly, its dorsolateral surfaces (Figure S1). Them.AMEP is reconstructed as

inserting only onto the coronoid process inHeterodontosaurus,LesothosaurusandHypsilophodon. InScelidosaurus andPsittacosau-

rus it spreads onto the anterior edge of the dorsomedial surface of the surangular, delimited posteriorly by what appears to be a slight

separation between this insertion correlate and the scar for them.AMEM. This reconstructed insertion site is hence a level I inference

for all five taxa.

M. pseudotemporalis superficialis (m.PSTs)

Them.PSTswas reconstructed as originating from the anteromedial portion of the supratemporal fossa of all five taxa, as observed in

lepidosaurs27 and previously reconstructed in ornithischians25,62,67,70,85,86 in a Level I inference.27 There is a slight separation be-

tween the scars for the m.PSTs and the m.AMES (see above): whereas the m.PSTs spread anterolaterally onto the posteromedial

corner of the postorbital in Lesothosaurus (Figure S1B) and Hypsilophodon (Figure S1D) it was instead confined to the frontal in Het-

erodontosaurus, Scelidosaurus and Psittacosaurus (Figures S1A, S1C, and S1E). Posteriorly, the m.PSTs originated from the lateral

surface of the anterior half of the parietal, bounded posteriorly by the origin of the m.AMEP (see above).

The insertion site for the m.PSTs is variable in extant sauropsids, as it inserts onto the medial aspect of the coronoid region in lepido-

saurs and most extant birds, but into the medial mandibular fossa in crocodilians and the majority of ratites.27 Here, the m.PSTs

was reconstructed as inserting into the anterior portion of the elongate mandibular fossa in Heterodontosaurus, Lesothosaurus, Sceli-

dosaurusandPsittacosaurus, after,25,27 in a Level I inference. This reconstruction contrastswith previous reconstructions ofHeterodon-

tosaurus67 and Scelidosaurus,85 which included the m.PSTs inserting onto the coronoid process. This arrangement was rejected here,

however, dueboth to the relatively elongatemandibular fossa in these taxa,which ismoresimilar tooutgroupspossessingan insertionof

thismuscle into the adductor fossa,27 and spatial constraints, with this alternative path for them.PSTs being precluded by them.AMEP.

By contrast, the m.PSTs was inferred to insert into a slightly depressed region on the medial surface of the coronoid inHypsilophodon

(Figure S1D), similar to its previously reconstructed position in bothHypsilophodon86 and more derived ornithopods.27,62,70 This region

was further reconstructed to accommodate the m.PSTs, rather than the m.AMEP, due to spatial constraints resulting from alternative

configurations of thesemuscles. Nonetheless, the variability of this insertion in extant sauropsids, and the potentially ambiguous nature

of this osteological correlate, make this a Level II’ inference.

The m. pseudotemporalis profundus (m.PSTp) is reconstructed as originating from the surface of the epipterygoid in dinosaurs.27

However, an ossified epipterygoid is absent in many ornithischians, which may have lost this muscle.27 Consequently, no attempt

was made to reconstruct the m.PSTp. Although an ossified epipterygoid is present in Scelidosaurus85 the m.PSTp was not recon-

structed for this taxon as: 1) it is unlikely to have made a significant contribution to jaw adduction85; and 2) this permits equivalent

comparisons between it and other ornithischians that lack this element.

M. adductor mandibulae posterior (m.AMP)

The m.AMP was reconstructed as originating from the anterolateral surface of the quadrate in all five taxa, as-in other sauropsids27

and previous reconstructions of this muscle in these taxa.25,27,62,64,67,69,70,86 This insertion is marked by a deep excavation in the

anterior surface of the quadrate shaft inHeterodontosaurus67 (Figure S1A), but only by a shallow concavity or flattening of the surface

in other taxa. The m.AMP is reconstructed as inserting into the adductor fossa of the mandible in all five taxa, as in previous recon-

structions of ornithischians25,27,62,69,70,86 and sauropsids generally.27,90 The highly conserved nature of these origination and inser-

tion sites within Sauropsida27 make these attachments a level I inference for all taxa.

M. pterygoideus dorsalis (m.PTd)

The m.PTd originates on the dorsal surfaces of the bones at the posterior end of the palate in sauropsids.27 Consequently, it was

reconstructed as originating from the dorsal surfaces of the pterygoid, ectopterygoid and palatine in all five taxa, as in previous re-

constructions of ornithischian adductor musculature,25,62,64,69,70,85,86 in a level I inference. The anterior extent of this origination area

can be difficult to discern27 but may be marked in dinosaurs by a fossa on the dorsal surface of the palatines, posterior to an anterior

pneumatic fossa.92 The fossa on the dorsal surfaces of the palatines is continuous with a depression in the pterygoid and ectopter-

ygoid and bound laterally by a sharp ridge, as observed in Lesothosaurus84,93 (Figure S1B) and Hypsilophodon (Figure S1D). The

anterior extent of the m.PTd insertion in Scelidosaurus was taken as consistent with an arced, smooth dorsal surface of the palatine,

and that of Psittacosaurus is marked by a depression in the dorsal surface of the pterygoid flange. The extent of the m.PTd is less

clear in Heterodontosaurus, but is constrained anteriorly by the robust prefrontal-lacrimal pillar.67 It is here reconstructed as origi-

nating from the depressed dorsal surfaces of the pterygoid flange and posterior palatine, and a second depression in the dorsal sur-

faces of the ecopterygoid and the posterior end of the maxillary shelf (Figure S1A), similar to the reconstruction of Norman et al.67

The m.PTd inserts onto the medial surfaces of the prearticular and articular in sauropsids,27 leading to the attachment that has

been universally reconstructed in ornithischians (e.g., Taylor et al.,25 Holliday,27 Nabavizadeh,42 Nabavizadeh,62 Norman,67 Os-

trom,70 Norman,85 Galton,86 and Haas91) as a type I inference.27 A depressed, triangular region is observed on the medial surface

of the prearticular in all five ornithischian taxa. This surface, which is roughened in Heterodontosaurus but smooth in Lesothosaurus,

Scelidosaurus, Hypsilophodon, and Psittacosaurus, was taken as the extent of the insertion site of the m.PTd (Figure S1). A distinct

shelf is observed at the contact between the prearticular and angular in all five ornithischian taxa, making it unlikely that this insertion

site spread onto the medial surface of the angular.

M. pterygoideus ventralis (m.PTv)

The m.PTv originates from the posterodorsal edge of the pterygoid in extant crocodilians and birds,27 and so is reconstructed as

having done so in ornithischians.27,62,70,85,86,91 Specifically, them.PTv is reconstructed here as originating from the thickened poster-

omedial margin of the pterygoid flange, and the smooth, thickened or concave ventral surface of the pterygoid immediately posterior
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to it, in all taxa, as a level I inference. In Lesothosaurus and Heterodontosaurus, this origination site appears to have extended pos-

teriorly to ventrally underlie the basal articulation. The m.PTv was further reconstructed as occupying an excavated pocket in this

region in Heterodontosaurus following,67 and as also reconstructed in some hadrosaurs.70 By contrast, the basal articulation is

well separated from the pterygoid flange in Scelidosaurus, Hypsilophodon and Psittacosaurus, making such an extent less likely.

In dinosaurs, the m.PTv is typically reconstructed as wrapping around the ventral margin of the mandible to insert onto the ventral

and lateral surfaces of the angular, and the lateral surface of the surangular, as-in extant crocodilians and some birds.27 In Hypsilo-

phodon and Psittacosaurus, this insertion is marked by a smooth region on the ventrolateral surface of the mandible and the retro-

articular process, ventral to the jaw joint25,86 (Figures S1D and S1E). InHeterodontosaurus and Lesothosaurus this insertion site is far

more extensive and bounded dorsally by a ridge on the surangular (Figures S1A and S1B), similar to the condition observed in

many theropods.27 A deep excavation in the lateral surface of the retroarticular process of Heterodontosaurus further evidences

the insertion of a substantial m.PTv in this region.67 InHeterodontosaurus, the anterior extent of the insertion of them.PTv is bounded

by a strong dorsal curvature of the ventral margin of the mandible67 (Figure S1A). The anterior extent of this insertion area is less

well-defined in Lesothosaurus, but is here taken as consistent with the anteriormost extent of the ridge on the surangular, resulting

in the insertion of the m.PTv terminating just posterior to the posteroventral extent of the splenial (Figure S1B). As in the other

ornithischian taxa, Scelidosaurus bears a prominent scar for the m.PTv along the ventrolateral surface of the mandible.85 In

addition, it is also reconstructed as attaching along an anteriorly extending depression on the lateral surface of the mandible, contin-

uous with this scar and bounded dorsally by a strong ridge on the surangular (Figure S1C), similar to the condition observed in

Heterodontosaurus and Lesothosaurus. The presence of clear osteological correlates make the insertion of the m.PTv a type I infer-

ence for all five taxa.

QUANTIFICATION AND STATISTICAL ANALYSIS

Muscle force calculation
Adductor muscle contractile forces for Heterodontosaurus, Lesothosaurus, Scelidosaurus and Hypsilophodon were estimated via

the ‘dry skull method.’94 First, the total volume of each muscle was measured using the ‘measure surface area volume’ module,

and its length using the ‘3D measurement’ option in the ‘measurement’ module. The volume of each muscle was then divided by

its fiber length, estimated as equaling two-thirds of its total length following.95 In the absence of pennation angle data from non-avian

dinosaurs, a pennation angle of 0 was assumed, resulting in maximum PCSA estimates for each muscle. Contractile forces for each

muscle were then calculated by multiplying PCSA estimates by a specific tension of 0.3 mm-2 after,94 as in many other studies on

extinct dinosaurs (e.g., Lautenschlager,96 Lautenschlager et al.,97 and Bates and Falkingham98). Reconstructed muscle volumes,

lengths and maximum contractile forces are given in Table S1.

For Psittacosaurus, the muscle volumes calculated by Taylor et al.25 were used herein, although the hypothetical pseudomasseter

and ‘adductor mandibulae externus ventralis’69 were excluded following25 (see above). However, as that study employed total mus-

cle length as an estimate of fiber length, as opposed to the two-thirds value employed here following,95 using the forces calculated by

Taylor et al.25 would systematically underestimate bite forces and induced stresses and strains in Psittacosaurus relative to other

taxa. Consequently, thesemuscle forceswere recalculated employing a two-thirds total length estimate of fiber length, so that results

could be directly compared with other taxa in the sample (‘adjusted forces’ in Table S1).

Finite-element model construction and boundary conditions
The completedmodels were each subjected to standard mesh quality checks using the surface editor in Avizo, repairing intersecting

and poor-quality elements. Following these, for each model, each cranial element and suture was imported individually into Strand7

(R3.1.1) for meshing. Here, standard checks for element quality were repeated, with violating elements repaired through a combina-

tion of manual editing and automated mesh cleaning functions. Once cleaned, this 2D surface mesh was used to produce a 3D solid

mesh of linear tetrahedral bricks using the ‘automesh’ function within Strand7. Summary statistics of each meshed model are pro-

vided in Table S2.

Each model was composed of three separate materials: bones, teeth, and cranial sutures, modelled as a band of more

compliant bricks between bones. Although necessarily simplified, modelling sutures in this way has been demonstrated to yield

accurate biomechanical information.99 Throughout model construction, cranial sutures were made at least three elements in thick-

ness wherever possible without sacrificing morphological accuracy, in order to avoid artefacts at suture-bone boundaries.99,100

These materials were assigned the properties of Alligator mandibular bone (E = 20.49 GPa, n = 0.4101), and those for dentine

(E = 21 GPa, n = 0.31) and sutural tissues (E = 0.09 GPa, n = 0.3) previously used in models of Alligator,102 respectively. Enamel

was not modelled due to the relative thinness of enamel in dinosaurs relative to other taxa,103 as in previous analyses of extant

archosaurs.102 Materials were assumed to be homogenous and isotropic, as is typical in studies of extinct dinosaurs (e.g., Lau-

tenschlager et al.,17 Taylor et al.,25 Button et al.,63 Lautenschlager,96 Lautenschlager et al.,97 and Button et al.104), due to the lack

of data on material anisotropy in fossil taxa. Although this simplification may compromise the accuracy of absolute stress and

strain magnitudes,102,105,106 validation studies have indicated that meaningful patterns of relative stress and strain distribution,

which are our primary interest here, can still be retrieved when using isotropic material properties (e.g., Metzger et al.,105 Bright,107

and Bright and Rayfield108).
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Model loading
Each model was loaded with adductor forces using BoneLoad.109,110 This permitted the total force for each muscle to be distributed

evenly across origination and insertion sites, which were mapped in Avizo as surfaces of a single voxel thickness. The total force

magnitude of each muscle was then divided equally across a series of plates mapping this attachment site in Strand7, in-turn

acting upon the underlying bricks. Muscle vectors were projected towards a centroid representing the reconstructed opposing

insertion/origination site of the muscle: BoneLoad modifies the direction of these vectors so that they wrap around the surfaces

of intervening bones, rather than travelling through them.

Two alternative load cases were then applied to each model. The first applied the muscle forces as given in Table S1, to provide a

best-estimate of the ‘in-vivo’ bite forces and absolute performance of each taxon. The second ‘scaled’ comparison scaled adductor

forces so that the ratio of applied force/surface area for each element in each taxon equaled that of Lesothosaurus (Table S3). Keep-

ing this ratio constant between taxa standardizes for size in comparisons of von Mises stress.29 Consequently, comparison of the

relative performance of these scaledmodels (as measured by induced stress magnitudes) reflects differences due to variance in cra-

nial shape and muscle orientation, rather than size, among these taxa.29 In lieu of any information on muscle activation patterns in

extinct dinosaurs, maximal loads (either absolute or scaled) for all modeled muscles were applied during each load case (equivalent

to simultaneously maximal activation of all adductor muscles). Although, in life, activation patterns would have likely varied between

taxa, this approach was chosen to standardize comparisons as far as possible. Varying patterns of muscle activation may alter

regions of high stresses at the mandibular insertion sites in Heterodontosaurus and Hypsilophodon (Figures 3 and 4) but would

not be expected to significantly affect the high bending stresses in the dentary of Scelidosaurus during rostrally-situated bites

(Figures 3C and 4C).

Constraints and model iterations
Linear static solutions were performed for the cranium and mandible of each taxon, employing both of these alternative muscle load

cases, for simulated bilateral and unilateral bites at every tooth position. All models were constrained against translation and rotation

in all three principal axes at three nodes on either the quadrate condyle or articular glenoid, for cranium andmandiblemodels, respec-

tively. Then, for unilateral bites, a single node on each biting tooth was constrained against translation and rotation in the y-axis. For

bilateral bites, a single node was constrained on each biting tooth. Bite forces were calculated for mandible models as the y-compo-

nent of the reaction force of the biting tooth for unilateral bites (Table S4) or the summed forces for both teeth for bilateral bites

(Table S5).

In addition to bites between each tooth position along the toothrow, models were also solved for bites at the margins of the snout

and predentary bone of the lower jaw, which formed a cropping beak in ornithischians.65 For unilateral bites at the beak, a single node

was constrained on the left side of the apex of the predentary for mandible models, and the premaxilla (or rostral in Psittacosaurus) for

cranial models. For bilateral bites at the beak, two nodeswere constrained, on the left and right sides of themidline of these elements.

These models were used to calculate bite forces at the predentary beak for all taxa in the same way as for the teeth (Tables S4

and S5).

Model comparison
Performance between models was compared between taxa at each biting position through comparisons of predicted bite forces,

andmagnitudes and distributions of functionally-induced vonMises stress. VonMises stress represents ameasure of ‘overall’ stress,

with higher magnitudes approximating closer proximity to failure, and so a mechanically weaker structure under the current loading

regime.29,111
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Figure S1: Reconstructed jaw muscles and attachment sites for ornithischian taxa. 

Related to Figure 1, and STAR Methods. A) Heterodontosaurus, B) Lesothosaurus, C) 

Scelidosaurus, D) Hypsilophodon, E) Psittacosaurus. For each taxon, complete muscle 

volumes are depicted on the top left, origination sites on the cranium on the top middle, and 

insertion sites on the mandible in lateral (above) and medial (below) views on the top right. 

Individual muscle volumes are then depicted in left lateral (above) and anterior (below) views, 

with the skull set as translucent, at the bottom. Scale bars for complete skulls with muscle = 50 

mm, others not drawn to scale.  

  



 

 

 



Figure S2: von Mises stress contour plots from scaled finite-element models of 

ornithischian taxa, solved for unilateral bites. Related to Figure 4. Results for A) 

Heterodontosaurus, B) Lesothosaurus, C) Scelidosaurus, D) Hypsilophodon and E) 

Psittacosaurus for unilateral bites at (from left to right) the anterior beak, the final premaxillary 

tooth and opposing dentary tooth, the anteriormost maxillary tooth and opposing dentary tooth, 

the middle maxillary tooth and opposing dentary tooth, and the final tooth position. For each 

taxon, oblique lateral views of the working-side are shown on top, and the balancing side on-

bottom. Skulls not drawn to scale. 

  



 

Taxon Muscle Muscle volumes/mm3 Muscle length/mm Fibre length/mm PCSA Contractile Force 

He
te

ro
do

nt
os

au
ru

s 

m.AMES 3196.600 47.240 31.493 101.501 30.450 

m.AMEP 2674.200 59.610 39.740 67.292 20.188 

m.AMEM 1714.000 55.130 36.753 46.635 13.991 

m.PSTs 1331.600 67.140 44.760 29.750 8.925 

m.AMP 1113.900 38.180 25.453 43.762 13.129 

m.PTd 1058.300 62.560 41.707 25.375 7.612 

m.PTv 3295.800 34.870 23.247 141.775 42.533 

TOTAL 14384.400 364.730 243.153 456.091 136.827 

Le
so

th
os

au
ru

s 

m.AMES 925.300 32.000 21.333 43.373 13.012 

m.AMEP 289.600 39.110 26.073 11.107 3.332 

m.AMEM 408.000 37.570 25.047 16.290 4.887 

m.PSTs 323.900 45.000 30.000 10.797 3.239 

m.AMP 683.100 30.000 20.000 34.155 10.247 

m.PTd 570.800 42.340 28.227 20.222 6.067 

m.PTv 803.800 30.010 20.007 40.177 12.053 

TOTAL 4004.500 256.030 170.687 176.120 52.836 

Sc
el

id
os

au
ru

s 

m.AMES 24173.000 97.370 64.913 372.389 111.717 

m.AMEP 11901.000 111.150 74.100 160.607 48.182 

m.AMEM 13596.000 103.010 68.673 197.981 59.394 

m.PSTs 11111.000 134.590 89.727 123.832 37.149 

m.AMP 10544.000 73.000 48.667 216.658 64.997 

m.PTd 12605.000 105.850 70.567 178.625 53.588 

m.PTv 24487.000 78.100 52.067 470.301 141.090 

Total 108417.000 703.070 468.713 1720.392 516.118 

Hy
ps

ilo
ph

od
on

 

m.AMES 2289.600 45.480 30.320 75.515 22.654 

m.AMEP 1270.700 42.500 28.333 44.848 13.454 

m.AMEM 1577.100 43.670 29.113 54.171 16.251 

m.PSTs 1211.000 44.300 29.533 41.005 12.301 

m.AMP 1097.400 34.830 23.220 47.261 14.178 

m.PTd 888.800 52.540 35.027 25.375 7.612 



m.PTv 860.200 32.060 21.373 40.246 12.074 

Total 9194.800 295.380 196.920 328.421 98.526 
Ps

itt
ac

os
au

ru
s 

Muscle Forces (Taylor et al.25) Adjusted forces 

m.AMES 88.800 133.200 

m.AMEP 60.100 90.150 

m.AMEM 43.200 64.800 

m.PSTs 66.500 99.750 

m.AMP 70.400 105.600 

m.PTd 11.600 17.400 

m.PTv 20.100 30.150 

Total 360.700 541.050 

 

Table S1: Reconstructed volumes and calculated contractile forces for the adductor 

musculature of ornithischian taxa. Related to Figure 2 and STAR Methods. Each value 

refers to a single muscle: the total force was hence then applied to both sides of the model. 

Fiber lengths were estimated as two-thirds total muscle length, following76. Contractile forces 

were calculated using a specific tension value of specific tension of 0.3 mm-2, following75. For 

Psittacosaurus, muscle forces reconstructed by Taylor et al.25 were adjusted to match the fiber-

length assumptions made in this study: these forces were then used for FEA.  

  



  Bricks Plates Nodes Volume /mm3 

Heterodontosaurus 

Cranium 1575200 20301 344441 27366.5 

Mandible 2198264 33846 447129 10642.5 

Lesothosaurus 

Cranium 2632367 24029 545938 12120.7 

Mandible 1015544 13029 212191 3825.41 

Scelidosaurus 

Cranium 2749539 24161 561522 347420 

Mandible 2530998 28527 507454 171273 

Hypsilophodon 

Cranium 2275729 22809 492427 22025.4 

Mandible 996900 13090 204426 9437.9 

Psittacosaurus 

Cranium 3150329 52332 671308 257375 

Mandible 1165402 24562 255589 93639.6 

 

Table S2: Summary of the models used in this study. Related to STAR Methods. 

  



Taxon Muscles Forces Scaled forces (cranium) Scaled forces (mandible) 

He
te

ro
do

nt
os

au
ru

s 
m.AMES 30.450 19.691 20.005 

m.AMEP 20.188 13.054 13.263 

m.AMEM 13.991 9.047 9.191 

m.PSTs 8.925 5.771 5.863 

m.AMP 13.129 8.490 8.625 

m.PTd 7.612 4.923 5.001 

m.PTv 42.533 27.504 27.943 

TOTAL 136.827 88.479 89.892 

Cranium SA = 34465.3 Force/Cranium SA 3.970E-03 2.567E-03 NA 

Mandible SA = 14092.4 Force/Mandible SA 9.709E-03 NA 6.379E-03 

Le
so

th
os

au
ru

s 

m.AMES 13.012 13.012 13.012 

m.AMEP 3.332 3.332 3.332 

m.AMEM 4.887 4.887 4.887 

m.PSTs 3.239 3.239 3.239 

m.AMP 10.247 10.247 10.247 

m.PTd 6.067 6.067 6.067 

m.PTv 12.053 12.053 12.053 

TOTAL 52.836 52.836 52.836 

Cranium SA = 20581.3 Force/Cranium SA 2.567E-03 2.567E-03 NA 

Mandible SA = 8283.1 Force/Mandible SA 6.379E-03 NA 6.379E-03 

Sc
el

id
os

au
ru

s 

m.AMES 111.717 144.414 171.120 

m.AMEP 48.182 62.284 73.802 

m.AMEM 59.394 76.778 90.976 

m.PSTs 37.149 48.022 56.903 

m.AMP 64.997 84.021 99.559 

m.PTd 53.588 69.272 82.082 

m.PTv 141.090 182.384 216.113 

TOTAL 516.118 667.175 790.555 

Cranium SA = 259885 Force/Cranium SA 1.986E-03 2.567E-03 NA 

Mandible SA = 123935 Force/Mandible SA 4.164E-03 NA 6.379E-03 



Hy
ps

ilo
ph

od
on

 

m.AMES 22.654 20.793 20.360 

m.AMEP 13.454 12.349 12.092 

m.AMEM 16.251 14.916 14.605 

m.PSTs 12.301 11.290 11.055 

m.AMP 14.178 13.013 12.742 

m.PTd 7.612 6.987 6.841 

m.PTv 12.074 11.082 10.851 

TOTAL 98.526 90.429 88.547 

Cranium SA = 35224.8 Force/Cranium SA 2.797E-03 2.567E-03 NA 

Mandible SA = 13881.4 
Force/Mandible SA 7.098E-03 NA 6.379E-03 

Ps
itt

ac
os

au
ru

s 

m.AMES 133.200 71.503 58.614 

m.AMEP 90.150 48.393 39.670 

m.AMEM 64.800 34.785 28.515 

m.PSTs 99.750 53.546 43.894 

m.AMP 105.600 56.687 46.469 

m.PTd 17.400 9.340 7.657 

m.PTv 30.150 16.185 13.267 

TOTAL 541.050 290.439 238.086 

Cranium SA = 113135 Force/Cranium SA 4.782E-03 2.567E-03 NA 

Mandible SA = 37324.7 Force/Mandible SA 1.450E-02 NA 6.379E-03 

 

Table S3: Muscle loads applied to the scaled models. Related to Figure 2. SA = surface 

area.  

  



 
Taxa 

 
Heterodontosaurus Lesothosaurus Scelidosaurus Hypsilophodon Psittacosaurus 

Bite Pos. Force EFF Pos. Force EFF Pos. Force EFF Pos. Force EFF Pos. Force EFF 

Pred. 0 41.32 0.15 0 15.70 0.15 0 157.50 0.15 0 36.23 0.18 0 282.04 0.26 

T1 0.23 50.51 0.18 0.27 21.58 0.21 0.12 178.00 0.17 0.29 46.35 0.24 0.56 406.61 0.38 

T2 0.4 58.44 0.21 0.31 22.33 0.21 0.17 185.78 0.18 0.34 48.73 0.25 0.62 423.33 0.39 

T3 0.43 60.70 0.22 0.35 22.76 0.22 0.22 193.18 0.19 0.38 51.28 0.26 0.69 441.04 0.41 

T4 0.49 63.80 0.23 0.41 23.91 0.23 0.27 198.89 0.19 0.41 52.00 0.26 0.75 465.85 0.43 

T5 0.56 67.20 0.25 0.49 25.33 0.24 0.31 213.06 0.21 0.49 55.34 0.28 0.81 489.49 0.45 

T6 0.65 72.29 0.26 0.58 26.97 0.26 0.35 227.39 0.22 0.56 58.68 0.30 0.88 509.78 0.47 

T7 0.73 76.31 0.28 0.65 28.82 0.28 0.38 231.06 0.22 0.62 63.61 0.32 0.94 545.15 0.50 

T8 0.83 81.30 0.30 0.74 31.06 0.30 0.43 233.16 0.23 0.68 68.40 0.35 1 571.05 0.53 

T9 0.92 85.01 0.31 0.82 33.57 0.32 0.48 254.48 0.25 0.75 74.44 0.38 NA NA NA 

T10 1 86.20 0.32 0.9 36.48 0.35 0.52 269.64 0.26 0.82 80.38 0.41 NA NA NA 

T11 NA NA NA 1 40.14 0.39 0.57 284.63 0.28 0.87 87.12 0.44 NA NA NA 

T12 NA NA NA NA NA NA 0.6 295.86 0.29 0.95 97.19 0.49 NA NA NA 

T13 NA NA NA NA NA NA 0.66 306.17 0.30 1 105.70 0.54 NA NA NA 

T14 NA NA NA NA NA NA 0.7 319.83 0.31 NA NA NA NA NA NA 

T15 NA NA NA NA NA NA 0.76 342.98 0.33 NA NA NA NA NA NA 

T16 NA NA NA NA NA NA 0.8 360.82 0.35 NA NA NA NA NA NA 

T17 NA NA NA NA NA NA 0.85 371.59 0.36 NA NA NA NA NA NA 

T18 NA NA NA NA NA NA 0.9 402.03 0.39 NA NA NA NA NA NA 

T19 NA NA NA NA NA NA 0.93 408.08 0.40 NA NA NA NA NA NA 

T20 NA NA NA NA NA NA 0.96 402.54 0.39 NA NA NA NA NA NA 

T21 NA NA NA NA NA NA 1 404.14 0.39 NA NA NA NA NA NA 

Table S4: Unilateral bite forces outputted by finite-element models of the mandible. 

Related to Figure 2.  Pred. = predentary bite, Tn = bite at the nth tooth position. Pos. = the 

position of the bite position along the oral margin of the dentary, measured as its distance from 

the tip of the predentary divided by the total distance between the tip of the predentary to the 

posteriormost tooth. EFF = bite efficiency, measured as output bite force divided by total input 

muscle force.  



 
Taxa 

 
Heterodontosaurus Lesothosaurus Scelidosaurus Hypsilophodon Psittacosaurus 

Bite Pos. Force EFF Pos. Force EFF Pos. Force EFF Pos. Force EFF Pos. Force EFF 

Pred. 0 42.28 0.15 0 15.94 0.15 0 158.14 0.15 0 36.36 0.18 0 281.15 0.26 

T1 0.23 47.94 0.18 0.27 21.50 0.21 0.12 178.65 0.17 0.29 46.99 0.24 0.56 409.68 0.38 

T2 0.4 59.26 0.22 0.31 22.13 0.21 0.17 187.67 0.18 0.34 49.83 0.25 0.62 437.02 0.40 

T3 0.43 61.75 0.23 0.35 22.67 0.22 0.22 193.69 0.19 0.38 52.85 0.27 0.69 460.02 0.43 

T4 0.49 65.48 0.24 0.41 24.03 0.23 0.27 202.18 0.20 0.41 53.64 0.27 0.75 486.65 0.45 

T5 0.56 68.94 0.25 0.49 25.41 0.24 0.31 215.31 0.21 0.49 57.15 0.29 0.81 516.63 0.48 

T6 0.65 75.55 0.28 0.58 26.94 0.26 0.35 223.76 0.22 0.56 60.24 0.31 0.88 539.49 0.50 

T7 0.73 81.80 0.30 0.65 28.56 0.27 0.38 226.96 0.22 0.62 66.25 0.34 0.94 566.64 0.52 

T8 0.83 89.33 0.33 0.74 30.73 0.30 0.43 238.34 0.23 0.68 71.78 0.36 1 603.77 0.56 

T9 0.92 96.48 0.35 0.82 33.12 0.32 0.48 263.87 0.26 0.75 77.42 0.39 NA NA NA 

T10 1 102.21 0.37 0.9 36.04 0.35 0.52 278.79 0.27 0.82 81.82 0.42 NA NA NA 

T11 NA NA NA 1 39.34 0.38 0.57 294.12 0.28 0.87 90.16 0.46 NA NA NA 

T12 NA NA NA NA NA NA 0.6 308.22 0.30 0.95 101.53 0.52 NA NA NA 

T13 NA NA NA NA NA NA 0.66 314.24 0.30 1 109.65 0.56 NA NA NA 

T14 NA NA NA NA NA NA 0.7 341.59 0.33 NA NA NA NA NA NA 

T15 NA NA NA NA NA NA 0.76 356.85 0.35 NA NA NA NA NA NA 

T16 NA NA NA NA NA NA 0.8 385.66 0.37 NA NA NA NA NA NA 

T17 NA NA NA NA NA NA 0.85 392.65 0.38 NA NA NA NA NA NA 

T18 NA NA NA NA NA NA 0.9 433.38 0.42 NA NA NA NA NA NA 

T19 NA NA NA NA NA NA 0.93 447.29 0.43 NA NA NA NA NA NA 

T20 NA NA NA NA NA NA 0.96 461.92 0.45 NA NA NA NA NA NA 

T21 NA NA NA NA NA NA 1 475.68 0.46 NA NA NA NA NA NA 

Table S5: Bilateral bite forces outputted by finite-element models of the mandible. 

Related to Figure 2.  Bite forces calculated by summing those from both bite positions for a 

bilateral bite. Pred. = predentary bite, Tn = bite at the nth tooth position. Pos. = the position of 

the bite position along the oral margin of the dentary, measured as its distance from the tip of 

the predentary divided by the total distance between the tip of the predentary to the 



posteriormost tooth. EFF = bite efficiency, measured as output bite force divided by total input 

muscle force.  
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