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Functional optimality underpins the repeated
evolution of the extreme ‘“saber-tooth” morphology

Graphical abstract

We studied the 3D tooth shape &
mechanics of non sabre-tooth and
sabre-tooth mammals.
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We found that functional optimality drives the repeated evolution of

extreme sabretooth forms.

Highlights
e There is continuous morphofunctional diversity in saber-
tooth canines

e Extreme saber teeth are optimal, enhancing puncture but
reducing breakage resistance

e Functional optimality drives convergent evolution of extreme

saber-tooth morphology

e Increased specialization of extreme saber forms may act as

an evolutionary ratchet
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In brief

Saber teeth are a classic example of
convergence, having evolved repeatedly
throughout mammalian history. Using 3D
morphometrics, biomechanical testing,
and a Pareto optimality analysis, Pollock
et al. identify functional optimality as a
key driver underpinning the repeated
evolution of extreme saber-tooth
morphologies.
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SUMMARY

“Saber teeth”—elongate, blade-like canines—are a classic example of convergence, having evolved repeat-
edly throughout mammalian history. Within canine teeth, there is a trade-off between the aspects of shape
that improve food fracture and those that increase tooth strength. Optimal morphologies strike a balance be-
tween these antagonistic functional criteria. The extreme saber-tooth morphology is thought to confer func-
tional advantage for more specialized predatory adaptations and optimization; however, the adaptive bases
underpinning their evolution remain unclear. To determine whether saber-tooth shape reflects selection for
functionally optimal morphologies, we generated a morphospace of the 3D shape of 70 non-saber and 25 sa-
ber-tooth species, a subset of which were used to quantify functional metrics of puncture performance and
breakage resistance. These data were combined using a Pareto rank-ratio algorithm to evaluate optimality.
We demonstrate that extreme saber-tooth morphologies are functionally optimal, occupying a localized peak
in our optimality landscape. Unlike other optimal canine morphologies, extreme saber teeth optimize punc-
ture performance at the expense of breakage resistance. This identifies functional optimality as a key driver
underpinning the repeated evolution of this iconic tooth.

INTRODUCTION

Hyper-elongate canines known as saber teeth are a classic
example of convergence,’? having evolved in mammals and
mammalian precursors at least five times.®° First appearing in
the therapsid gorgonopsians ~265 million years ago in the
Permian, this morphology has iteratively evolved in a range of
carnivorous mammals, including metatherian sparassodonts
like Thylacosmilus, the nimravid eutherian cat-like carnivorans,
and true felids like Smilodon. These repeated instances of
convergent evolution of the saber-tooth form are especially strik-
ing considering the significant shared morphological and struc-
tural modifications to the craniodental system required to
accommodate it,>” even to the point of breaking general rules
of allometry,® indicating high adaptive value.

With no living representatives, there has been extensive debate
over the likely predatory behavior(s) of saber-toothed taxa and

how their extreme canines may have been used.”®°°¢ A wide-
ranging body of work indicates that this dental morphotype is
adapted for killing and taking down large prey.?'%*°**! This sug-
gests that the saber-tooth morphology confers a functional
advantage®®* for more specialized predatory adaptations and
functional optimization.®’ Despite this, the underlying adaptive
basis of this iconic tooth morphology remains poorly under-
stood.®® Previous studies are primarily based on morphological
and biomechanical analyses of post-cranial*>™** or cranial ele-
ments and integrated dentitions,®'%16:2%27:29.35-36:45 \yhilg very
few have focused solely on the teeth in question: the
Canines.13‘25'37‘46

Canine teeth are often the first point of contact between pred-
ator and prey, being directly involved in prey acquisition and
feeding.*”*® In contrast to complex multi-part systems such as
the craniodental system, the simple structure of canine teeth fa-
cilitates modeling and performance testing to a higher degree of
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Figure 1. Workflow used in this study for landscape generation via a Pareto approach
(A) The 3D morphology of 235 canine teeth, representing 25 saber-tooth and 70 non-saber-tooth species, was captured via a geometric morphometrics approach

(3D GMM).

(B) 3D GMM results were input into a principal component analysis (PCA) to generate a morphospace of canine tooth shapes.
(C) Mean shapes for upper teeth of each species were calculated, and to this, we added an informal time-scaled composite phylogeny to generate a phylo-

morphospace.

(D) From our morphospace, we selected a subset of 14 teeth, including saber-tooth and non-saber-tooth morphologies, that spanned a majority of the shape

variation present to quantify functional metrics related to tooth performance.

(E) Physical tests were used to quantify puncture performance (maximum puncture force [N]), and finite-element analysis (FEA) was applied to model tooth stress
(maximum von Mises stress [MPa]). Functional metrics from performance tests were input into the morphospace and interpolated to create two unique per-

formance surfaces.

(F) These morphological and biomechanical data were then integrated via a Pareto rank-ratio algorithm®* to generate an optimality landscape to pinpoint which

tooth morphologies are functionally optimal.

precision and will allow the inference of functional capabilities
and “optimal” forms. To perform effectively, a canine must fulfill
two key criteria: (1) be sharp and slender enough to puncture
food and (2) be blunt and robust enough to resist breakage.*®">°
However, there is a trade-off between the aspects of shape that
improve food fracture and those that increase tooth strength.
Such a trade-off appears to be universal among pointed struc-
tures designed to puncture.®' Optimal tooth morphologies maxi-
mize these antagonistic functional criteria and will lie along a Par-
eto front®>°* of shapes optimized for breakage resistance,
puncture performance, or a trade-off between the two.

In this study, we elucidate the underlying adaptive basis of sa-
ber teeth by determining whether selection is driven toward func-
tionally optimal morphologies in the face of antagonistic biome-
chanical relationships. We applied a landscape approach that
integrates morphological and biomechanical data within a Par-
eto framework to assess optimality. Canine tooth shape was
quantified via 3D geometric morphometrics (3D GMM) in arange
of non-saber-tooth mammalian carnivores as well as extinct
eutherian and metatherian saber-tooths. From the resulting mor-
phospace, we selected a subset of teeth that spanned a majority
of the shape variation present and subjected them to biome-
chanical analyses quantifying functional metrics of puncture per-
formance and breakage resistance. Puncture performance was
quantified via physical puncture tests, and finite-element

2 Current Biology 35, 1-13, February 3, 2025

analysis (FEA) undertaken to model tooth stress under a range
of feeding scenarios. Performance surfaces generated from
each functional metric enabled us to establish how changes in
tooth morphology impacted performance, and when integrated
via a Pareto rank-ratio algorithm,** assess whether tooth mor-
phologies are functionally optimized for breakage resistance,
puncture performance, or a trade-off between these two metrics
(see Figure 1 for workflow). If saber teeth are adapted to these
tasks, we expect they will occupy peaks of optimality that serve
as “attractors” in our landscape, explaining observed morpho-
logical convergence. This would identify functional optimality as
a key driver underpinning the selection for the extreme saber-
tooth morphology.

RESULTS

Saber-tooth morphology in the context of mammalian
carnivores

From our 3D GMM analysis of 235 teeth, representing 70 non-sa-
ber and 25 saber-tooth species, the first two principal compo-
nents (PCs) described the majority of variation in the sample
(PC1=71.48%, PC2 = 9.31%, total 80.79%). PC1 primarily cor-
relates with tooth robusticity and lateral compression with some
curvature and PC2 with the degree of tooth curvature (Figure 2;
Figure S1). Our phylomorphospace, based on a composite
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Generated via 3D geometric morphometrics, showing tooth shape variation among families and tooth types (non-saber-tooth and saber-tooth; indicated by
saber-tooth hull). Ordination space is defined by the full canine tooth dataset (upper and lower canine teeth, total 235); however, for visualization purposes here
we are showing upper canine tooth species mean shapes and an associated informal time-scaled composite phylogeny based on Slater and Friscia,® Rovinsky

etal.,””

and Barrett et al.”® From PCA of Procrustes coordinates, PC1 explains 71.48% of the shape variation and is primarily correlated with tooth robustness,

lateral compression, and some curvature, while PC2 explains 9.31% of the shape variation and is primarily correlated with curvature. See also Figure S1 and

Data S1.

time-scaled phylogeny, shows that saber-toothed and non-sa-
ber-toothed taxa occupy distinct regions of morphospace, with
some overlap. Based on our 3D shape analysis, saber-tooth
morphological diversity is more complex than previously docu-
mented. We observe more of a continuum of saber-tooth mor-
phologies compared with the traditional “dirk” and “scimitar”
ecomorph classifications,'®™'">° a pattern also captured in a
recent 2D GMM analysis of saber-tooth canine morphology.®”
Extreme, more derived morphologies are exemplified by Smilo-
don, Barbourofelis, Hoplophoneus, and Thylacosmilus atrox.
Their canines are more slender and laterally compressed
compared with other morphologies, while their curvature varies
within the range observed for all teeth. Less extreme, more plesio-
morphic morphologies are exemplified by Dinofelis barlowi and
Nimravus brachyops and fall within the range of non-saber-tooth
shapes. We also find saber-tooth shapes that are intermediate
between the extreme and less extreme morphologies, for
example, Homotherium ischyrus, Machairodus catacopis, and
Machairodus transvaalensis or shapes like Dinofelis piveteaui
that sit with the conical-toothed pantherine felids. Along this con-
tinuum of saber-tooth morphologies, teeth increase in slender-
ness, lateral compression, and curvature as they occupy increas-
ingly more extreme regions of morphospace (middle left of the
morphospace; Figure 2). Interestingly, we do not see shapes
occupying other regions of extreme morphospace, for example,
slender, less laterally compressed (rounder), and straighter mor-
phologies (bottom left of the morphospace; Figure 2).
Saber-tooth morphology was surprisingly disparate even
among the oldest taxa we have in our sample. The early Oligo-
cene nimravids show highly derived extreme saber morphol-
ogies in Eusmilus bidentatus and Hoplophoneus primaevus

alongside less extreme plesiomorphic sabers in Nimravus bra-
chyops and Pogodon platycopis. We do not observe
plesiomorphic sabers in later-branching nimravids. The later-
occurring barbourofelins all exhibit highly derived sabers. Inter-
estingly, Barbourofelini shows a trend through time toward
more extreme derivation of the saber morphology, which occurs
alongside an increase in body mass.”® Indeed, the two latest-
occurring taxa—the late Miocene Barbourofelis loveorum and
Barbourofelis fricki—are the largest nimravids known and show
the most derived saber morphology in our dataset. Within Feli-
dae, there is no association observed between geological age
and saber morphology, although that might change with denser
sampling. However, the data are compatible with a link between
phylogeny and saber shape. Early-branching felids like Pseu-
daelurus sp., Metailurini, and Nimravides pedionomus all show
a less extreme plesiomorphic canine morphology that is more
laterally compressed and curved compared with the typical
“conical-toothed” extant felid canine. The remaining machairo-
dontines—Machairodus spp., Homotherini, and Smilodontini—
generally fall along a continuum of increasingly curved, slender,
and laterally compressed sabers. Within Homotherini, the
latest Miocene Amphimachairodus palanderi and the early Pleis-
tocene Homotherium ischyrus both show less-derived sabers
than their congeners. Interestingly, within felids, the less-derived
saber morphologies were not lost to extinction until relatively
recently. Both the plesiomorphic (e.g., Dinofelis barlowi) and
the intermediate (e.g., Machairodus transvaalensis) saber
shapes persisted alongside more derived morphologies into
the Pleistocene.®’

Our phylomorphospace and phenogram (Figure S1) show
striking convergence on the extreme saber-tooth morphology

Current Biology 35, 1-13, February 3, 2025 3
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among taxa that are separated by more than 120 million years,®°
with the metatherian Thylacosmilus atrox and eutherian Barbour-
ofelis and Smilodon occupying a similar area of morphospace—
a phenomenon also observed in previous studies of cranial
convergence®?? and mandible morphology.®’

Functional performance of saber teeth

Functional analyses were performed on a subset of 14 teeth that
spanned a majority of the shape variation present in our morpho-
space. Tooth puncture force (N) was quantified as a proxy for
puncture performance, using 3D-printed stainless steel models
of teeth, which were scaled to the same surface area of
450 mm? (for compatibility with FEA and to enable integration
of functional metrics in the downstream Pareto analysis [STAR
Methods; Figure S2]). In a setup designed to mimic a tooth biting
into prey, tooth models were driven into a block of gelatin sub-
strate with known homogeneous material properties (Medical
Gelatin #2, Humimic Medical, USA), and the force (N) and
displacement (mm) were recorded over time. Puncture perfor-
mance was inferred from the maximum force recorded for
each simulated bite to a depth of 10 mm (to focus on initial punc-
ture®® and reduce the impact of tooth curvature [STAR
Methods]). In this context, lower force values are associated
with increased puncture effectiveness. Physical performance
tests highlight the effectiveness of extreme saber-tooth mor-
phologies, which recorded the lowest forces in the puncture ex-
periments (Figure 3A). Less extreme saber-tooth shapes, like Di-
nofelis barlowi, along with non-saber-tooth shapes like the snow
leopard (Panthera uncia), raccoon (Procyon lotor), and red fox
(Vulpes vulpes) recorded intermediate forces. Non-saber-tooth
morphologies like the giant panda (Ailuropoda melanoleuca),
tayra (Eira barbara), and common opossum (Didelphis marsupia-
lis) recorded the highest forces. The difference between the
lowest (Thylacosmilus atrox = 0.93 N, Smilodon populator =
0.99 N, and Barbourofelis loveorum = 1.01 N) and highest (giant
panda 1.70 N and common opossum 1.56 N) puncture forces in-
dicates that the extreme saber-tooth morphology decreases the
force required to puncture a ductile material by approximately
40%-50%, relative to robust non-saber-tooth shapes.

Tooth stress (von Mises stress [MPa]) was measured as a
proxy for breakage resistance via FEA undertaken on scaled dig-
ital tooth models. We applied an established protocol from
Pollock et al.®® in which tooth models are constrained at their
base and loaded to mimic predatory behaviors, including biting,
pulling, and shaking (Figure S2; Pollock et al.®®). Breakage resis-
tance was inferred from the maximum von Mises stress calcu-
lated for a tooth model (calculated as the 90" percentile of von
Mises stress [MPa] values for all surface nodes®). Higher von
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Mises stress values are associated with increased likelihood of
breakage and decreased tooth strength. Finite-element simula-
tions reveal the fragility of the extreme saber-tooth morphol-
ogies—Smilodon populator, Barbourofelis loveorum, and Thyla-
cosmilus atrox—relative to less extreme saber-tooth and
non-saber-tooth shapes. von Mises stresses among models
show that extreme saber-tooth morphologies experience the
highest stresses of all tooth models in each simulated
feeding scenario (Figure 3B). This was also observed in the Shel-
bourne and Lautenschlager®’ analysis of saber-tooth canine
morphology, which implemented 2D FEA. Less extreme saber-
tooth morphologies like Dinofelis barlowi experienced stresses
similar to non-saber-tooth shapes like the snow leopard, while
the lowest stresses are observed in non-saber-tooth morphol-
ogies like the giant panda and the jaguar (Panthera onca). During
biting, the difference between the highest (Thylacosmilus atrox =
125.64 MPa, Barbourofelis loveorum = 111.64 MPa, and Smilo-
don populator = 61.07 MPa) and lowest (giant panda 18.25 MPa
and jaguar = 19.48 MPa) stress values indicates that extreme sa-
ber-tooth morphologies can experience approximately 300%-
600% higher stresses than robust non-saber-tooth shapes.
von Mises stress values among loading conditions within models
reveal that almost all canine teeth experience higher stresses in
shaking and lateral off-angle biting scenarios relative to biting
and pulling. However, the magnitude of difference among sce-
narios is most pronounced in extreme saber-tooth morphologies
(Figure 3B).

The trade-off between puncture performance and
breakage resistance
Performance surfaces within our morphospace, generated from
our functional metrics, illustrate the trade-off between puncture
performance and breakage resistance’® and demonstrate that
the aspects of shape that decrease puncture force increase
tooth stress, and vice versa. Specifically, as teeth become
more slender and laterally compressed (increasingly negative
values of PC1), stress increases while puncture force decreases
(Figures 4A and 4B). From these performance surfaces, we
derived predicted von Mises stress and puncture force values
for all teeth in the morphospace that, when plotted against one
another, form a performance space where it is possible to visu-
alize the Pareto front of tooth morphologies (Figure 4C). The Par-
eto front represents the set of functionally optimal morphologies
for which neither functional metric can be improved without
deteriorating the performance of the other.®*

To establish whether a particular tooth morphology favors
relatively higher breakage resistance or puncture performance,
we calculated an approximate weighting metric: the angle

Figure 3. Functional metrics of tooth performance

Measured on tooth subset representative of shape variation: giant panda (Ailuropoda melanoleuca) (USNM 258835), common opossum (Didelphis marsupialis)
(USNM 578961), tayra (Eira barbara) (USNM 461839), red fox (Vulpes vulpes) (NMV C25074), clouded leopard (Neofelis nebulosa) (AMNH 22916), jaguar (Panthera
onca) (AMNH 75462), snow leopard (Panthera uncia) (AMNH 35529), raccoon (Procyon lotor) (NMNH 265610), Tasmanian devil (Sarcophilus harrisii) (NMV C6242),
and saber-tooth forms, Dinofelis barlowi (DNMNH TM 1542), Smilodon populator (NHMD ZMK 1/1845:2553), Homotherium crenatidens (MNHN PET2000a),
Barbourofelis loveorum (UFV P27447), and Thylacosmilus atrox (FMNH P14531).

(A) Puncture performance was quantified as the maximum force (N) recorded for each model via a series of physical puncture tests with 3D-printed tooth models.
(B) Breakage resistance was quantified as the maximum von Mises stress in a range of predatory scenarios (biting, pulling, and shaking) via FEA undertaken on
digital copies of tooth models.

(C) Stress magnitudes and distributions for each tooth model among predatory scenarios, shown in the lingual view. (A—C) Tooth models ordered (left to right) for
increasingly negative PC1 values (increasing in slenderness and lateral compression). See also Data S2 and S3.
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Figure 4. The trade-off between puncture performance and breakage resistance in canine tooth morphologies
(A and B) Performance surfaces generated from functional metrics related to tooth performance, which were interpolated from values measured for the tooth
subset tested. The bounds of the surface hull are delineated by the subset of teeth tested. (A) Puncture performance (maximum force to puncture [N]) and

(B) breakage resistance (maximum von Mises tooth stress [MPa] during biting).

(C) When plotted as von Mises stress (MPa) versus puncture force (N), measured values from the tested tooth subset (dark gray), those predicted from the
performance surfaces for the tested tooth subset (lighter gray), and those predicted for the rest of the tooth dataset (lightest gray) build a performance space of
tooth morphologies, where it is possible to visualize a Pareto front (dashed line): shapes for which neither metric can be improved without deteriorating the

performance of the other. See also Data S3 and Figure S3.

between the x axis and the vector from the origin to each mor-
phology’s position in the performance space (STAR Methods).
Higher angles indicate that a form is weighted toward breakage
resistance, lower values favor puncture performance, and inter-
mediate values a more balanced trade-off between metrics. We
find that a higher proportion of tooth shapes lie in regions of per-
formance space weighted toward breakage resistance,
including morphologies like the giant panda, Tasmanian devil,
European badger (Meles meles), raccoon, and wolverine (Gulo
gulo) (top-middle left; Figure 4C; Figure S3). A smaller proportion
is weighted toward a trade-off between breakage resistance and
puncture performance, including less extreme saber-tooth
shapes like Dinofelis barlowi and Nimravus brachyops (bottom
left; Figure 4C; Figure S3). The smallest proportion of morphol-
ogies, which only includes the extreme saber-tooth morphol-
ogies like Hopolophoneus, Smilodon, and Barbourofelis, are
weighted toward puncture performance (bottom right; Figure 4C;
Figure S3). These approximate weights broadly concur with
those calculated via the Dickson et al.®® method (STAR Methods;
Figure S3).

Saber-tooth morphologies are functionally optimal

To evaluate optimality and assess whether canine morphologies
are optimized for breakage resistance, puncture performance, or
a trade-off between metrics, our morphological and
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biomechanical data (represented as performance surfaces)
were integrated via a Pareto rank-ratio algorithm, along with
the assumptions: (1) low stress is preferable for breakage resis-
tance and (2) low puncture force is preferable for puncture per-
formance. The algorithm assigns each position in the morpho-
space a value from 0 to 1 (suboptimal to optimal), which, when
plotted as the z axis above the morphospace, generates an opti-
mality landscape.®* Here we assume higher performance and
optimality will result in higher fitness,°® and so, like Deakin
et al.,>* areas of high optimality will have high adaptive value
and areas of low optimality have low adaptive value. As our per-
formance surfaces are generated using empirical tooth morphol-
ogies, not uniformly gridded theoretical forms, the resulting Par-
eto optimality landscape is more uneven than expected based
on previous landscape studies®* %5759 put still representative
of the range of shapes present.

In our optimality landscape, we observe two distinct regions of
higher optimality that correspond with different tooth morphol-
ogies (Figure 5). More ‘“generalized” canines are represented
by a range of straighter morphologies that vary in robustness
and degree of lateral compression. These shapes occupy an
area toward the lower middle of the morphospace, where we
observe a moderate proportion of upper canine teeth, including
the European badger and raccoon. This region also includes the
less extreme saber-tooth morphologies, like Dinofelis barlowi,
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Figure 5. Optimality landscape derived from Pareto rank-ratio approach depicting functional optimality in the canine tooth morphospace

Ordination space is defined by the full canine tooth dataset (upper and lower canine teeth, total 235); however, for visualization purposes here we are showing only
upper canine teeth. Optimality is derived from the Pareto rank-ratio algorithm54 and shown as a surface, where warmer colors (yellow) highlight optimal mor-
phologies (rank of 1) and cooler colors (blue) suboptimal morphologies (rank of 0). The bounds of the surface hull are delineated by the subset of teeth subjected to

functional tests. See also Figures S3 and S6.

Nimravus brachyops, and Pseudaelurus sp., which are also
optimal. Of additional note are the pantherine felids (including
the snow leopard, tiger (Panthera tigris), lion (Panthera leo),
and leopard (Panthera pardus), but excluding the jaguar), which
sit slightly lower in the landscape in a region of morphospace
associated with moderate-high values of optimality. The second
region of high optimality in our landscape is occupied by more
“specialized” canine shapes, which are slender, laterally com-
pressed, and curved. Here, on a peak of optimality, we observe
a majority of the extreme saber-tooth morphologies, including
Smilodon gracilis, Smilodon fatalis, Smilodon populator, Hoplo-
phoneus primaevus, and Barbourofelis loveorum. However,
there are some saber-tooth morphologies that occupy areas of
morphospace lower down the peak (moderate optimality), like
Barbourofelis morrisi and Albanosmilus whitfordi. We also
observe a valley of low optimality that separates our peaks of
optimality (between extreme and less extreme saber-tooth
shapes), which is occupied by the clouded leopard (Neofelis
nebulosa) and intermediate saber-tooth morphologies like Ho-
motherium ischyrus, Machairodus catacopis, and Machairodus
transvaalensis. Additionally, we find that a large area of low opti-
mality in our landscape is associated with more curved teeth of
varying robusticity, like in the red fox, black-backed jackal (Lupu-
lella mesomelas), thylacine (Thylacinus cynocephalus), and di-
delphids like the common opossum (Didelphis marsupialis) and
Virginia opossum (Didelphis virginiana).

Our analysis demonstrates that both the extreme and less
extreme saber-tooth morphologies are optimal, maximizing the
antagonistic performance metrics related to puncture and
breakage resistance. However, they are optimized in different
ways: at one end of the continuum, less extreme plesiomorphic
morphologies like Dinofelis barlowi are weighted toward the
trade-off between puncture performance and breakage

resistance, while at the other end, extreme derived morphol-
ogies, like Barbourofelis loveorum, are weighted toward punc-
ture performance.

DISCUSSION

Based on functional analyses of teeth, we find support for the
general consensus view that the more derived extreme saber-
toothed predators were employing a killing bite that was directed
toward the “softer” parts of their prey and distinct from the pan-
therine clamp-and-hold bite.®'013:16:17.21.22.27.29 pynctyre tests
demonstrate that the extreme saber-tooth morphology can
decrease the force required to puncture by up to a half, making
them twice as effective when compared with robust canine mor-
phologies (Figure 3A). Previous in vivo testing of pointed tooth
forms shows that this is due to their slender, sharp shape, which
decreases puncture force, especially for ductile and tough mate-
rials like the medical gelatin used in this study and vertebrate skin
and muscle.”®"® In such materials, applied force initially results
in deformation, and cracks do not readily propagate.”” These
material properties underpin established form-function relation-
ships in carnivore teeth between sharpness and the degree of
carnivory,"7%74"" and between slenderness and prey material
properties.”>’”"® Here, the sharper tips (Data S3) and more
slender forms of the extreme saber-tooth morphologies facilitate
lower puncture forces and suggest that they were biting into the
ductile and tough materials like vertebrate flesh and likely direct-
ing their killing bite toward the softer parts of prey.

From our FEA, predatory scenarios that would reduce canine
tooth stress and likelihood of breakage in extreme saber-tooth
morphologies include biting into the softer parts of prey, a vertical
bite or one that favors contact angles between tooth and prey that
vary in the anterior-posterior direction, and limiting lateral loads
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like shaking or holding onto struggling prey. These scenarios favor
a killing bite through penetration causing tissue damage and
blood loss over the suffocation through clamp-and-hold bite of
conical-toothed pantherine felids.”® By contrast, less extreme sa-
ber-tooth morphologies, like Dinofelis barlowi, exhibit stresses
and patterns of relative stress magnitudes closer to the conical-
toothed snow leopard and may have employed a bite more similar
to the pantherine clamp-and-hold. Homotherium crenatidens is
intermediate between Dinofelis and Barbourofelis (Figure 3B),
which may indicate a transitional killing method(s) between
clamp-and-hold and canine penetration.®5*

Taken together, our functional analyses of saber teeth build a
more complex picture of saber-tooth diversity, uncovering pat-
terns similar to those found in recent studies highlighting contin-
uous rather than dichotomous morphofunctional diversity
among saber-toothed predators.® 623343237 For teeth specif-
ically, our 3D dataset provides greater morphofunctional detail
than previous studies,?>*"*® which allowed us to simulate the
lateral loads that sabers may be exposed to (lingual-labial off-
angle biting and shaking) as well as undertake puncture testing,
which has never previously been achieved for saber teeth. Of
additional note is that our 3D shape and FEA results broadly align
with those obtained through 2D analyses.®” This is likely due to
the fact that the saber-tooth shape traits captured in 2D (slender-
ness and curvature) covary with those captured in 3D (lateral
compression).

By evaluating the extreme saber-tooth morphology in an opti-
mality framework, this study reveals that functionally optimal
performance, within the context of a biomechanical trade-off be-
tween puncture performance and breakage resistance, likely un-
derpins the evolution of this iconic tooth. We show that extreme
saber-tooth morphologies exhibit a set of shape traits that distin-
guish them from other canine morphologies, exposing them to
high stress in simulated predatory scenarios; however, it also al-
lows them to puncture prey more effectively. Our optimality anal-
ysis shows that this morphology is maximizing the antagonistic
functional criteria of puncture performance and breakage resis-
tance, sitting atop a local peak in our landscape (Figure 5). Func-
tional optimality may help to explain the exploration and occupa-
tion of this extreme area of the canine tooth morphospace and,
more broadly, the repeated evolution of the extreme saber-tooth
form. Following Conway Morris,” this area of optimal morpho-
space (design-space) is an adaptive peak that may be acting
as an “attractor,” driving morphology toward extreme saber-
tooth phenotypes through selection of shapes with low breakage
resistance but increasingly high puncture efficiency. We demon-
strate that this form is one of the best solutions for the task of
biting into ductile materials, and, according to Conway Morris,
such a solution will be repeatedly achieved through evolution
by natural selection. We see this iterative evolution in this study,
wherein we find several examples of morphological conver-
gence atop a localized adaptive peak with multiple saber-
toothed lineages moving toward the same solution.

However, our optimality analysis shows that to access this
area of the morphospace, there is a valley of low optimality
that must be crossed. In previous studies, valleys of low perfor-
mance between adaptive peaks populated with intermediate
morphologies have been associated with a trade-off between
competing functional demands that select for different shape
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traits.6%:67-5980:81 The Pareto rank-ratio approach tests for this;
if intermediate shapes were optimized for the trade-off between
performance metrics, they would appear optimal in our land-
scape. Between optimal regions in our morphospace (less
extreme plesiomorphic saber-tooths-extreme derived saber-
tooths), there appears to be a transition occurring, where the
weighting between performance metrics changes, but not along
the Pareto front. Regions of low optimality in our landscape may
be due to several factors, chief among which is the possibility of
functional demands or shape components not accounted for in
our analysis. Specifically, the inputs of our Pareto analysis (per-
formance metrics and 3D GMM data) only model unidirectional
biting into a ductile material not hooking/pulling, shaking, or
slicing prey, and our shape analysis does not capture tooth
sharpness (tip or edge).”” This is, in part, borne out when interro-
gating taxa in these regions of low optimality. For example,
curved teeth exhibit low values of optimality and have been
associated with hooking/pulling behaviors.®>*® For saber-
tooths, this may suggest that a shift in function occurs during
the transition from more generalized, less extreme to specialized
extreme morphologies (which has been suggested previously
from studies of crania and mandibles®**°°), and so other func-
tional demands are relevant. Other possible explanations for re-
gions of low optimality include constraints imposed by the struc-
tural properties of teeth,®” tooth development,®*%° evolutionary
history,®~°? or non-adaptive evolution.*®

If the extreme saber-tooth form represents an optimal solution
and has high adaptive value, it poses the question: why is this
morphology not present in ecosystems today? Here we invoke
the idea of the macroevolutionary ratchet,”-2%°4=°¢ which in the
context of an adaptive landscape is akin to moving up the adap-
tive peak.?>9” Previous research has shown that hypercarnivo-
rous mammalian clades find it hard to retreat from their peak
(from specialized to generalized morphologies) if ecosystem
change occurs.?%:94987190 |n this study we observe evidence of
selection for an extreme morphology that is functionally special-
ized in a way that makes it vulnerable to changes in functional
demands brought about by ecosystem upheaval within a single
structure: the canine tooth. This phenomenon has been sug-
gested for the saber-tooth morphotype in general, whereby the
anatomical specializations that confer a capacity to hunt and
kill large prey may have led to their extinction at times and loca-
tions when large prey became less abundant.®??°>'%" The
pattern we observe in tooth morphology (e.g., increasingly
extreme morphology through time in the Barbourofelini) is likely
a key component that, cumulatively within the saber-tooth bau-
plan, increased extinction risk. This is supported by Piras
et al.,’”" based on mandibles, which shows a pattern of
decreasing diversification through time in saber-tooth groups
and higher extinction rates relative to conical-toothed felids.
This is in addition to Chatar et al.,>® which shows a decrease in
mandible and crania disparity through time as saber-toothed lin-
eages occupy increasingly extreme regions of morphospace.
However, it is important to note that not all saber-tooth groups
in this study exhibited this pattern: within the machairodontines,
we find that both the plesiomorphic less extreme and intermedi-
ate saber-tooth morphologies persist alongside the derived
extreme morphology (e.g., Dinofelis barlowi, Machairodus trans-
vaalensis, and Smilodon respectively) into the Pleistocene, which
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may be evidence of niche partitioning among these groups,® 6

a pattern also observed in recent studies of mandibles and cra-
nia®® and teeth.®” Regardless, the absence of the saber-tooth
dental morphotype from the extant mammal assemblage em-
phasizes that the niche(s) they once occupied do not exist in
the modern context.

Our study demonstrates the power of analyses of functional
optimality for expounding the drivers of morphological diversity
and convergence. In the context of saber teeth, our optimality
landscape leverages the fundamental trade-off between punc-
ture performance and breakage resistance. Using this frame-
work, we reveal the adaptive basis that underpins the repeated
evolution of an extreme morphology.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to, and will
be fulfilled by, the lead contact, Tahlia Pollock (tahliaipollock@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

e The 3D surface file data of canine tooth models from extant taxa have
been deposited at MorphoSource and are publicly available as of the
date of publication in the project “Canine teeth of mammalian carni-
vores: the Kkiller's toolkit” (https://www.morphosource.org/projects/
000345195).

e The original 3D surface file data of canine tooth models from saber-
toothed taxa have been deposited at MorphoSource and are publicly
available as of the date of publication in the project “Functional opti-
mality drives the repeated evolution of extreme saber-tooth forms”
(https://www.morphosource.org/projects/000699335).

e The reconstructed 3D surface file data of canine tooth models from sa-
ber-toothed taxa in this paper will be shared by the lead contact upon
request.

o The models designed for 3D printing have been deposited at Monash
Bridges and are publicly available as of the date of publication in the
project “Functional optimality underpins the repeated evolution of
the extreme ‘saber-tooth’ morphology” (https://bridges.monash.edu/
account/home#/projects/195548).

o The Abaqus project files (.cae) for all finite-element models have been
deposited at Monash Bridges and are publicly available as of the date
of publication in the project “Functional optimality underpins the
repeated evolution of the extreme ‘saber-tooth’ morphology” (https://
bridges.monash.edu/account/home#/projects/195548).

e All original code has been deposited at Monash Bridges in the project
“Functional optimality underpins the repeated evolution of the extreme
‘saber-tooth’ morphology” (https://bridges.monash.edu/account/home#/
projects/195548) and is publicly available as of the date of publication.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Dataset

Our dataset consists of 235 canine teeth (154 upper canines and 81 lower canines) representing 95 species of mammalian carnivores.
This includes 25 saber and 70 non saber-tooth species. Our saber-tooth dataset includes species from the three major families: Nim-
ravidae (9 species), Felidae (15 species) and Thylacosmilidae (1 species) (see Data S1). Specimens were sourced from multiple in-
stitutions: USNM (Smithsonian Museum of Natural History, USA), AMNH (American Museum of Natural History, USA), YPM (Peabody
Museum of Natural History), UF (Florida Museum), DNMNH (Ditsong National Museum of Natural History, South Africa), MNHN
(Muséum national d’histoire naturelle, France), NHMUK (Natural History Museum UK, United Kingdom), UCMP (University of Califor-
nia Museum of Paleontology, USA), IVPP (Paleozoological Museum of China, Institute of Vertebrate Paleontology and Paleoanthro-
pology, China), LACMHC (Los Angeles County Museum of Natural History Hancock Collection, USA), NHMD (Natural History
Museum of Denmark, Denmark), FMNH (Field Museum of Natural History, USA), NMV (Museums Victoria, Australia), AMS (Australian
Museum, Australia), TMAG (Tasmanian Museum and Art Gallery, Australia), MZRC (Monash University Zoology Research Collection,
Australia), and SMNS (State Museum of Natural History Stuttgart, Germany).

Reconstruction

Several fossil canines required reconstruction; this was done in Geomagic Wrap 2015 by T.I.P. The degree of reconstruction neces-
sary varied among specimens from none, very small, small, small-medium, medium, medium-major, to major. Depending on the level
of reconstruction necessary this could include: smoothing cracks, filling crack and chips, reconstructing the tooth tip, or using part of
other teeth from the same species to reconstruct those missing (see Figure S4). Given the simplicity of the structure, we are confident
in the reconstructions and have provided original (MorphoSource project: Functional optimality underpins the repeated evolution of
the extreme ‘saber-tooth’ morphology” (link TBA)) and reconstructed surface files (upon request).
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Study rationale

Our method differs from the traditional adaptive landscape approach, which uses theoretical shapes generated from a gridded mor-
phospace for functional analyses.>*567-5%:8% To assess how shape variation impacts canine tooth performance we selected a sub-
set of empirical tooth morphologies that spanned the shape variation present in our morphospace which were subjected to functional
analyses. Empirical morphologies are a better tool in this instance for several reasons, the first being the specific question we are
trying to address. Here we are interested in whether the extreme saber-tooth morphologies are functionally optimal within the context
of realised canine tooth shapes, not all theoretically possible canine shapes. The traditional adaptive landscape approach is useful for
extrapolating beyond empirical morphologies and exploring regions of unoccupied morphospace; however, this was not our aim,
and when we implemented this procedure, it caused issues akin to previous studies.**°®'% The tooth morphologies we are inter-
ested in testing are notably extreme in shape, and extrapolating theoretical morphologies causes issues with shape deformations.
Specifically, the theoretical morphologies generated beyond the extreme empirical forms (e.g., Barbourofelis) self-intersected as
they became more laterally compressed. Finally, theoretical shapes are abstractions of the empirical morphologies and generated
from two PC axes (PC1 and PC2), as such they capture shape variation only partially. In studies on 2D structures (e.g., wings' %) this is
less of an issue; however, in 3D this issue can be exaggerated. Empirical morphologies are more faithful to the full morphological
diversity present.

The subset of teeth are as follows: non saber-tooth forms Ailuropoda melanoleuca (USNM-258835), Didelphis marsupialis (USNM-
578961), Eira barbara (USNM-461839), Vulpes, vulpes (NMV-C25074), Neofelis nebulosa (AMNH-22916), Panthera onca (AMNH-
75462), Panthera uncia (AMNH-35529), Procyon lotor NMNH-265610), Sarcophilus harrisii (NMV-C6242); and saber-tooth forms Di-
nofelis barlowi (DNMNH-TM-1542), Smilodon populator (NHMD-ZMK-1/1845:2553), Homotherium crenatidens (MNHN-PET2000a),
Barbourofelis loveorum (UF-VP-27447), and Thylacosmilus atrox (FMNH-P14531). In total, fourteen empirical teeth were subjected to
biomechanical tests. This subset was chosen to deal with the logistical constraints imposed by the physical component of our tests
and is not expected to severely impact landscape accuracy, as previous work has shown that this can be fairly robust to sparse and
uneven morphological sampling.'®

METHOD DETAILS

3D scanning and digitisation

Multiple methods were used to scan specimens, some specimens were scanned with laser scanners: Laser Design DS-Series 2025
(CyberOptics, USA) or Creaform HandySCAN 300 with a 0.2mm resolution (Creaform, Canada), some with structured light scanners:
Artec Spider or Space Spider (Artec Group, Luxembourg), and some were CT or microCT scanned (see Data S1 for full list of spec-
imens and details). 3D polygon meshes of teeth were generated from scans in Geomagic Wrap 2015 (Geomagic, USA).

Morphometric data collection (geometric morphometrics)

Canine shape was captured via a 3D geometric morphometrics (3D GMM) approach, using an established landmark protocol from
Pollock et al.”” Full details of the protocol can be found in Pollock et al”’; however, here we provide a summary. Tooth models were
landmarked using Computer Aided Design (CAD) software Rhinoceros 5 (McNeel North America, USA). Teeth were aligned to a
global coordinate system before landmarking. The landmark protocol consisted of 31 landmarks along 3 curves (3 fixed and 28
semi-landmarks) (Figure S2). Curve 1 (the anterior curve) runs down the anterior of the tooth from tip to base, Curve 2 around the
base of the tooth, and Curve 3 around the midsection of the tooth (50% of the tooth height). Three fixed landmarks were placed along
the anterior curve, one at the tip, one at the midpoint at 50% of the length of the curve, and one at the base. The fixed midpoint and the
base landmarks were used as anchor points for the midsection and base curves, respectively. Each curve was populated with 11
evenly spaced points, which were exported as X, y, z coordinates. Analysis and visualisation of landmark coordinate data carried
out using R'%? using the packages geomorph'°® and morphospace.’®” Landmark data were subjected to a Generalised Procrustes
Analysis (GPA) using the gpagen function in the geomorph package'°® where semi-landmarks were slid using the ‘curve’ argument
with the minimised bending energy criterion.

Phylogeny

The phylogenetic tree used in this study for visualisations was assembled from multiple subtrees: time-scaled Maximum Clade Cred-
ibility (MCC) tree of extant terrestrial Carnivora from Slater and Friscia,*® an informal time-scaled, composite phylogeny of marsupial
and carnivoran taxa from Rovinsky et al.,”” and a time-scaled MCC tree of extant and fossil Feliformia (including nimravid and felid
saber-tooths) from Barrett and Hopkins.*® These subtrees were combined and edited using R packages ape'®® and phytools.'*®
Each subtree’s taxonomy was updated as needed, and then pruned to remove unnecessary taxa. The MCC Carnivora tree was
used as an overall reference and as the Caniformia branch; feliforms were pruned from this tree and the necessary species replaced
on the MCC Feliformia tree, as this required fewer manual alterations. Additional missing taxa were then manually added to subtrees
using the bind.tip function. Subtrees were then rooted and bound together using the bind.tree function; node and tip ages were
compiled from the literature,'®" "%~ PBDB (paleobiodb.org), or TimeTree 5 (timetree.org;''®) as needed. This phylogeny was
used to visualise a phylomorphospace (Figure 2) and phenogram (Figure S1) of canine tooth forms using the mspace function in
the morphospace package.'®’
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Physical puncture tests

To quantify the functional metric tooth puncture force (force [N]) we undertook a series of physical puncture tests with stainless steel
3D prints of each tooth model. To create the models for 3D printing, tooth meshes were aligned to a global coordinate system in Rhi-
noceros 5, so that the dorsal-ventral axis (longest axis) of the tooth was parallel to the x-axis, lingual-labial axis parallel to the y-axis,
and the anterior—posterior axis parallel to the z-axis in three-dimensional space (see Figure 2 in Pollock et al.®®). Then, each mesh was
chopped perpendicular to their dorsal-ventral axis at the highest point of their basal enamel-dentine boundary, which was delineated
by the basal landmark of our 3DGM protocol and chosen to reflect the ‘functional’ length of the tooth. As our functional metrics are
integrated in the downstream Pareto analysis, it is important for the models they are based on to be identical, as each metric is
describing the same model. FEA has specific requirements (the force/area ratio to be the same among compared models''%), so
each tooth model was scaled to a surface area of 450 mm? based on previous work.®® This was carried over to the 3D printed physical
models used in our puncture experiments. To enable secure mounting and a consistent run length (total displacement) for puncture
tests, all tooth models were designed to have a specialised base block and a total height of 40 mm. As the heights of each scaled
tooth model varied, to achieve the desired total model height (40 mm), the base edge of each tooth model was extruded in Geomagic
Wrap 2015. The amount extruded differed for each tooth and was calculated by adding the block height (22 mm) and tooth height and
subtracting it from the desired model height (40 mm). For example, for Smilodon populator (NHMD-ZMK-1/1845:2553) tooth model
(after scaling) height = 25.73 mm and extrude amount = 2.27 mm (see Figure S2 for model creation workflow which is based on
Pollock et al.®® and Data S2A for extrude amount for each tooth). It is important to note that this extruded amount was merely a logis-
tical necessity that facilitated consistent run lengths for physical tests; puncture data beyond the length of the tooth was not analysed
or interpreted. Tooth models were printed using a selective laser melting (SLM) 3D printer, the AmPro SP500 (AmPro Innovations,
Australia) from stainless steel 316L metal powder at a powder layer thickness of 40 micron. To remove the inherent variability of using
a biological substrate like animal tissue, we used a gelatine substrate as a food substitute, Humimin Medical Gelatine #2 (Humimic
Medical, USA), with known material properties: Density p: 923.468 Kg/m®, Speed of Sound: 1457.42 m/s, Young’s Modulus: 0.26
MPa, Firmness: 308 g, and Needle resistance: 0.38 N (Humimic website). Gelatine #2 is used to simulate fattier tissues and also
skin and muscle. A Force Tester (Instron 5982 Universal Testing Machine, Instron, USA) with a S40A 50 kg load cell (HBM, Darmstadt,
Germany) was used to measure the force (N) and displacement (mm) required by each tooth model to puncture a 50 x 50 x 50 mm
block of the gelatine substrate. For each test, the tooth model was secured with a clamp attached to the load cell and the substrate
placed on a platform below the tooth so that there was ~1 mm between substrate and tooth tip. The experimental set-up was de-
signed so that the tooth moved downwards into the substrate at a constant speed of 2 mm/s for a given distance of 28 mm, taking a
total of 14 seconds. For all tooth models, we performed seven replicates. The force and displacement output were recorded at 10
measurements per second by the data logger program EVIDAS Essential (v. 1.3.0, HBM, Darmstadt, Germany). The load cell is re-
ported to have a lower limit accuracy of 0.012%, meaning that values to a resolution of approximately +/- 0.05 N are interpretable.

Finite element analysis

To quantify the functional metric tooth stress (von Mises stress [MPa]) we undertook finite element analysis (FEA) using an established
protocol from Pollock et al.®® to simulate a range of feeding behaviours. Full details of the protocol can be found in Pollock et al.®%;
here we provide an overview. We undertook a range of simulations mimicking different biting scenarios, as well as pulling and shaking
behaviours. The same aligned, chopped, and scaled tooth models (minus extruding) created for physical testing were used for FEA.
As per Dumont et al."'* models were scaled to the same surface area for FEA and the value of 450 mm? chosen for continuity with
previous research.®® Aligned and scaled models were brought into 3-matic v14.0 (Materialise, Leuven, Belgium) to be converted into
volumetric mesh files of solid (continuum) linear tetrahedral elements (C3D4) of 0.2 mm before being exported to Abaqus CAE Simulia
2019 (Dassault Systémes, Velizy-Villacoublay) to set-up and run simulations. From available data of human dentine,''®""'® models
were assigned isotropic, homogeneous, and linear elastic material properties values from the literature: Young’s modulus
(E = 18,000 MPa) and Poisson’s ratio (v = 0.31). To test whether using a single (dentine) or multiple material (dentine and enamel)
model impacted tooth stresses, we ran unidirectional biting simulations with dentine only, enamel-dentine, and dentine-dentine
models for two teeth: Canis familiaris (MZRC-Dog45) and Smilodon populator (NHMD-ZMK-1/1845:2553) generated from micro-
CT scans (see multi-material finite element analysis section and Figure S5). As patterns of stress distribution were similar between
single and multiple material models and our study focuses on the relationship between overall patterns of form-function, all subse-
quent simulations undertaken were single dentine material models. Following the protocol from Pollock et al.,®® loading conditions
modelled were: initial biting (BITE 2%), ‘off-angle’ biting (where the tip of the tooth is not perpendicular to the food [BITE 2% AP + 30,
BITE 2% AP - 30, BITE 2% LL +30, BITE 2% LL - 30]), pulling where part of the tooth is already embedded in the food (PULL 50%),
and shaking where part of the tooth is already embedded in the food (SHAKE 50%), where the % represents the height of the tooth
loaded (Figure S2; Data S2B). For all loading conditions, a compressive force of 300 N was applied. Finite-element models were
solved using the default implicit direct static solver in Abaqus.

Pareto optimality rank-ratio approach

Pareto optimality is a framework through which a set of solutions to a multi-objective problem can be analysed to identify the subset
of those solutions that can be considered optimal (the Pareto Optimal Subset (POS) or the Pareto front).>>**%° Members of the POS
are defined as solutions against which no other solution exists in the total set with greater performance in all objectives at once. Note,
given a specific weighted formula for the value of each performance objective, which can be used to measure the total value of each
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solution, only a single solution in the POS would be optimal. Thus, the POS can be considered the set of all optimal solutions given
any, or an unknown, relative preference for each performance objective. In the context of evolutionary biology, this is advantageous
as it can test hypotheses of optimality for some trade-off without having to assume or estimate a weighting function for each perfor-
mance objective. Pareto optimality therefore represents a discrete, binary characterisation of a set of solutions (those that are
optimal, and those that are suboptimal). Given the variety of biological factors that bias the evolution of morphology, we do not expect
biological structures to be optimal within a trade-off, only to approach it.°*°"""'” To measure biological optimality, a metric for the
proximity of these solutions to the POS in performance space is required. Performance space is rarely built with comparable func-
tional axes, as is the case in this study where we measure the breakage resistance in units of stress, and the puncture performance in
units of force, both with dramatically different scales. Performance space is therefore non-Euclidean, and a non-Euclidean distance
metric is needed. Because of this, some multi-objective optimization formulas have utilised (or modified) a Goldberg ranking system.
Goldberg Pareto ranking is an iterative algorithm which identifies the POS of a set of solutions, assigns each solution in the POS a rank
of 0, removes the POS from the set, then identifies the POS of this new set, assigns it a rank of 1, and so on until all solutions in the set
are ranked. As with any rank-based solution, it has issues associated with the sampling density, as ranks will be higher for solutions
with more nearby neighbours than for solutions with fewer neighbours. When identifying optimality within regions of morphospace,
sampled performance spaces often have heterogeneous occupation density, which exacerbates this issue. Therefore, Deakin et al.>*
develop a Pareto Rank Ratio (PRR), which utilises two Goldberg rankings of a set of solutions: an optimal ranking, Ro, which is the
original Goldberg rank; and a suboptimal ranking, Rs, which is a Goldberg ranking operated on the reversed functional performance
data (usually by multiplying each metric by -1 and performing a Goldberg rank). These can then be combined in a ratio using this
formula:

Rs

PRR = RotRs

If Ro and Rs = 0, then the PRR is set to 1. This will happen at the end points of the POS in each sample, and when sample sizes are
very small. The PRR will always be a value from 0 to 1, with 0 denoting those solutions that are maximally suboptimal (no solution is
worse than them) and 1 denoting those solutions that are Pareto optimal (no solution is better than them). Ranks in between will repre-
sent the proximity to the front compared to other solutions close by.

Tooth sharpness

Tooth tip sharpness was quantified in Rhinoceros 5 for each 3D model created for performance testing based on the protocol from
Pollock et al.®” We calculated tip sharpness as: surface area of the tip of the tooth at a distance of 5 mm from the tip of the tooth. As
the tooth models were already scaled to the same surface area for puncture testing and FEA, we used absolute sharpness values for
comparisons between models. All sharpness measurements can be found in Data S3. We note that our 3D geometric morphometrics
landmarking protocol does not capture tip sharpness, due to landmark resolution, but we include it here as a point of interest.

Multi-material finite element analysis

To test whether single (dentine only) or multiple (dentine and enamel) tooth material models impacted the patterns of stress observed
we selected two exemplar teeth for which microCT scan data was available (Canis familiaris MZRCDog45 and Smilodon populator
NHMD-ZMK-1/1845:2553) and performed the same biting simulations (BITE 2%). S. populator represents a tooth with a thin enamel
layer and C. familiaris one with a comparatively thicker enamel layer.

As the S. populator tooth was broken (see Figure S4) reconstruction was necessary to model the enamel and dentine layers. To
accurately model the enamel layer, measurements of the enamel thickness at multiple points along the broken tooth were taken
(approximately 1/3 tooth height: posterior edge = 233 micron and labial edge = 185 micron, 1/2 tooth height: posterior edge =
238 micron and labial edge = 171 micron, and 2/3 tooth height: posterior edge = 260 micron and labial edge = 183 micron) in Avizo
(Thermo Fisher Scientific, USA) from the microCT scan. These values were averaged to get a single value of 211 microns for enamel
thickness. The surface(s) of the broken S. populator tooth were combined in Geomagic Wrap 2015 (Geomagic, USA) to create a sin-
gle surface mesh reconstruction, which was used to create a multi-layer model. To do this the original surface was offset inwards 211
micron to mimic the interface between the enamel and dentine layers. From this, two new surface meshes were created that repre-
sent the enamel and dentine layers.

Teeth were microCT scanned (see Data S1 for machine details) and the enamel and dentine layers segmented out in Avizo and
exported as.stl files. For this test, teeth were not scaled to the same surface area of 450 mm? (as per protocol for main study),
they remained their original size: C. familiaris = 433 mm? and S. populator = 9,800 mm?. The total force (N) applied to each tooth
was scaled instead so that it was equivalent to 300 N for a 450 mm? surface. Enamel and dentine layers for each tooth were combined
into a non-manifold surface mesh in 3-matic v14.0 (Materialise, Leuven, Belgium) and converted into volumetric mesh files of solid
(continuum) linear tetrahedral elements (C3D4). To keep the number of elements comparable between each model, edge length var-
ied: C. familiaris = 0.2 mm and S. populator = 1 mm. Teeth were assigned isotropic, homogeneous and linear elastic material prop-
erties values from the literature: Young’s modulus (E = 18,000 MPa) and Poisson’s ratio (v = 0.31) from available data of human
dentine'">""®1"® and Young’s modulus (E = 84,000 MPa) and Poisson’s ratio (v = 0.30) from available data of human enamel."'®
In total there were three different versions of each tooth model for testing: (1) single layer with the material properties of dentine,
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(2) two layers based on tooth segmentation data both assigned the material properties of dentine, and (3) two layers based on tooth
segmentation data one assigned the material properties of dentine and one the material properties of enamel.

In models with multiple materials, the interaction between dentine-dentine or dentine-enamel was modelled as a surface-surface
tie contact. The same loading conditions were applied to all models (BITE 2%), which were solved using the default implicit direct
static solver in Abaqus CAE Simulia 2019 (Dassault Systémes, Velizy-Villacoublay). Our results show that the pattern of stress dis-
tribution was similar among models (Figure S5). However, the magnitudes did vary. As the stress patterns did not vary greatly and our
study investigates tooth biomechanics in a broad comparative context, we proceeded with single dentine material models. However,
we highlight multi-material tooth biomechanics and the impact of relative enamel thickness as an interesting area for future research.

QUANTIFICATION AND STATISTICAL ANALYSIS

Canine tooth shape variation (geometric morphometrics)

Landmark data was ordinated using a Principal Components Analysis (PCA) to reduce dimensionality and visualise a morpho-
space showing the major axes of shape variation as principal components. This was performed using the gm.prcomp function
in the geomorph package.'® While our aim was to study the evolution of saber-tooth morphologies, we wanted to frame this
in the more general context of the morphological diversity of mammalian puncturing teeth. Hence, the resulting ordination space
(morphospace) is defined by the full canine tooth dataset (upper and lower canine teeth); however, for visualisations and down-
stream analyses we only use upper canine teeth or upper canine tooth species means. This strategy has a number of advantages
that make the most of the information contained in our data set: 1) it ensures that the orientations of the PC axes that form the
underlying morphospace capture the main directions of tooth shape variation comprehensively; 2) it allows a standardised assess-
ment of morphological differences in terms of upper teeth shape variation; and 3) it provides a single point per species, simplifying
both the projection of phylogenetic relationships into morphospace and its interpretation. Shapes representing phylogenetic no-
des were calculated assuming a standard Brownian motion model of phenotypic evolution. Based on a linear regression (procD.Im
in geomorph), we found a significant association between shape (Procrustes coordinates) and size (log4o[Csize]) in our canine
tooth dataset (R2 = 0.27, p < 0.001).

Puncture performance

For analysis of tooth puncture performance, we calculated the maximum force (N) for each replicate and averaged them to give a
single value for each model. Maximum force was calculated for a displacement equal to 10 mm for each tooth model (Data S3).
This performance metric was chosen as it enabled us to focus on initial puncture as per Pollock et al.®” and reduce tooth curvature
as a factor impacting puncture performance. Unlike Pollock et al.°* we did not calculate maximum force equal to tooth height
because we were testing tooth morphologies that varied a lot in curvature. Specifically, as our puncture experiments are unidirec-
tional, we are not able to simulate the tooth moving in an arc during biting (as it would in nature during jaw closure)."'® This means
that a curved tooth, when penetrating to its full length, would artificially produce higher forces to puncture that a straight tooth of the
same robustness. Calculating the maximum puncture force to a displacement of 10 mm avoids this, hence why we chose it as a
metric for downstream analyses.

Breakage resistance

For analyses of tooth breakage resistance, we used a single summary value of von Mises stress (MPa) which was calculated as the
90" percentile maximum von Mises stress value for all surface nodes of a model (Data S3). This was done to avoid the influence of
individual stress singularities.'®'2%"2! The performance metric used as a proxy for breakage resistance in subsequent downstream
analyses (Pareto optimality) was the maximum tooth stress under a unidirectional initial biting load (BITE 2%). We also tested the use
of an inverse stress metric ‘strength’ = 1/(von Mises stress) as this has also been used in previous studies.®>"*”'% However, we found
it did not impact the overall results of downstream analyses (Figure S6) and so used the raw von Mises stress values.

Performance surfaces and weighting metric

Functional metrics quantified for the subset of 14 teeth were mapped into the morphospace and used to create two separate per-
formance surfaces, one for puncture performance and one for breakage resistance. To do this we used the fields package in R'? and
the default kriging method to fit a surface to each metric. These performance surfaces were used to predict functional metrics for all
upper canine teeth in our dataset by extracting the surface values at each location in the morphospace that corresponds with a spe-
cific tooth. Some upper canine teeth in our dataset lay outside the bounds of the performance surface hull delineated by the subset of
teeth tested (Barbourofelis fricki, Thylacosmilus atrox NHMUK 861, Didelphis albiventris USNM 121459, Ailuropoda melanoleuca
USNM 259400, Meles meles USNM 171964). As these teeth lay outside the hull, their values could be less accurately predicted
and so we excluded them. Both measured functional metrics and those predicted from the performance surfaces were plotted
against one another (breakage stress [MPa] versus puncture performance [N]) to form a performance space of tooth forms. Predicted
values do not match the measured metrics due to an artefact of the surface generation method (kriging). In some instances, the de-
viation is small (giant panda) and in others larger (red fox); however, for a majority of the tooth subset it is relatively small. This per-
formance space was used to calculate our approximate weighting metric that indicated whether a particular morphology favours
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breakage resistance, puncture performance, or a trade-off between the two metrics. Our weighting metric is calculated as the angle
between the x axis and the vector from the origin to each morphology’s position in the performance space with the equation:

Force
VMS

o = atan(

High values indicate that a form is favouring breakage resistance, low values that they are favouring puncture performance, and
intermediate values that they are favouring the trade-off between metrics (Figure S3).

Canine tooth optimality landscape

To generate our optimality surface, we integrated our morphological and biomechanical data (represented as performance surfaces
for puncture force (N) and tooth stress (MPa)) via the Pareto rank-ratio algorithm implemented in MATLAB following the protocol from
Deakin et al.>* The algorithm assigns each position in the morphospace hull a PRR value that is plotted as the z axis above the mor-
phospace to create an optimality landscape.®® To do this, the performance surfaces for puncture force and tooth stress were ex-
ported from R as data frames to MATLAB where they were subjected to the Pareto rank-ratio algorithm, creating a new PRR surface.
The PRR surface was then exported from MATLAB to R and visualised using the image function in base R."%?

Comparing landscape-based approaches

To test the accuracy of our weighting metric, we also employed an alternative method from Dickson et al.”” using the R package
Morphoscape'?® to calculate weightings of performance metrics in predefined groups. In this case we used the groups: saber-tooth
and non saber-tooth (Data S1). Tooth morphologies in the saber-tooth group were weighted towards high stress and low puncture
force, and so favoured puncture performance (stress = 0.85 and force = 0.15, z = 0.34) and morphologies in the non saber-tooth
group, which included all other teeth, were weighted towards low stress and high puncture force and so favoured breakage resis-
tance (stress = 0.05 and force = 0.95, z = 0.60) (Figure S3). The patterns observed among groups of the weights from this method
broadly match with those observed for our weighting metric.

We also employed an alternate approach to test the accuracy of our performance surfaces and the optimality surfaces they are
used to generate via the Pareto rank-ratio approach. This is because the algorithms for surface generation can vary between pack-
ages, which will impact surface topology. Hence, to determine whether our results were impacted by the package we chose
(fields'??) to generate performance surfaces, we also used the Morphoscape'®® to generate performance surfaces using the
same set of metrics. The input data for both surface generation methods were the performance metrics quantified from our dataset
of 14 tooth morphologies: puncture force (N), von Mises stress (MPa), and 1/(von Mises stress (MPa)). The resulting performance
surfaces for each metric for both packages are shown in Figure S6 and represent one set of: puncture performance (Force (N)),
breakage resistance (von Mises stress (MPa)), and strength (1/(von Mises stress (MPa)) generated in fields'*? and another set gener-
ated in Morphoscape'?® and as per the above protocol, integrated them via the Pareto rank-ratio algorithm to generate optimality
surfaces shown in Figure S6.

There are subtle differences in the degree of smoothing/coarseness of surfaces for force (N) and stress (MPa) between packages;
however, general patterns are maintained (Figure S6). For the resulting optimality surfaces, again there are subtle differences in the
surfaces between packages, but general patterns are maintained with two general areas of higher optimality observed in the same
locations. In the lower central region of the morphospace (straighter teeth that vary in robustness) and in the upper-middle left
(extreme saber-tooth morphologies). Interestingly, in the Morphoscape'?® surface there is a mid-high region of optimality also
observed in the top right of the morphospace (curved and more robust morphologies). However, when comparing the performance
surfaces for 1/(von Mises stress (MPa)) between packages there is a noticeable difference in the degree of smoothing/coarseness of
the surfaces, whereby the surface generated via Morphoscape'?® appears more smoothed than the surface generated via fields'??
(Figure S6). This impacts the resulting optimality surfaces, with the surface generated via fields'*? maintaining the general pattern
seen in fields'?? force + stress and the Morphoscape ' force + stress, while the Morphoscape'?° force + 1/stress shows a different
pattern with a clear gradient from optimal morphologies along the lower boundary of the morphospace hull to suboptimal at the top
boundary. We think this may be a result of how the algorithm employed by the Morphoscape'** package treats very small values (like
those generated by calculating the inverse of stress (1/(von Mises stress)).

As the same general optimality landscape pattern was maintained in all iterations but those including strength (1/(von Mises stress
(MPa)) generated in the Morphoscape package, we went with the fields'?” force + stress pipeline for the manuscript results.

|.65
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