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The evolutionary shift from a single-element ear, multi-element jaw to a
multi-element ear, single-element jaw during the transition to crown
mammals marks one of the most dramatic structural transformations in
vertebrates. Research on this transformation has focused on mammalian
middle-ear evolution, but a mandible comprising only the dentary is equally
emblematic of this evolutionary radiation. Here, we show that the remark-
ably diverse jaw shapes of crown mammals are coupled with surprisingly
stereotyped jaw stiffness. This strength-based morphofunctional regime
has a genetic basis and allowed mammalian jaws to effectively resist defor-
mation as they radiated into highly disparate forms with markedly distinct
diets. The main functional consequences for the mandible of decoupling
hearing and mastication were a trade-off between higher jaw stiffness
versus decreased mechanical efficiency and speed compared with non-mam-
mals. This fundamental and consequential shift in jaw form-function
underpins the ecological and taxonomic diversification of crown mammals.

This article is part of the theme issue ‘The mammalian skull: development,
structure and function’.

1. Introduction

The radiation of crown group mammals into adaptive zones vacated by the extinc-
tion of non-avian dinosaurs led to the Cenozoic Era (66 Ma to the present) being
regarded as the ‘Age of Mammals’. Among the most dramatic macroevolutionary
transformations leading up to the Cenozoic diversification of the ca 6500 living
species of crown mammals plus their extinct relatives are two novel osteological
features: (i) the addition of two new middle-ear ossicles, elements from postden-
tary bones homologous to the articular and quadrate in non-mammal vertebrates,
to the one element common to all tetrapods (stapes), and (ii) the detachment of
postdentary bones from the lower jaw and the related evolution of the temporo-
mandibular joint (TM]J, or the squamosal-dentary joint) [1,2]. This second feature
is an unreversed mammalian synapomorphy and accomplished the decoupling of
hearing acuity on the one hand, and a single-element jaw bone with more precise
dental occlusion on the other [3-8]. Study of such morphological transformation
and repurposing has fuelled palaeontological research for nearly two centuries,
and these shifts are understood to be crucial in enabling mammals to take
fuller advantage of a broad range of food sources as active heterotrophs in
broad-ranging terrestrial, marine and aerial environments [9,10].

Although past research focused heavily on the implications of this transition for
the mammalian ear, this evolutionary transformation also affected jaw mechanics.
Historically, we understand vertebrate feeding systems by characterizing the mor-
phological components as lever arms and force transmission linkages (class III
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Figure 1. Vertebrate lower jaw shape dataset mapped over a composite phylogeny. (a) Temporal and taxonomic distribution of taxa sampled. (b) Stiffness (maximum
deflection in cantilever bending experiment) with ancestral state reconstruction. Lower deflection values imply higher stiffness. (c) Mechanical advantage (MA) heatmap with
ancestral state reconstructions. Higher MA values imply more mechanically efficient jaws. (d) Aspect ratio (AR) heatmap with ancestral state reconstructions. Lower AR values
imply more streamlined and higher velocity transmission jaw shapes. Silhouettes from phylopic.org (see electronic supplementary material, data S21 for attributions).

levers and four-bar linkage systems, for example). In this frame-
work, the fulcrum of the jaw mechanical system (jaw joint)
underwent three major transformations during the approxi-
mately 440 Myr history of jawed vertebrates. First, the
evolution of an upper-lower jaw articulation in the earliest
gnathostomes [11] enabled the feeding apparatus to diversify
force and speed parameters in a mechanical lever system [12].
The second reorganization occurred in stem Osteichthyes [13],
from a quadrate-infragnathal joint to a quadrate-articular joint
[14]; 90% of living vertebrates (approx. 58 500 species) still pos-
sess this class III lever anatomical configuration, attesting to its
evolutionary viability and longevity. The third major transform-
ation, from the quadrate-articular joint to a TMJ in mammals
[15], further reduced the number of lower jaw elements and
intramandibular joints present in this force transmission
system [2]. In recent decades, research on evolutionary trans-
formations of the mammalian jaw has centred on exceptionally
preserved fossils documenting the decoupling of hearing and
mastication [16-20]; illuminating the biomechanical and kin-
ematic consequences of this important transformation in the
loading of the jaw joint and the movements of the now single-
boned lower jaw in mammals is a major initiative [4,21,22].

The functional and biomechanical implications of this evolution-
ary transformation have largely been hypothesized as increased
mechanical efficiency and strength with the redistribution of
joint loading forces and more advantageous in—out lever con-
figurations for jaw adductor muscles. No broad quantitative
test of this scenario surrounding the origin of crown Mammalia
has yet been performed, however.

Here, we demonstrate that shape evolution of the mamma-
lian mandible is characterized by a concomitant increase in
morphological disparity but decrease in functional disparity,
representing a form—function decoupling. Furthermore,
the mammalian jaw transformation represents a trade-off
between strength and efficiency; the radiation of mammalian
mandibular shape diversity is coupled with higher jaw
stiffness but lower jaw speed and mechanical advantage
(MA) compared with non-mammals. We leverage an integra-
tive array of analyses using elliptic Fourier transforms,
experimental mechanical testing, finite-element modelling,
gene—phenotype-biomechanics association analyses, adaptive
landscapes and phylogenetic comparative methods on a jaw
shape dataset of 1000+ vertebrates (479 mammaliaform genera
and 563 non-mammal vertebrate genera; figure 1, electronic
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Figure 2. The integrated methodological framework used in this study. The major components of the analyses include (1) jaw shape analyses using elliptical Fourier
analysis (EFA), principal components analysis (PCA) and morphospace visualization; (2) mechanical performance analyses using finite-element analysis (FEA) and
cantilever bending tests on theoretical warp models, interpolation of biomechanical traits in individual genera; (3) adaptive landscape analyses that optimize the
relative fitness coefficient among biomechanical traits; (4) phylogenetic comparative methods that test fit to trait evolution models using interpolated biomechanical
traits and a new composite phylogeny for both extant and fossil vertebrate taxa; (5) relative evolutionary rates (RER) and path analyses using structural equation
modelling (SEM) of genotype—phenotype—biomechanics correlations in rates of evolution and in overall similarity.

supplementary material, figure S1 and data S1, S2). The
mammal dataset includes representatives of all major crown
and key stem mammal clades; the non-mammal dataset
includes a sampling of fossil and living non-tetrapod ver-
tebrates, amphibians, squamates, archosaurs, turtles and non-
mammalian synapsids. We constructed an ‘all-mandible’ mor-
phospace using the largest 2D profile shape dataset of jawed
vertebrates to date and used it to test a ‘key innovation” hypoth-
esis of a major mammalian functional morphological
evolutionary rate and disparity shift coinciding with a single-
element lower jaw. The form-function analyses are grounded
in the first principles of jaw lever mechanics [23] and the funda-
mental property of force—speed trade-off in quasi-static lever
systems [24].

2. Material and methods
(a) Mandible shape analysis

We used 2D outline shape analysis to quantify vertebrate jaw
shape [12,25-30] (figure 2). To capture a range of jaw shapes

across vertebrates, we compiled mandible specimen image files
(see electronic supplementary material for detailed sources)
and converted them into binary images. The image dataset was
imported into the R programming environment for elliptical
Fourier analysis using the Momocs R package [31]. A series of
smoothing and standardization operations ensured the shapes
represented outlines of comparable semi-landmark density
(see electronic supplementary material for additional details). A
full generalized Procrustes alignment was performed. The
aligned shape dataset was then subjected to elliptic Fourier trans-
formation with calibrated harmonics search to obtain 99%
harmonic power. A principal components analysis (PCA) was
then conducted on the transformed data and the first two PC
axes used to create a two-dimensional jaw shape morphospace.
Within the PC1-PC2 jaw shape morphospace we generated 100
warped theoretical jaw shapes characterizing different regions
of the morphospace. Warped jaw shapes were set at regular
intervals to cover the X (10 intervals) and Y (10 intervals) axes
using the plotting function in R. The resulting warped shapes
(hereafter called ‘theoretical warp models’) were exported as
vector graphics files both for linear biomechanical trait measure-
ments and for 3D bending experiments and finite element (FE)
simulations (see below).

16002207 ‘8LE § 205 Y 'subi[ iy Gisi/ewinol/BiobuiysygndAranosiefos H



(b) Biomechanical trait estimation and validation

Two linear biomechanical traits based on beam theory and lever
mechanics principles were measured for each of the 100 theoreti-
cal warp models from the morphospace: aspect ratio (AR) and
MA. Mechanical lever ratios have been shown to overestimate
force transmission and underestimate velocity transmission
[32]. Therefore, we determined both MA and AR as separate
measures of force and velocity, respectively. Jaw AR is defined
as the length of the longest line drawn across the dorsal-ventral
axis of each jaw shape outline divided by that of the longest line
drawn across the anterior-posterior axis of the jaw shape. A
lower AR is interpreted as representative of higher jaw displace-
ment or compliance, and higher AR is an indication of low jaw
displacement or compliance. Jaw velocity is estimated as 1/AR;
jaws that are elongate will have higher velocity than jaws that
are less elongate. MA is defined here as the length of the line
between the edge of the outline at the jaw joint to the dorsal-
most point of the coronoid/adductor process divided by the
length of the line between the jaw joint and the anterior-most
point of the jaw shape outline. This ratio measures the relative
in-lever arm length of the generalized adductor muscle insertion
site at the coronoid process to the out-lever arm length of a
hypothetical bite point at the front of the jaw (equivalent to an
incisor tooth position in mammals). Both AR and MA values
are unit-less and size-free. Measurements used in calculating
these ratios were taken on the exported vector graphics file of
the 100 theoretical warp models using the linear measurement
tool in Fiji [33].

We estimated additional biomechanical traits using FE
simulation and validated our simulation dataset using exper-
imental mechanical tests. The 100 theoretical warp models
were converted from vector graphics files into extruded (with a
thickness of 10 mm) models that were then 3D printed for
experimental bending test and digitally solid-meshed for FE
simulations, respectively. For experimental bending tests,
hypothetical warp models were printed and mounted onto a
custom-fitted vice grip attachment to a Mark-10 ESM1500
electromechanical testing frame (Mark-10, New York, USA).
Cantilever bending tests were performed on each plastic jaw
model by fixing the jaw joint/grip cube and applying a ventrally
directed force at the anterior tip of the model. Two mechanical
property values were collected from each 3D printed model
experiment: total deflection (up to 10 mm) and strain energy
(SE). Deflection is a measure of the stiffness of a particular jaw
shape and is measured as the vertical distance travelled by the
testing frame during a given experiment. SE is another measure-
ment of stiffness or resistance to deformation, defined as the
work done in deforming a material under a particular load,
and was estimated as the area under the force-deflection curve
by calculating the integral of the curve (in N mm).

For simulation-based bending tests using the FE method, the
extruded jaw shape models (in STL format) were imported
into Strand? finite-element software (v.2.4.6, Strand7, Sydney,
Australia) and set to have identical dimensions to the physical
models tested using bending experiments. All jaw models were
assigned a homogeneous set of material properties suitable for
linear static analysis; the elastic (Young’s) modulus was set to
20 GPa, and Poisson’s ratio to 0.3, as in previous FE studies of
jaw structures [12,34]. Nodal constraints preventing free body
movement were applied in each jaw model at both the pos-
terior—dorsal and the posterior—ventral extremes of the jaw
shape. A nodal force of 100 N was applied to the anterior-most
node on the edge of each jaw shape model to simulate a ventrally
directed load as in a cantilever bending experiment. The FE
models were solved with a linear static solver using the direct
sparse scheme option. After solution, total deflection (in mm)
was extracted from each jaw model at the point of the nodal

force. Total stored SE (in joules) was obtained from the
solution file using the SE visualization option.

(c) Biomechanical trait interpolation

We estimated taxon-specific values of AR, MA, total deflection
(stiffness) and SE (another measure of stiffness) using double
linear interpolation, implemented in the interp R package.
Double linear (or bilinear) interpolation sequentially applies
linear interpolation to two variables (x, y) in predicting a third
(i.e. 2). The biomechanical values obtained from linear measure-
ment, experimental and FE analyses were set as the z values for
the theoretical warp models and used to interpolate z values for
per-species biomechanical trait in the taxon-specific shape data-
set. The resulting mean interpolated values for each genus
were used in all subsequent analyses.

(d) Jaw shape and biomechanical trait distribution

To evaluate the assumption that the simplified lateral/2D profile
jaw outlines used in this study retain significant functional mor-
phological signal relative to a null model of randomly distributed
shape and biomechanical traits, we conducted a series of non-
parametric trait distribution analyses using a combination of
bootstrap resampling and Wilcoxon rank sum tests. We first gen-
erated 1000 datasets of 1000 combinations of PC1 and PC2 values
within the jaw shape morphospace as simulated taxa. The bio-
mechanical traits (MA, AR, total deflection, SE) were then
estimated for simulated taxa using the same interpolation for-
mulae as those used to estimate actual taxa values. Lastly,
Wilcoxon rank sum tests of similarity between the distributions
of both shape and biomechanical trait values in the simulated
shape dataset versus values interpolated for actual taxon
shapes were conducted. The hypothesis tested here is that both
the PC1-PC2 and biomechanical trait values in the taxonomic
dataset collected were significantly different from randomly
sampled distributions of those values in the same morphospace,
and thus provide support for the 2D approach.

(e) Trait disparity analyses

To examine potential differences in jaw shape and biomechanics
trait disparity between mammals and non-mammals predicted
by a ‘key innovation” hypothesis (figure 2), we calculated trait dis-
parity using the dispRity R package [35]. In addition, to account
for potential biases in disparity metrics introduced by uneven
taxonomic sampling and sample sizes, each of the disparity com-
parisons was both bootstrapped and rarefied. Disparity values
were compared between mammals and non-mammals for five
morphological and biomechanical traits: (i) PC1 and PC2 values
only (reflecting the morphological data used to build the
jaw shape morphospace), (ii) all PC values from the PCA,
(ili) taxon-specific interpolated MA values, (iv) taxon-specific
interpolated AR values, and (v) taxon-specific interpolated,
experimentally derived maximum deflection values.

(f) Body mass allometry of biomechanical and
morphological traits

To assess the potential correlation between the morphological
and biomechanical traits analysed and body mass, we collected
both body mass and jaw adductor muscle mass data from a
range of mammals and other vertebrates. Average adult
body masses for 411 mammal genera were extracted from the
PanTHERIA database [36] (electronic supplementary material,
data S19). In addition, total adductor muscle masses (wet
weight) were compiled for selected vertebrates for which dissec-
tion and comparative muscle anatomical data were available in
the literature [37-43] (electronic supplementary material, data
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S20). All mass variables were logjo-transformed prior to further
analysis. The relationships between each of five functional
morphological traits (MA, AR, maximum deflection, PC1 shape
score, PC2 shape score) and logio(body mass in grams)
were examined using scatterplots. The relationship between
logip(body mass) and total jaw adductor was plotted and
then linearly regressed using the ‘power trend line” function in
Microsoft Excel.

(g) Adaptive landscape analysis

We contextualized the evolutionary and biomechanical optimal-
ity of vertebrate mandibles using adaptive landscape analysis
[44,45]. Briefly, we generated performance surfaces over the
main jaw shape morphospace for each biomechanical trait by fit-
ting a second-order polynomial surface using least squares. A
combined adaptive landscape was then computed as the sum-
mation of individual performance surfaces, each weighted by
their relative importance or contribution to overall fitness. In
equation form:

W =wFy + wyFy + w3F3 + - - - + w,Fy,

where W is the combined adaptive landscape, w, is the
per-performance surface relative fitness and F,, is the individual
performance surface [46]. For each examined clade (see below),
the value W is optimized as the likelihood of combinations of
performance surface and relative fitness, under the definition
that the total fitness sums to 1 and the variance of all surfaces
is set to be equal. Using experimental SE, relative bite force
(MA), bite speed (1/AR) and jaw displacement (AR) traits as
performance variables, adaptive landscapes were optimized for
all gnathostomes at five taxonomic levels: non-tetrapods versus
tetrapods; between synapsids and sauropsids; and within synap-
sids, sauropsids and archosaurs, respectively. The optimized
adaptive landscapes were then used as hypotheses for testing
models of trait evolution.

(h) Testing models of biomechanical trait evolution

To examine evolutionary rates and modes of biomechanical traits
(MA, AR, stiffness as measured by SE and maximum deflection),
we constructed a composite phylogeny including extant and
fossil taxa using existing literature (see electronic supplementary
material for additional details). We also estimated branch lengths
and their uncertainty over the phylogeny by generating 100 time-
tree samples using the Paleobiology Database and the paleotree R
package [47]. Using these 100 time-tree samples, we evaluated
the fit of the trees to different models of trait evolution for MA,
AR and stiffness. We evaluated models of trait evolution using
the motmot R package to test the results from the adaptive landscape
analyses: these models are (i) Brownian motion (BM; a random
walk model in which trait variance increases with time since diver-
gence at a constant rate), (ii) Ornstein-Uhlenbeck (OU; a BM model
with presence of a single optimal trait value or central tendency),
and (iii) ACDC (‘early burst’; model of exponential increase or
decrease in evolutionary rate through time).

Furthermore, to assess whether there is a significant change in
the rate of biomechanical evolution from non-mammal vertebrates
to mammaliaforms during the transition to the mammalian mand-
ible, we modelled biomechanical evolutionary rate heterogeneity
using the traitMEDUSA method implemented in motmot. This
rate shift detection method first fits a BM model to the data, then
systematically fits two-rate models to each node in the phylogeny,
and then identifies the best-fitting two-rate model using Akaike
information criterion (AIC). We used this approach to test the
hypothesis of a rate shift occurring near the non-mammal to
mammal transition but without specifying an exact node, by allow-
ing the fit to be searched over all possible nodes. Because of model
misspecification and other biases associated with using individual

multivariate shape trait variables such as individual PC axis
scores for univariate comparative analysis [48,49], we conducted
a separate evolutionary rate analysis for jaw shape using a dis-
tance-based method previously proposed for high-dimensional
shape and other biological data [50]. Pairwise between-species
differences are used in this approach to estimate multivariate evol-
utionary rates using a BM model [50]. We used permutation to
obtain statistical significance values in the comparison between
mammal and non-mammal shape evolution rates.

To select the best-performing biomechanical trait evolution
model, we used weights from AICc (AIC corrected for small
sample sizes) scores of the three different trait models to identify
the preferred model for each of the three biomechanical traits
analysed. To identify locations of potential evolutionary rate
change in biomechanical traits on the composite phylogeny, we
summarized the results of the two-rate model-fitting analyses as
a percentage of the 100 tree samples in which a rate increase or
decrease is found at a particular node. The same 100 tree samples
were used to estimate magnitude and significance of multivariate
evolutionary rate differences between mammal and non-mammal
jaw shapes.

(i) Relative evolutionary rates of genes implicated in
mandible development

We conducted a relative evolutionary rate analysis using GenBank
sequences of genes that have been shown to be involved in normal
mandible development in vertebrates. Nineteen genes were
identified from the literature as definitely expressed in the lower
jaw. Reference sequences of these genes were obtained using
Homo sapiens as the query sequence in the BLAST search engine.
A summary of the gene families and groups involved in jaw
development is included in the electronic supplementary material.

We first assessed the extent to which the candidate genes to be
used in relative evolutionary rate analyses display high degrees
of covariation with each other. We used a phenetic approach
(neighbour-joining) to build individual gene trees from FASTA
sequences. All possible pairwise comparisons of the 19 jaw
development candidate genes were then conducted by pruning
each pair of gene trees to the same ingroup and outgroup taxa.
The trees then were compared using the entanglement algorithm
implemented in the dendextend R package [51]. We then used the
algorithms implemented in the RERconverge R package for relative
evolutionary rate analysis [52]. Three continuous trait variables
from the functional morphological analyses (deflection/SE, MA
and AR) for matching taxa in the morphometric dataset were
imported, and correlated evolutionary rates between the jaw
development genes and each of the continuous trait variables
were calculated, followed by statistical testing to identify signifi-
cant gene-morphology correlations.

(j) Structure equation modelling of gene—phenotype—
biomechanics correlations

To examine the correlation between genetic and jaw shape dis-
tances among jawed vertebrates, we used structure equation
modelling (also known as path analysis or latent variable analy-
sis) to quantify gene sequence covariation with multivariate jaw
shape covariation and biomechanical traits. We treated the
combined effects of the 19 identified jaw development genes as
a genetic latent variable on which the jaw shape, represented
by the pairwise Euclidean distance of all principal component
shape scores among all taxa for which genetic information is
available, depends. We created a second latent variable repre-
senting jaw biomechanical performance as measured by AR,
MA and SE; this latent variable is correlated to jaw shape in
our model, representing structure—function linkage. We fitted
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this structural equation model to the genetic, shape and biome-
chanical data using maximum likelihood in R (lavaan package)
to estimate path coefficients, which provide measures of the
amount of variance explained by individual traits contributing
to genetic and biomechanical latent variables, respectively.

3. Results

(a) Mandible shape analysis results

The bivariate plot defined by the first two PC axes (out of a total
of 40 PC axes) together represents 59.1% of the total variance in
the jaw shape dataset (figure 3a). The x-axis (PC1) represents a
gradient of shallow (dorsoventrally narrow) jaw shapes with
low adductor processes on the negative axis to dorsoventrally
deep jaws with high adductor (coronoid) processes on the posi-
tive axis. The y-axis (PC2) mainly represents a gradient of jaw
shapes with shallow dorsoventral depth at the adductor process
on the negative axis to those with deep dorsoventral depth at
the adductor process on the positive axis. The lower left-hand
corner of the morphospace (negative PC1 and negative PC2
values) contains a region represented by biologically impossible
shapes (those with dorsal and ventral outlines contacting or
crossing each other); several taxa possess jaw shapes that
border those impossible regions, but none falls within it. Such
intersecting outlines are a common occurrence in elliptic Fourier
analyses and are treated herein as in other studies as geometri-
cally and biologically impossible configurations and removed
from further analysis [12,53]. Data points in the morphospace
are clustered around the origin, with a larger spread in the
x-axis compared with the y-axis. Generally, the major gnathos-
tome clades overlap each other, and most clades sampled have
representative taxa near the origin. Clades such as pterosaurs
and squamates contain clusters of taxa that fall near the
edge, representing jaw shapes with high velocity (electronic
supplementary material, figure S2).

(b) Biomechanical trait estimation and validation results
MA and AR values obtained from the linear measurements
are included in electronic supplementary material, data S6.
Experimentally measured total deflection and SE values
were collected for 93 out of 100 warped theoretical jaw
shape models; seven of the theoretical models were biologi-
cally impossible and were not tested. Both deflection and
SE values show a similar pattern across the morphospace:
the jaw shapes with the lowest deflection (i.e. stiffest) and
SE values (i.e. most work-efficient) are in the upper right
corner of the morphospace (positive PC1 and PC2 values).
Displacement and SE values both increased with decreasing
PC1 and PC2 values. Models bordering biologically
impossible forms were flexible and did not fall within the
parameters of the cantilever bending experiments, and thus
did not have displacement or SE values. Given the strong
correlation between deflection and SE values, we used
the experimentally calculated SE values and maximum
deflection values interchangeably to represent overall struc-
tural stiffness in adaptive landscape, trait evolution, relative
evolutionary rate and latent variable path analyses.

FE simulations of cantilever bending across the 93
theoretical warp models that represent shapes at regular
intervals across the all-mandible morphospace returned
highly correlated maximum vertical deflection values

between models with intramandibular joints and those with-
out. Outputs of these computational models also correlated
strongly to experimentally derived measurements (electronic
supplementary material, movie S1). The lower left-hand edge
of the morphospace revealed large discrepancies between
simulated and experimental data (electronic supplementary
material, figure S5). Such discrepancies stemmed from jaw
shapes with very low AR (=high jaw closing velocity). Jaw
deflection values in experimental data increased exponen-
tially relative to change in AR towards thinner jaws (AR =
0.5987 x 10~0-284~Displacement ‘R2 _ () 4778)  reflecting the rapid
drop in stiffness of the jaw structure as AR shifts towards
higher jaw closing velocity (electronic supplementary
material, figure 54).

(c) Jaw shape and hiomechanical trait distribution
results

Wilcoxon ranked sum tests between bootstrapped null distri-
butions and actual measured (PC1, PC2) or interpolated (MA,
AR, stiffness) taxon-specific trait values showed significant
differences. All of the taxon-specific attributes are signifi-
cantly different from a model of random distribution. There
are more occurrences of lower MA and lower AR values in
sampled taxa than expected from a random distribution of
jaw shapes in the morphospace. There are more higher SE
and deflection (both indicating lower stiffness) values in
sampled taxa compared with randomized jaw shape samples
(electronic supplementary material, figure S6). PC1 scores
(jaw dorsoventral depth and degree of adductor process
development) show a distinct bimodal distribution on
either side of the origin (zero value) compared with a
random distribution model. On the other hand, PC2 scores
exhibit a unimodal distribution around the origin rather
than a random distribution. Pairwise Wilcoxon tests for
between-clade differences in biomechanical trait values
were conducted (electronic supplementary material, data
510); however, we caution against overinterpreting compari-
sons between clades that have very small sample sizes (e.g.
turtles, ornithischian dinosaurs). Instead, we focus our dis-
cussion on testing mammal versus non-mammal differences.

(d) Trait disparity results

Mammals exhibit significantly lower disparity in combined PC
values compared with non-mammals but have significantly
higher disparity specifically in PC1 and PC2 values. In
addition, mammals have significantly lower disparity in all
three biomechanical traits (MA, AR, total deflection/stiffness)
from PC1 and PC2 theoretical warp models compared with
non-mammals (electronic supplementary material, figures
S14 and S15). Mammals exhibit significantly higher ARs
(deeper jaws) and higher stiffness (lower maximum deflection
values) than non-mammals, but lower MA compared with
non-mammals (table 1).

(e) Body mass allometry results

None of the scatterplots indicates a correlation between
body mass and biomechanical and morphological traits; in
all analyses the R? was smaller than 0.01. Furthermore,
linear regression analysis between body mass and total
adductor mass suggests that there is no differential allometry
for adductor mass to body mass scaling in the mammals
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Figure 3. (Caption overleaf.)

(57 spp.), birds (48 spp.) or squamates (6 spp.) sampled. The
squamate slope is lower (i.e. jaw adductor mass increases
slower with body mass) than in either birds or mammals,

(b)

maximum
deflection

10.0

75

5.0

2.5

non-mammals

but the small sample size from the squamate dataset preclu-
des a proper statistical comparison (electronic supplementary
material, data S19 and S20).
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Figure 3. (Overleaf.) All-mandible morphospace and biomechanical traits. (a) Distribution of mammals in the morphospace (PC1 38.9%, PC2 20.2% variation) of [JEJ}
mechanical advantage (MA) represented by background heatmaps of values calculated from theoretical warp models. Some representative jaw shapes are shown at
the corners of the morphospace. (b) Distribution of non-mammals in the MA morphospace; higher MA implies more efficient jaw force generation. Representative
extant clades are indicated by convex hulls to show the extensive overlap of clade jaw shapes in the morphospace. () Mammal distribution in jaw aspect ratio
morphospace; lower aspect ratio (AR) implies more streamlined and higher velocity jaw shapes. (d) Non-mammal distribution in jaw AR morphospace. (¢) Mammal
distribution in jaw stiffness morphospace measured by maximum deflection in cantilever bending experiments; stiffer jaws have lower deflection values. (f) Non-
mammal distribution in jaw stiffness morphospace. The theoretical model at (0.2, —0.1) returned unrealistic values in some simulations, so all interpolated taxo-
nomic values were calculated after excluding that particular theoretical model from consideration. (Online version in colour.)

Table 1. Summary of biomechanical trait value differences between
mammals and non-mammals. MA, mechanical advantage; AR, aspect ratio
(higher AR implies lower jaw velocity); ANOVA, one-way analysis of
variance. Lower maximum deflection values indicate higher stiffness.

stiffness (max.

MA AR deflection)

mammal median 0.28 0.41 1.52

non-mammal 0.34 0.18 3.40
median

% (mammal : 83.61% 228.44% 44.71%
non-mammal)

p-value, Wilcoxon <0.0001 <0.0001 <0.0001
test

mammal mean 0.29 0.41 1.77

non-mammal 0.34 0.22 3.41
mean

% (mammal : 83.38% 188.34% 51.91%
non-mammal)

p-value, ANOVA <0.0001 <0.0001 <0.0001

(f) Adaptive landscape analysis results

Although each taxonomic group returned a unique land-
scape, pairwise comparisons found significant differences
only between synapsids (mammals and their immediate pre-
decessors) and sauropsids (all amniotes more closely related
to extant reptiles than to mammals; electronic supplementary
material, figure S27 and table S7), and between turtles and all
other sauropsids. Our analyses indicated no differences
between non-tetrapods and tetrapods, among archosaurs,
among non-testudine sauropsids or along the grade of
synapsids leading to mammals.

Two primary adaptive regimes were responsible for these
differences: (i) a strength regime that is primarily adapted
for reducing SE (i.e. increasing stiffness) and only small contri-
butions from bite force, bite speed and jaw compliance (low
AR); and (ii) a displacement regime primarily adapted
for jaw compliance with moderate contribution from bite
force, and small contributions from bite speed and SE.
The strength regime provides generally high adaptive
performance for a majority of morphospace, to which morpho-
logically diverse groups are well adapted. Non-tetrapod
vertebrates, stem tetrapodomorphs, turtles and synapsids are
generally broadly distributed through morphospace and are
best adapted to the strength regime, while lepidosaurs and
archosaurs are generally more restricted in morphospace and
are best adapted to the jaw compliance regime (electronic sup-
plementary material, figure S27). Based on these findings, we

hypothesize that an evolutionary rate shift in biomechanical
traits occurred in lepidosaurs and archosaurs relative to other
vertebrates.

The landscape of stem tetrapodomorphs does not provide
any clarity owing to limited sample size; although they are
‘best’ adapted for the strength regime, they perform poorly
on it (z=0.51), and nearly as well on a compliance regime.
All synapsids were best adapted to a strength regime, and
although sample sizes for non-mammalian synapsids were
limited, we did find that pelycosaurs performed poorly, with
a large increase in cynodonts and then again in mammals.
Given the majority of the vertebrates exhibit a strength
regime, we hypothesize that SE/stiffness evolved via an OU-
like process of optimization, whereas MA and AR evolution
is better explained by a BM process as they were apparently
not optimized in most vertebrate groups examined.

() Trait evolution mode and rate model fitting results
By contrast to the hypothesized evolutionary modes based on
adaptive landscape analyses, the best-fitted trait evolution
models for all biomechanical traits (MA, AR, stiffness)
across vertebrates are OU models. An OU model is also a
better fit than either BM or ACDC when mammal and non-
mammal datasets are fitted separately. There is no consistent
evidence for evolutionary rate change in biomechanical traits
in mammals versus non-mammals. In 68% of trees, laura-
siatheres (hedgehogs, bats, hoofed mammals, carnivores) or
all crown Mammalia are reconstructed with substantially
lower rates of evolution in MA compared with other jawed
vertebrates. No clade exhibits substantial increase in MA
under a 50% majority rule criterion. In 74% of trees New
World monkeys/primates exhibit a two-order increase in
AR rate evolution. In 69% of trees Toxicofera (snakes, angui-
morph lizards, iguanas) or Serpentes exhibit greater than 80%
reduction in AR evolutionary rate. In jaw stiffness, 93% of
trees show a substantial slowdown (less than 10% of average
rate) in Euarchontoglires (lagomorphs, rodents, tree shrews,
primates) and a substantial speed-up (5-10 times average
rate) for ornithodirans (dinosaurs and pterosaurs).

(h) Relative evolutionary rate and path analysis results
The calculated entanglement values suggest that the genes
cited1, gbx2, dix4, meis2 and rgs5 exhibit the largest differences
from other jaw development genes sampled (electronic sup-
plementary material, data S18). By contrast, dlx2 shared
similar relative taxonomic differences to most other genes
sampled. The default set of relative evolutionary rate analyses
used no transformations, weighting or scaling. The results
show that evolutionary rates in four genes (alx3, plagll, bmp3,
dIx5) are significantly (pagjustea < 0.05) correlated to jaw AR evol-
ution. Only dIx1 is significantly correlated to MA evolutionary
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Figure 4. Gene—phenotype—biomechanics association networks. (a) Correlated evolutionary rates between biomechanical (AR, MA, stiffness (measured by maximum
deflection in cantilever experiments)) and genes involved in mammalian mandible development portrayed as a network graph; thicker lines indicate higher quantity of
significant correlations across sensitivity analyses. (b) Path diagram showing all jaw development genes analysed as components of a latent variable representing genetic
effects on phenotype, and the interaction between phenotype and a latent variable representing biomechanics as measured by AR, MA and stiffness. Phenotype is
measured by multivariate jaw shape data represented by all 40 principal component axes from the elliptic Fourier analysis. Only path coefficients for the genes found to
be significantly correlated with biomechanical evolutionary traits are shown. Gene—phenotype—biomechanics associations are weak but statistically significant. Stiffness
explains the largest component of variation in phenotype—biomechanics covariation relative to AR and MA. (Online version in colour.)

rate. Evolutionary rates of three of the analysed genes (alx3, rgsb
and bmp3) are significantly correlated to jaw stiffness evolution-
ary rate (figure 4a). A series of sensitivity analyses were
conducted using other combinations of transforms, weights
and scales; these analyses provided differential support for the
significant correlations identified above (see electronic
supplementary material, table S6 and figures 517-521).
Relative evolutionary rates of the analysed genes were
plotted over the composite phylogeny (electronic supplemen-
tary material, figure 516), and laurasiatheres are reconstructed
as having ancestrally accelerated evolutionary rate for alx3,
whereas euarchontoglires exhibit an ancestrally accelerated
plagll evolutionary rate. Both clades are also reconstructed to
have relatively low rates of binp3 evolutionary rate and no ances-
tral change in rgs5 evolutionary rate. No other clade exhibited
statistically significant deviations from the overall evolutionary
rates. The genes found to be significantly correlated with biome-
chanical trait evolutionary rates show the same relative
contribution to genotype-phenotype correlation in the path
analysis (figure 4b). There is a significant but weak correlation
between phenotype and biomechanics, with stiffness (maximum
deflection) contributing the most to this association (path
coefficient = 0.59), followed by AR (0.08) and MA (0.02).

Functional morphological analyses of the vertebrate lower
jaw indicate the presence of biomechanical decoupling and

trade-off associated with the morphological diversification
of the mammalian single-element mandible. Mammalian
and non-mammalian jaws are distinguished by a switch in
morphological and biomechanical trait disparity relation-
ships. Bootstrapped and rarefied disparity metrics show
statistically significant increases in mandible shape disparity
in mammals (electronic supplementary material, figures
S14, S15 and data S10). On the other hand, mammalian jaw
MA, AR and stiffness were significantly lower in disparity,
even after accounting for uneven taxon sampling. Further-
more, mammals exhibit significantly higher jaw stiffness,
but lower jaw efficiency (MA) and speed (high AR/low
jaw velocity), compared with non-mammals (table 1). This
combination of high morphological shape disparity, low
biomechanical trait disparity and biomechanical trade-off
characterizes many-to-one structure—function mapping,
one of the principal manifestations of a redundant mapping
of morphology to performance in biological systems.
Other prime examples of such complex mapping have been
extensively documented in actinopterygian jaw systems
[54]. Presence of this many-to-one structure-function
relationship in mammals indicates that they independently
capitalized on this form—function complex to diversify in
jaw shape while maintaining stereotyped, stiffness-optimized
jaw biomechanical characteristics.

Appearance of the single-element mandible in mammals
did not correspond to a shift in the optimized adaptive
landscape regime for jaw biomechanics. Jawed vertebrates
collectively are optimized by a strength regime in an adaptive



landscape framework; jaw stiffness is high in both non-
tetrapods and tetrapods (electronic supplementary material,
figures S13 and S24). Mammals and non-mammalian synap-
sids maintain this strength regime (electronic supplementary
material, table S1), but sauropsids (all tetrapods more closely
related to extant reptiles than to mammals) have an opti-
mized adaptive landscape characterized by an AR regime
focused more on compliant and faster-closing jaws (electronic
supplementary material, figure S24). During their evolution,
crown mammals, with their single-element jaw bones, opti-
mized on the existing strength regime within the adaptive
landscape by further elevating jaw stiffness (figure 3ef).
However, the lower biomechanical trait disparity associated
with the mammalian mandible within this strength regime
reinforces the presence of functional constraints despite high
shape disparity and stiffness; many differently shaped mam-
malian jaws exhibit similar mechanical traits. Furthermore,
the significant increase in jaw stiffness comes at the expense
of lowered jaw efficiency and speed (table 1). Taken together,
these findings indicate that the morphological outcome of
crown mammalian radiation was an evolutionary exploration
of jaw shape space within prescribed bounds of the tetrapod
adaptive landscape, characterized by further augmentation
and stereotyping of high jaw strength. This mammalian pattern
is partially convergent with the earliest gnathostomes, which
evolved under a similar regime of form—function decoupling
[12]; however, the diverse dental morphologies and environ-
ments in which mammals have radiated represent a unique
context for interpreting the consequences of such decoupling.
Given the findings of the adaptive landscape analyses, we
hypothesized that speed (AR) and efficiency (MA) functions
evolved without evolutionary rate shifts during the transition
from mammals to non-mammals; we also predicted that jaw
stiffness experienced an evolutionary rate shift between mam-
mals and non-mammals. We tested these hypotheses by
modelling AR, MA and stiffness trait evolution using a variable
rate shift model and found no evidence for evolutionary rate
shifts in AR or MA at the transition to mammals. We also did
not observe a rate shift in stiffness in the transition to mammals,
although the fitted model suggests Euarchontoglires (the crown
mammal clades including lagomorphs, rodents, primates, tree
shrews) experienced a substantial slowdown in stiffness evol-
utionary rate, in part reflecting the decreased disparity in
stiffness values. These findings indicate that the OU-type jaw
stiffness evolution suggested by the adaptive landscape analy-
sis and supported by trait evolution modelling did not couple
with modified evolutionary rates of change in jaw stiffness in
all mammals; rather, the increase in jaw shape disparity
in mammals occurred without modifying the jaw stiffness
evolutionary tempo or mode already observed in their
non-mammalian relatives. Furthermore, although adaptive
landscape analyses optimized stiffness/strength as the primary
regime and stiffness data best fit an OU process of evolution,
both AR and MA trait evolution fit an OU model as well; this
is interpreted as evidence of a biomechanical trade-off where
all three traits may be evolving toward their respective func-
tional optima, but strength/stiffness appears to be the
principal trait that mammals and non-sauropsid vertebrates
in general optimized at the expense of efficiency and speed.
This observation suggests stiffness could be a universally opti-
mized functional trait across vertebrate clades and is evidenced
by its importance in mechanically demanding feeding tasks as
disparate as suction feeding [55] and bone-cracking [56].

Relative gene-biomechanics evolutionary rate analyses
demonstrate that the narrower range of biomechanical
trait values that distinguish mammalian jaws from non-
mammalian jaws is genetically correlated (figure 4; electronic
supplementary material, figures S16-S21). In comparison
with evolutionary rates of 19 candidate genes known to play
key roles in the development of the mandible within the first
pharyngeal/branchial arch (BA1), biomechanical trait evol-
utionary rates are statistically correlated to genetic variation
across living mammal species (figure 4a). Stiffness evolution-
ary rates are significantly correlated with alx3, rgs5 and bmp3.
MA (correlated to dIx1) and jaw velocity (correlated to bmp3,
plagll, alx3, rgs5, dlx2) trait values are also found to be geneti-
cally linked. Nested expression of the dlx gene family by cranial
neural crest cells is associated with normal mandible develop-
ment and jaw adductor formation, and is also known to
regulate the downstream expression of plagll, alx3, rgs5 and
other genes during normal jaw development [57]. The associ-
ation of these genes to biting-specific biomechanical traits
provides evidence of heritability in jaw force, velocity trans-
mission and bending stiffness variation [58,59]. Given this
finding, we speculate that these and potentially other candi-
date genes involved in craniofacial development were targets
of selection during the Mesozoic origin of the single-element
mandible in mammals.

Path analyses show that the genes with the highest degree
of correlated evolutionary rates to biomechanical variables
also contribute the highest amount of variance towards the
gene—jaw shape covariance, which is statistically significant
but weak (figure 4b; path coefficient = 0.01). Among the bio-
mechanical traits, SE explains the most variance in the jaw
shape-biomechanics correlation among the three measured
traits (SE path coefficient=0.591 compared with 0.084 for
AR and 0.019 for MA). These findings suggest that the low
disparity of jaw stiffness in mammals is in part related to
correlated rates of biomechanical evolution with jaw develop-
ment genes, but such correlation is only weakly associated
with overall jaw shape. We speculate that genetically encoded
structure—function linkages for jaw stiffness are localized in
certain regions of the jaw rather than to the overall shape.
Future comparative evolutionary developmental studies
would provide insights into the expression patterns of these
biomechanically relevant candidate genes.

The presence of many-to-one form—function mapping in
the mammalian mandible suggests that the single-element
lower jaw may be an example of a ‘fly in a tube’ model of evol-
ution, whereby potential for evolutionary disparity and/or
rate shifts within a trait complex (in this case, jaw biomecha-
nics) is constrained in certain regions of a morphospace and
shaped by genotypic and/or phenotypic integration [60]. The
absence of a significant rate shift or trait evolution model
shift in biomechanical traits along the mammalian transition
to a dentary—squamosal joint is consistent with expectations
of this model; the single-element mammal jaw represents inte-
grated biomechanical trait complexes that traverse a smaller
part of the functional space compared with non-mammals
([60]; figure 4b). Such a pattern of high shape disparity coupled
with lower biomechanical disparity explains previous findings
of redundant and complex form—function mapping of mam-
malian feeding systems at lower taxonomic rank levels [61]
and suggests a revised conceptual framework for under-
standing crown mammalian jaw evolution (figure 5). These
results do not support an interpretation whereby simplified,
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Figure 5. Evolutionary rate—disparity framework for mammalian jaw form—function evolution. (a) Graphical representation of a ‘key innovation’ type of model for
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single-element jaws substantially improved the force and
velocity transmission lever system in terms of MA and AR
during the radiation of crown mammals, but do support the
interpretation that stiffness is the principal axis of mammalian
jaw adaptation. The differences between a single-element
mammalian jaw and multi-element non-mammalian jaw are
thus best characterized by a switch in form—function coupling
rather than a wholesale ‘key innovation’. Multi-element sys-
tems, such as in squamate skulls, can be highly integrated
morphologically but are nevertheless able to respond to dietary
selective pressure when examined at lower taxonomic levels
[62]; this phenomenon is consistent with the diversity of adap-
tive landscape regimes across sauropsid clades (electronic
supplementary material, figure S24). Specific adaptive advan-
tages for a single-element jaw may lie instead in enabling
diverse jaw shapes optimized for stiffness to support the extre-
mely diverse dentitions that are characteristic of mammals.
Stiffness-optimized mandibular shapes may also facilitate
evolutionary transformations in other, potentially less stereo-
typed components of the feeding system such as muscle
physiology, bone microstructure or other morphological traits
with higher functional or mechanical sensitivity [63].

Body size is an important organismal trait underlying
many biological scaling relationships [64]; in the context of
mammalian jaws, body mass is poorly correlated with mor-
phological and biomechanical traits. This size independence
applies both to shape (PC1 and PC2) and biomechanical
traits (electronic supplementary material, figures S22, S23
and data S19, S20). This suggests that during their evolution-
ary radiation, crown mammals of different sizes comparably
explored the jaw morphospace region within which they are
found in terms of mandible biomechanics. This finding corro-
borates the recent observation that ecomorphological signals
overtake those of body size in mammalian jaws [65] and pro-
vides new evidence that despite the extraordinarily large size
range represented by living mammals, from 2 g bats to
almost 200 000 kg whales, the same genetically correlated,
shape-induced mechanical constraints exist.

Although it is likely that functional morphological vari-
ation in 3D bone material properties and shape are not fully
captured by the 2D mandibular profiles examined in this
study, the significantly non-random distributions of both

shape and biomechanical traits in our dataset suggest critical
functional signals are still present in 2D data. It is likely that
MA, AR and stiffness measures taken from 2D jaw shapes
only partially capture the biomechanical characteristics of 3D
jaw function, but any systematic errors in estimating those
traits using 2D data should not bias the interpretations made
herein, unless there are significant differences in how well
2D represent 3D structures from clade to clade. On the other
hand, the extent to which jaw shapes of different vertebrate
clades overlap each other in morphospace may change if 3D
shapes are used; this may be particularly important for taxa
in which there are substantial mediolateral morphological
and biomechanical differences. Despite these potential short-
comings, the important role of dorsoventral kinetics and
kinematics of mammalian and all gnathostome vertebrate
jaws (the jaw adductor muscle vectors are principally oriented
in the parasagittal plane [66,67] and create rotation mainly
around the mediolateral axis and translation mainly in that
parasagittal plane) indicates that 2D projections are both infor-
mative and time-efficient sources of relevant functional
morphology variation.

Other factors to be considered in future research and
which may interact with the stiffness-governed form—func-
tion regime identified in this study include those associated
with mammalian jaw movements about the dorsoventral
axis (yaw), which increased in MA relative to the movement
about a mediolateral axis in crown mammals [5,68]. Research
on the origin of the vertebrate dentition and its evolutionary
interactions with the jaw bones housing it also suggests that
mechanical environment at the tooth-bone junction is key in
jaw system evolution [69]; the importance of tooth-bone
interactions became greatly amplified in mammals as a com-
plex neuroanatomical system evolved along with an occlusal
dentition and mastication [70]. Furthermore, a single-bone
mandible that is stiff regardless of shape may permit larger
jaw closing forces via effective resistance to deformation
caused by higher absolute muscle contraction magnitudes
as mammals evolved increasingly large body sizes through
the Cenozoic, starting during the immediate aftermath of
the end-Cretaceous extinctions [71-73]. Evolutionary ence-
phalization and epigenetic effects from growing a larger
brain likely exerted a cascading influence on mammalian



skull configuration, especially in the auditory, olfactory and
masticatory systems [74-76]. Within crown mammals, marsu-
pial mammals appear to exhibit lower jaw disparity relative
to placentals given the former’s developmental constraints
[77]; future investigations into within-mammal variations
should clarify how developmental differences among mam-
malian clades further modulate this broad, stereotyped
form—function configuration.

Although mandibular evolution was once thought princi-
pally to have enabled mammals to innovate in feeding
mechanical versatility and efficiency over those of non-
mammal vertebrates, the new data presented here across a
wide sample of vertebrates clearly document that stereotyped
stiffness in the mandible was a pre-existing condition under-
pinning the diverse jaw shapes expressed in crown mammals.
A further optimized stiffness regime across diverse mammal
jaw shapes evolved at the expense of efficiency and speed,
but such a regime may have served as the hotbed for the
radiation of dental morphologies and masticatory strategies
that exemplify mammalian biodiversity. These new findings
should encourage further investigations into how crown
mammals radiated into new adaptive zones and became
ecologically dominant in various ecosystems during the
Cenozoic by capitalizing on a fundamentally modified and
stereotyped jaw form-function configuration.

Data accessibility. The data is available at: https://doi.org/10.6084/m9.
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