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Abstract

Bite force is often associated with specific morphological features, such as sagittal crests. The presence of a pro-
nounced sagittal crest in some tapirs (Perissodactyla: Tapiridae) was recently shown to be negatively correlated with
hard-object feeding, in contrast with similar cranial structures in carnivorans. The aim of this study was to investi-
gate bite forces and sagittal crest heights across a wide range of modern and extinct tapirs and apply a comparative
investigation to establish whether these features are correlated across a broad phylogenetic scope. We examined
a sample of 71 specimens representing 15 tapir species (5 extant, 10 extinct) using the dry-skull method, linear
measurements of cranial features, phylogenetic reconstruction, and comparative analyses. Tapirs were found to ex-
hibit variation in bite force and sagittal crest height across their phylogeny and between different biogeographical
realms, with high-crested morphologies occurring mostly in Neotropical species. The highest bite forces within
tapirs appear to be driven by estimates for the masseter—pterygoid muscle complex, rather than predicted forces for
the temporalis muscle. Our results demonstrate that relative sagittal crest height is poorly correlated with relative
cranial bite force, suggesting high force application is not a driver for pronounced sagittal crests in this sample.
The divergent biomechanical capabilities of different contemporaneous tapirids may have allowed multiple species
to occupy overlapping territories and partition resources to avoid excess competition. Bite forces in tapirs peak in
Pleistocene species, independent of body size, suggesting possible dietary shifts as a potential result of climatic
changes during this epoch.
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INTRODUCTION

Tapirs (Perissodactyla: Tapiridae) are large, odd-toed
ungulate mammals that belong to the order Perissodactyla
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Table 1 Species included in the analysis, with the number (N) of specimens per species, age and biogeographical realm

Biogeographical

Family Genus Subgenus Species N Age realm
Tapiridae  Tapirus Tapirella bairdii (Gill, 1865) 3 Pleist—Holocene = Neotropical
Tapiridae  Tapirus Acrocodia indicus Desmarest, 1819 11 Pleist—Holocene = Indo-Malayan
Tapiridae  Tapirus kabomani (Cozzuol et al., 2013) 7 Pleist—Holocene = Neotropical
Tapiridae  Tapirus terrestris (Linnaeus, 1758) 30 Pleist—Holocene  Neotropical
Tapiridae  Tapirus pinchaque (Roulin, 1829) 6 Pleist—Holocene = Neotropical
Tapiridae  Tapirus mesopotamicusi (Ferrero & 1 Pleistocene Neotropical

Noriega, 2007)
Tapiridae  Tapirus rondoniensis' (Holanda et al., 1 Pleistocene Neotropical

2011)
Tapiridae  Tapirus Megatapirus augustusT (Matthew & Granger, 1 Pleistocene Indo-Malayan

1923)
Tapiridae  Tapirus Helicotapirus veroensis' (Sellards, 1918) 2 Pleistocene Nearctic
Tapiridae  Tapirus Helicotapirus haysii% (Leidy, 1860) 1 Plio—Pleistocene ~ Nearctic
Tapiridae  Tapirus Helicotapirus Iundeliusi (Hulbert, 2010) 2 Plio—Pleistocene ~ Nearctic
Tapiridae  Tapirus Tapiravus polkensisT (Olsen, 1960) 2 Mio.—Pliocene Nearctic
Tapiridae  Tapirus johnsaniT (Schultz et al., 1975) 1 Late Miocene Nearctic
Tapiridae ~ Nexuotapirus marslandensis' (Schoch, 1984) 1 Early Miocene Nearctic
Tapiridae  Protapirus simplexT (Wortman & Earle, 2 Oligocene Nearctic

1893)

Ages and origin were obtained from the Palacobiology Database (Behrensmeyer & Turner 2013).

Extinct.

(odd-toed hooved mammals), together with equids and
rhinoceroses. There are 5 extant tapir species (Cozzuol
et al. 2013), all belonging to the family Tapiridae and
the genus Tapirus (Briinnich 1772; Table 1). This small
number of extant tapir species represents only a small
part of the rich fossil history of tapirids (Radinsky 1966;
Colbert 2006; Holanda 2006; Hulbert 2010; Scherler
et al. 2015). Modern tapirs are distributed around the
Neotropics (Central and South America) and Southeast
Asia (Holanda 2006), although their range throughout
the Cenozoic also included the Indo-Malayan, Palearc-
tic and Nearctic biogeographic realms up until the
end-Pleistocene. Tapirs tend to inhabit dense tropical
and sub-tropical forests, wooded grassland, and montane
woodland biomes (Padilla & Dowler 1994; Padilla et al.
2010; DeSantis 2011). Most extinct species occurred in
similar habitats, although some are known from more
temperate regions, especially during the Plio—Pleistocene
(Czaplewski et al. 2002; de Soler ef al. 2012; MacLaren
et al. 2018; Graham et al. 2019). Tapirs are primarily her-
bivorous (MacFadden & Cerling 1996; Koch et al. 1998;
Kohn et al. 2005), with their diets consisting mostly of

foliage, fruits, seeds, and other plant materials (Savage
& Long 1986; Henry et al. 2000). These components are
known to be consumed to different degrees in different
modern tapir species (Janzen 1982; Henry et al. 2000;
Downer 2001; DeSantis 2011; O’Farrill et al. 2013). Tapir
skulls exhibit a great deal of variation in the attachment
sites of the temporalis musculature, that is, the sagittal
crest (Hulbert et al. 2009; Dumba et al. 2018; DeSantis
et al. 2020); with no observed sexual dimorphism (Ro-
jas et al. 2021). A good example of this variation is the
different crest morphologies exhibited by extant tapirs
(Fig. 1). Within extant tapirs, sagittal crests can vary from
a broad sagittal table [e.g. Tapirus bairdii (Gill, 1865);
Fig. 1a] to a narrow crest [e.g. Tapirus pinchaque (Roulin,
1829); Fig. 1b]; the relative height of the dorsal surface
of the cranium from the toothrow can also greatly vary,
from a relatively high skull [e.g. Tapirus terrestris (Lin-
naeus, 1758); Fig. 1c] to a comparatively shallow skull
(e.g. Tapirus indicus Desmarest, 1819; Fig. 1d).

A recent multidisciplinary study that used finite el-
ement analysis and dental microwear texture analysis
suggested that the presence of a pronounced sagittal crest
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Figure 1 Skull models of extant tapirs demonstrating the variation in sagittal crest morphologies. (a) Tapirus bairdii. (b) Tapirus
pinchaque. (c) Tapirus terrestris. (d) Tapirus indicus. Proportions scaled to show true size differences between the species.

in tapirs is negatively correlated with feeding on hard ob-
jects (DeSantis et al. 2020), unlike the presence of similar
cranial structures in carnivorans (Van Valkenburgh 2007).
The masticatory muscles consist of the temporalis mus-
cle (musculus temporalis) and the masseter—pterygoid
muscle complex (musculus masseter + musculus ptery-
goideus). A large sagittal crest allows for an expansion
of the attachment area for the m. femporalis muscle, one

of the principal jaw adductors (Van Valkenburgh 2007).
The presence of large sagittal crests (e.g. in 7. terrestris,)
was interpreted as being beneficial for the continuous
processing of tough and less nutritious vegetative matter
(DeSantis et al. 2020), rather than conferring large
forces for breaking open hard-shelled seeds or
nuts (as seen in 7. indicus, Campos-Arceiz et al.
2012).
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Studies of bite force vary widely in methodology, and
each methodology comes with its suite of limitations. For
example, in vivo measurements of bite force provide di-
rect estimations, but samples are often limited, and work-
ing alongside live animals can be dangerous (Herrel et al.
2008; Davis et al. 2010; Law & Mehta 2019); biomechan-
ical modeling with freshly dissected feeding apparatuses
can be challenging due to the difficulty of obtaining de-
ceased individuals of wild or rare animals (Davis et al.
2010; Santana et al. 2010; Hartstone-Rose et al. 2012;
Gignac & Erickson 2016). Many mammalogists estimate
bite forces using models; the most frequently used is a
two-dimensional picture-based technique known as the
“dry-skull method” (Thomason 1991). This method re-
lies on estimated cross-sectional areas of the jaw adductor
muscles from photographs of skulls (Law & Mehta 2019;
Thomason 1991). Photographs can be easily obtained, as
the skulls are often part of museum collections, and can
thus be used to study large numbers of extant and extinct
species to explore patterns of bite force through time or
across large phylogenetic groups (e.g. Wroe et al. 2005;
Sakamoto et al. 2010; Snively et al. 2015).

A comparative investigation of bite forces and sagit-
tal crest heights across a large sample of modern and
extinct tapirs may elucidate their functional relationship,
providing new insights on bite force mechanics in her-
bivores and the relationship between morphology (sagit-
tal crest height) and performance (bite force). We might
expect potential force application across the Tapiridae
to be negatively correlated with increased sagittal crest
height, a working hypothesis supported by the recent
study of DeSantis et al. (2020). More broadly, shifts
in masticatory mechanics and potential bite force may
in fact relate to the exploitation of different foodstuffs
or biomes or may be phylogenetically linked. Exploring
morphological/performance patterns across a broad phy-
logenetic scope may demonstrate historical constraints
on the height of the sagittal crest or bite force applica-
tion in this enigmatic ungulate clade. Here, we apply the
dry-skull method to 15 species (5 extant, 10 extinct) of
tapirids, calculating bite forces at multiple points along
the upper toothrow. We compare bite forces across extinct
and extant species, assessing the results with respect to
sagittal crest height, phylogenetic relationships, and ge-
ographical ranges. We expect estimated bite forces to be
highest in larger species with larger skulls; however, in
relative terms, we anticipate lower bite forces relative to
skull size in species with higher sagittal crests, in keep-
ing with results from recent biomechanical modeling ap-
proaches (DeSantis et al. 2020). We also hypothesize that
masticatory performance will be notably divergent be-

tween tapir species exploiting different biogeographical
realms, with the associated differences in habitat acting
as a stronger selective pressure on morphology and per-
formance than similarities due to phylogenetic affinity.

MATERIALS AND METHODS

Specimen image collection

To investigate masticatory mechanics and its relation-
ship to sagittal crest size in tapirs, a sample of 71 spec-
imens of modern and extinct tapir crania (15 species)
was collected, accounting for 23% of all described tapirid
species (Behrensmeyer & Turner 2013) (Table 1). Most
specimens were photographed first hand in lateral, dorsal,
and palatal views, with additional specimens (mostly ex-
tinct) taken from publication figures (see Table S1, Sup-
porting Information for the specimen list). Specimens
were sought to have at least M2 erupted/erupting to mini-
mize the influence of age. No sexual dimorphism has been
found in tapir crania (Rojas et al. 2021), thus we do not
account for this.

Skull measurements

A series of measurements were recorded on scaled
two-dimensional images of tapir skulls using Imagel
(Schindelin et al. 2012). Measurements were derived
from the methods of Campbell and Santana (2017) and
Thomason (1991) and adapted accordingly to fit herbi-
vore skulls. Photographs were taken perpendicular to the
maxillary toothrow (dorsal and ventral), rather than down
the predicted line of temporalis (m. temporalis) and/or
masseter + pterygoid (m. masseter + m. pterygoideus)
muscle action; this method was chosen to maximize spec-
imens and species coverage, and incorporate images from
publications (Fig. 2). While not strictly representing the
cross-sectional area and/or biological line-of-action of the
muscles in question, measurements taken using these im-
ages enabled comparisons across a large range of species
and specimens while retaining methodological consis-
tency.

The following linear measurements were taken: cra-
nium length (Cp), sagittal crest height (SCy), moment
arms (mp and f), and out-levers (O;) (Fig. 2). Cp was
measured from the anterior-most point of the premax-
illa to the occipital condyle. SCy was measured from
the posterior-most point of the zygomatic arch to the
tallest point on the skull (with the toothrow held hori-
zontal). mp represents the moment arm of the m. mas-
seter + m. pterygoideus muscles, measured from the
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Figure 2 Diagrammatic representation of measurements recorded on images of tapir skulls for biomechanical calculations in (a)
dorsal, (b) ventral and (c) lateral views. Cross-sectional area and moment arm measurements for (a) musculus temporalis (T, t) and
(b) musculus masseter + musculus pterygoideus (MF, mp), shown from dorsal and ventral aspects respectively. ¢ and mp represent
the distances from the centroid of the muscle group to its edge, perpendicular to the angle of muscular action. To retain consistent
measuring and enable comparisons with extinct taxa, the muscle action for both muscle groups was assumed to be vertical (perpen-
dicular to the toothrow). (c) Out-levers to the caniniform incisor (O;) and to the teeth comprising the functional toothrow (Op;, Op,,
Ops, Ops, Omy) were measured from the temporomandibular joint (TMJ) to the posterior edge of the respective tooth. In the text, O;
refers to outlevers in general. Total skull length (C.) was measured from anterior premaxilla to occipital condyle; sagittal crest height
(SCy) was measured from the posterior zygomatic arch to the tallest point on the skull (with toothrow horizontal). Diagrams based
on photogram of Tapirus pinchaque IRSNB 1186; muscular reconstruction adapted from Murie (1871).

temporomandibular joint (TMJ) to the centroid of the
m. masseter + m. pterygoideus muscle complex. ¢ repre-
sents the moment arm of the temporalis muscle measured
from the TMJ to the centroid of the m. temporalis. O; rep-
resents the out-levers for each tooth measured from the
TMIJ to the posterior edge of the respective tooth (to en-

sure uniform measurements between all observers). Mea-
surements were taken 3 times 3 observers) for all individ-
uals and averaged. The out-levers were measured for the
different tooth types, as they are each specialized for a
certain function: the caniniform incisor, which is used for
food manipulation (Milewski & Dierenfeld 2013), and the
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premolars and molars which do the majority of the food
processing during the chewing cycle (Engels & Schultz
2019). The regular incisors were not used here because
these are the grasping teeth with little manipulatory or
masticatory functions in tapirs (Milewski & Dierenfeld
2013).

In addition to these linear measurements, 2 muscle
areas were calculated: m. masseter + m. pterygoideus
muscle cross-sectional area (MP), measured from ven-
tral view, bounded by the zygomatic arch and basicra-
nium; and the m. temporalis muscle cross-sectional area
(T), measured from dorsal view, bounded by the zygo-
matic arch and braincase. The area measurements of the
muscles were used to estimate bite forces (see further),
as it is assumed that the forces created are linearly corre-
lated with the dimensions of the masseter and temporalis
muscles combined with the moment arms, and that the
forces are limited by the intrinsic strength of the mandible
(avoiding mandible failure during maximal force applica-
tion) (Demes 1982; Thomason 1991; Currey 2006).

Bite force calculations

Dry-skull bite force

Numerous bite force models have been used to study
the feeding behaviors of extant and extinct carnivores
(e.g. Szalay 1969; Therrien 2005; Christiansen & Wroe
2007; Campbell & Santana 2017), clarifying the form
and function of cranial and dental modifications, while
also giving insights into their paleoecology (Emerson
& Radinsky 1980; Slater & Van Valkenburgh 2009;
Palmqvist et al. 2011; Figueirido et al. 2013; Tseng
& Flynn 2015). However, the skulls of herbivores are
not frequently studied using bite force, or other biome-
chanical assessments (Button et al. 2014; Sharp 2014;
DeSantis et al. 2020). Most studies of bite force in her-
bivores are focused on rodents, broadly defined as a her-
bivorous group (Freeman & Lemen 2008; Becerra et al.
2014; Maestri et al. 2016), albeit with highly derived mas-
ticatory morphology. To include a range of tapir species
across a large temporal and phylogenetic scope, bite force
calculations in this study were based on the ‘‘dry-skull’’
methodology (and associated assumptions) pioneered by
Thomason (1991). A two-dimensional model was used
to infer bite forces at each tooth in the upper toothrow.
This method models muscle forces of the m. masseter +
m. pterygoideus and m. temporalis as single force vectors
acting vertically through the centroid, a uniform proxy for
the measurement perpendicular to the plane of the cross-
sectional area of the muscles. The moment arm of each

muscle (in-levers) is measured as the distance from the
muscle centroid to the temporomandibular joint (Fig. 2).
By adding the moments of the jaw adductor muscles, di-
viding by the out-lever, and multiplying by 2 (to account
for both sides of the mouth), the bilateral bite force at each
location in the toothrow can be calculated.

Bilateral bite forces were estimated using the equation:

2X (MPxmp+T xt)
O;

where MP is the cross-sectional area for m. masseter +
m. pterygoideus, mp 1is the moment arm for m.
masseter + m. pterygoideus, T is the cross-sectional area
for m. temporalis, t is the moment arm for m. temporalis,
and O; is the out-lever from the temporomandibular joint
to each tooth.

Calculating bite forces for a clade with large body size
differences between species can result in bite force pro-
files that only reflect size, rather than cranial biomechan-
ics. Preliminary Reduced Major Axis (RMA) regressions,
performed with the R package “lmodel2” (v.1.7.3) (Leg-
endre 2018), and Phylogenetic Generalized Least Squares
(PGLS) regressions performed with the “caper” (v.1.0.1.)
package (Orme ef al. 2013) demonstrated that size bore
a strong positive correlation with bite force at the species
level in tapirs (Fig. Sla,d, Supporting Information) (see
also Results). While size is an informative aspect of feed-
ing ecology, our intention here was to also investigate the
bite force relative to specific aspects of skull shape (e.g.
height of sagittal crest), and as such relative values were
also calculated for that comparison. Thus, bite forces were
corrected for size by dividing results by total skull length,
a good proxy for body mass in mammals (Reynolds 2002;
Cassini et al. 2012; Bertrand ef al. 2016 ) to provide rela-
tive bite forces. Mean maximal absolute and relative bite
forces per species are listed in Table 2. Species-averaged
bite force profiles were produced for comparing species
and used in phylogenetic analyses; individual species pro-
files demonstrating the range of bite force values for
taxa including 5 or more specimens were also produced
(Fig. S2, Supporting Information). Bite forces taken at the
M1, near the center of the toothrow of full adult tapirs, are
treated as maximal bite forces in this study to account for
slight differences in ages between specimens.

The temporalis muscle and masseter—pterygoid mus-
cle complex are the primary masticatory muscles, con-
trolling the movement of the mandible. These masti-
catory muscles can act differently at different times in
the chewing cycle. During mastication, the abducting
m. temporalis and m. masseter work together to allow
not only a vertical closing of the mouth but also to

Bite force =
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Table 2 Mean absolute bite force (BF) at M1 and relative bite force (BF) per species & standard deviation (SD) (with N the number

of specimen per species)

Species N Absolute BF M1 £ SD Relative BF M1 + SD
Protapirus simplex! 2 2289.88 £ 173.51 1.34 £ 0.16
Nexuotapirus marslandensis' 1 2228.60 £ 0.00 1.22 £ 0.00
Tapirus johnsoni' 1 3601.22 £ 0.00 1.78 + 0.00
Tapirus polkensist 2 3176.29 £ 1261.07 1.68 £ 0.65
Tapirus bairdii 3 5862.11 £ 1168.68 1.66 £ 0.99
Tapirus lundeliusi' 2 5136.64 £ 1009.85 1.94 £ 0.25
Tapirus veroensis' 2 5947.58 + 987.62 2.37 £ 0.07
Tapirus haysii' 1 5943.45 £ 0.00 2.10 + 0.00
Tapirus terrestris 30 5631.49 £ 1222.35 1.75 £ 0.45
Tapirus pinchaque 6 5042.08 £ 730.51 1.84 £ 0.40
Tapirus kabomani 7 4565.72 £ 657.34 2.15£0.41
Tapirus rondoniensis' 1 5798.55 £ 0.00 1.98 £ 0.00
Tapirus mesopotamicus’ 1 6316.39 £ 0.00 3.07 £ 0.00
Tapirus augustus’ 1 10729.41 £+ 0.00 2.80 = 0.00
Tapirus indicus 11 8609.23 + 1770.47 2.83 £0.99

Bite forces are taken at the M1, near the center of the toothrow of full adult tapirs, and are treated as maximal bite forces in this study
to account for slight differences in ages between specimens. Relative bite forces were obtained by dividing the absolute bite force

with the skull length. ! Extinct.

perform controlled lateral movements of the jaw rela-
tive to the skull, because of their opposite effects on the
transverse movements (Herring et al. 2001); the m. tem-
poralis pulls backward and moves the mandible ipsilat-
erally, while the m. masseter pulls forward and moves
the mandible contralaterally, making these muscles ac-
tive in opposite side pairs (“diagonal couples”) (Her-
ring & Scapino 1973; Herring ef al. 2001). On the other
hand, the m. pterygoideus will produce transverse (ecten-
tal) movement and it has a function in antagonizing the
tendency of the masseter to evert the angle and lower
border of the mandible during contraction (Hemae 1967).
During the chewing cycle, we see that first, the vertical
movers are most important while later in the biting cy-
cle the lateral movers will become more important for
grinding the food. Different parts of the m. temporalis
and m. masseter musculature are involved in these ver-
tical and lateral movements. For example, the posterior
part of the m. temporalis, the anterior part of the m. mas-
seter, and the medial m. pterygoid generate the lateral jaw
movements, while vertical movements are produced by
the anterior m. temporalis, posterior m. masseter, and zy-
gomaticomandibularis (Gorniak 1985). The different ac-
tions of the masticatory muscles warrant the bite forces
to be tested separately as well as combined for overall

bite force. Hence, bite forces were calculated for the m.
masseter + m. pterygoid and m. temporalis separately and
used in additional analyses (Fig. S3, Supporting Informa-
tion). Muscle orientations and usage during mastication
are based on generalized information available for ungu-
lates, as no experimental information is available at this
time for tapirs.

Tapirid sagittal crest

In this study, the sagittal crest height was measured
from the posterior zygomatic arch to the tallest point on
the skull (with toothrow horizontal) (Fig. 2; this measure-
ment acts as a proxy for fascicle length of temporalis mus-
cle). Preliminary regressions (RMA and PGLS) of sagit-
tal crest height versus size (skull length) suggested a lim-
ited, but evident, influence of body size on crest height
(Fig. S1b,e, Supporting Information). Sagittal crest height
was therefore also corrected for size effects by dividing
by total skull length, providing a relative sagittal crest
value for comparisons with relative bite force and phy-
logeny. Table S2, Supporting Information demonstrates
the mean absolute and relative sagittal crest height values
per species.
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All raw measurements and (relative) bite force cal-
culations per specimen can be found in the Supporting
Information.

Phylogenetic reconstruction

The phylogenetic relationships across all of Tapiridae
are currently unresolved; however, the species examined
in this study have been the subject of phylogenetic revi-
sion over the past 10 years, and relationships are for the
most part well established (Hulbert 2010; Cozzuol et al.
2013; Ruiz-Garcia et al. 2016a,b). A composite phylo-
genetic tree was compiled in Mesquite 3.6 (Maddison &
Maddison 2019) based on published tapirid topologies
(Colbert 2005; Hulbert & Wallace 2005; Hulbert 2010;
Cozzuol et al. 2013; Holanda & Ferrero 2013). The resul-
tant informal topology retained monophyly of the Heli-
cotapirus subgenus (Hulbert 2010), with Asian Tapirus
species as sister group to all New World tapirs (Sup-
porting Information, informal phylogeny). The informal
tree was time-scaled using the “paleotree” package (Bapst
2012) in R, based on first—last occurrence dates from the
Palacobiology Database (Behrensmeyer & Turner 2013).
The informal phylogeny can be found in the Supporting
Information.

Statistical testing

All statistical analyses were performed in R v.3.6.1
(R Core Team 2013), with significance at 95%
(alpha < 0.05). Bite force and sagittal crest analyses were
performed with both the log-transformed raw values (to
account for large differences in tapir size; see (MacLaren
et al. 2018) and relative values. Tapirus haysii was ex-
cluded from the bite force versus sagittal crest height re-
gressions due to the specimen (ICVM 835/3365) exhibit-
ing a very crushed sagittal crest. For the other analyses,
the sagittal crest height of another specimen of 7. haysii
(UF 80446) was used; no lateral image was available for
this specimen. Relative sagittal crest height was calcu-
lated by using the approximate skull length of specimen
UF 80446 (representing only the neurocranium) based on
the scaled T haysii ICVM 835/3365).

Differences in bite force and sagittal crest height be-
tween species were tested for using one-way analysis of
variance (ANOVA) with post-hoc Tukey’s pairwise com-
parisons. In cases of deviations from normality (tested for
using Shapiro—Wilk Normality Test), the Kruskal-Wallis
test by ranks was used with Pairwise Wilcoxon Rank
Sum tests, with correction for multiple comparisons.
ANOVAs, Shapiro—Wilk, Kruskal-Wallis, and Wilcoxon

Rank Sum tests were performed using the R package
“stats” (v.3.6.1.). Significant differences in bite force and
sagittal crest height between the Nearctic and Neotropical
Pleistocene tapirs (Table 1) were tested for using a one-
way ANOVA and a phylogenetic ANOVA (to establish
the influence of phylogenetic relatedness on any observed
differences) from the “geiger” (v.2.0.6.4) package in R
(Harmon et al. 2008). Species means were used for these
analyses rather than specimen measurements, as the latter
would result in a skewed sample in favor of Neotropical
specimens due to uneven sampling (Table 1).

Bite force (at M 1) and sagittal crest height were tested
for a phylogenetic signal using the “phytools” (v.0.6-99)
package in R (Revell 2012). Pagel’s lambda (1) was used
as a test statistic, assessing a significant departure from
A = 0; lambda values close to 1 indicate high phyloge-
netic signal in the test variable, whereas values close to 0
suggest little or no influence of phylogenetic relatedness
on the test variable (Pagel 1999). Maximum likelihood
ancestral states of bite force and sagittal crest height were
estimated for all nodes and branches to illustrate the vari-
ation across the tree topology with the R package “phy-
tools” (v.0.6.) (Revell 2012). Finally, to infer whether esti-
mated bite forces are lower in species with higher sagittal
crests, PGLS regressions of maximum bite forces against
sagittal crest height were performed.

RESULTS

Cranial bite forces

Absolute (log-transformed) bite forces

Bite force profiles demonstrate the mean bite forces
along the toothrow for every species (Fig. 3). As expected,
bite forces increase anteroposteriorly along the toothrow.
Tapirus augustus shows the highest bite forces along the
cranium overall, with Nexuotapirus marslandensis show-
ing the lowest (closely followed by Protapirus simplex).
Within the extant tapir species, 7. indicus exhibits the
highest bite force (Fig. 3a,b). Neotropical tapir species
closely resemble each other in absolute bite forces, with
T mesopotamicus exhibiting the highest (Fig. 3d). Within
Nearctic tapirs, the highest bite forces are found in 7.
veroensis (Fig. 3c). Bite force ranges for species with
multiple specimens suggest that 7. terrestris (n = 30)
exhibits the greatest range of bite forces, whereas T
kabomani (n = 7) displays more conservative bite force
ranges (with one outlier) (Table 1; Fig. S2, Supporting
Information). The large sample of 7. terrestris speci-
mens suggests this result may be affected by sample size.
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Regressions of bite force with skull length (proxy for
body size) indicate a significant positive relationship
(P < 0.05) and high predictive power for skull length de-
termining tapirid bite force (RMA: R*> = 0.81 and PGLS:
R? = 0.77) (Fig. Sla,d, Supporting Information).

When bite force profiles of the m. temporalis and m.
masseter + m. pterygoideus were assessed separately
(Fig. S3, Supporting Information), results suggest that
both 7. augustus and T. mesopotamicus have a higher rel-
ative contribution to overall bite force from the m. mas-

seter + m. pterygoideus than other species; excluding
these 2 species, all other tapirids in the study exhibit no-
tably higher contributions to overall bite forces from the
m. temporalis. Similar to the total bite force, a size effect
is present (Fig. S4a, Supporting Information) (RMA: P <
0.05); size is more strongly correlated with the m. mas-
seter + m. pterygoideus (RMA: R*> = 0.76) than the m.
temporalis (RMA: R? = 0.69) muscle forces.

The absolute bite forces of the specimens were not
normally distributed (W = 0.96, P < 0.05), so the
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non-parametric Kruskal-Wallis test was employed.
The Kruskal-Wallis test results indicate significant
differences in cranial bite forces across all tooth bite
points for the entire sample (all P < 0.05). Pairwise
Wilcoxon Rank Sum tests between species indicate a sig-
nificant difference in bite force across all tooth bite points
between T. indicus versus T. terrestris (all P < 0.05), T.
pinchaque (all P < 0.05), and T. kabomani (all P < 0.05);
these are the comparisons with the highest sample sizes
(Table 2). Wilcoxon Rank Sum and Signed Rank Tests
and phylogenetic ANOVAs both showed no clear differ-
ences in bite forces between Pleistocene tapir species
from the Nearctic and the Neotropical (all P > 0.05).

Relative bite forces

When compared to the absolute bite forces, similar pat-
terns in bite force profiles are found for the relative bite
forces of the species (Table 2). T. mesopotamicus shows
the highest relative bite forces in the cranium overall
(Table 2). Within the extant species, 7. indicus again ex-
hibits the highest relative bite forces, which when calcu-
lated relative to skull length are nearly equal to the rela-
tive bite forces of the much larger 7. augustus (Table 2).
Similar to the absolute bite forces, 7. mesopotamicus has
the highest relative bite force within Neotropical tapirs.
In Nearctic tapirs, 7. johnsoni has the highest relative bite
forces, while N. marslandensis and P simplex again show
the lowest.

The relative bite forces of the specimens were not nor-
mally distributed (W = 0.92, P < 0.05). The Kruskal—
Wallis test indicates species differences in relative cranial
bite forces across all bite points (all P < 0.05). Pairwise
Wilcoxon Rank Sum tests between species indicate a sig-
nificant difference in relative bite force across all tooth
bite points between 7. terrestris and T. indicus (all P <
0.05); this is the only interspecific comparison with suffi-
cient sample size to provide a significant statistical com-
parison (Table 2). Wilcoxon Rank Sum and Signed Rank
Tests and phylogenetic ANOVA both showed no clear
differences in relative bite forces between Pleistocene
tapir species from the Nearctic and the Neotropics (all
P > 0.05).

Sagittal crest

Absolute sagittal crest height

Tapirus augustus has the highest sagittal crest (mea-
sured from the caudal-most point of the zygomatic arch),

and N. marslandensis has the lowest (Table S2, Support-
ing Information). Mean sagittal crest height for individual
species with more than 6 specimens suggest that 7. pin-
chaque exhibits the largest range of sagittal crest height
values, whereas 7. indicus displays the most restricted
range of values (Table S2, Supporting Information). Re-
gressions of sagittal crest height against skull length (a
proxy for size) indicated a strong positive relationship
(P < 0.05), but a low to moderate predictive power of
skull length for determining sagittal crest height (RMA:
R? = 0.58 and PGLS: R? = 0.66) (Fig. S1b,e, Supporting
Information).

Sagittal crest heights of the specimens are not normally
distributed (W = 0.91, P < 0.05). Kruskal-Wallis test-
ing indicated overall differences in sagittal crest height
(P < 0.05). Results of Tukey’s pairwise comparisons
(Table S3, Supporting Information) suggest the most
closely related living tapirs, 7. terrestris and T. pinchaque
(Ruiz-Garcia et al. 2012; Cozzuol et al. 2013), differ sig-
nificantly in sagittal crest height (P < 0.05). In addition,
also T. terrestris and T indicus differ significantly in sagit-
tal crest height (P < 0.05) (Table S3, Supporting Informa-
tion). One-way ANOVA and phylogenetic ANOVA indi-
cated no clear difference in sagittal crest height between
Nearctic and Neotropical Pleistocene tapir species (P >
0.05); however, the removal of the low-crested 7. pin-
chaque from the Neotropical group yielded a value for
ANOVA trending toward significance (P = 0.056), al-
though this signal was reduced when tested using phy-
IANOVA (P = 0.28).

Relative sagittal crest height

Tapirus mesopotamicus exhibits the highest mean rela-
tive sagittal crest height, and N. marslandensis the lowest
(Table S2, Supporting Information). Mean relative sagit-
tal crest height for individual species with more than 6
specimens suggest that 7. kabomani exhibits the largest
range of relative sagittal crest height values, whereas 7.
indicus and T. terrestris display the most restricted range
of values (Table S2, Supporting Information). Relative
sagittal crest height is normally distributed (W = 0.99,
P > 0.05). ANOVA suggests overall significant differ-
ences in relative sagittal crest height were found across
the whole sample (F9;3 = 10.15, P < 0.01). Results
of Tukey’s pairwise comparisons (Table S4, Supporting
Information) suggest also that 7. terrestris and T. pin-
chaque differ significantly in relative sagittal crest height
(P < 0.05), as they did for absolute crest height. All
results of Tukey’s pairwise comparisons are found in
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Table 3 Results of the one-way ANOVA and phylogenetic ANOVA for differences in relative sagittal crest height between Nearctic

and Neotropical Pleistocene tapir species

One-way ANOVA Phylogenetic ANOVA
Including Excluding Including Excluding
T. pinchaque T. pinchaque T. pinchaque T. pinchaque
Within-group sum of squares 0.0033 0.0052 0.0011 0.00062
Between-group sum of squares 0.0079 0.0037 0.0033 0.0052
F 291 8.33 2.91 8.33
P 0.13 0.028 0.51 0.21

Results are shown for the data with and without 7. pinchaque. Within-group sum of squares, between-group sum of squares, F-statistic
and P-values are displayed. Significant P-values are indicated in bold.

Table S4, Supporting Information. One-way ANOVA
and phylogenetic ANOVA results for differences in rela-
tive sagittal crest height between Nearctic and Neotrop-
ical Pleistocene tapir species are displayed in Table 3.
When including all Pleistocene tapirs from these 2 bio-
geographical realms, no differences are found in sagit-
tal crest height (P > 0.05). However, after the exclu-
sion of the low-crested 7. pinchaque from the Neotropical
group, we show that Neotropical tapirs have significantly
higher sagittal crests than Nearctic species (P < 0.05).
This result is no longer supported after accounting for
phylogenetic relatedness in the phylANOVA (P > 0.05)
(Table 3).

Phylogenetic comparisons and relationship between
sagittal crest height and bite force

Maximal absolute bite forces (at M 1) are plotted on the
informal phylogeny in Fig. 5a, demonstrating that non-
Tapirus species (Protapirus, Nexuotapirus) have low bite
forces compared to Tapirus species. Sister taxa in general
exhibited similar absolute bite forces (e.g. T. terrestris and
T. pinchaque; T. augustus and T. indicus, and T. veroensis
and 7. haysii). Relative bite forces at M1 are plotted on
the informal phylogeny in Fig. 5b, allowing a visual com-
parison between absolute and relative bite force across
the tapirid phylogeny. The patterns closely resemble one
another; however, the comparison between the absolute
and relative bite forces clearly demonstrates differences
for T mesopotamicus, which exhibits a very high relative
bite force but comparably mid-ranged absolute bite force.
The Indo-Malayan T indicus and T. augustus exhibit the
highest absolute bite forces, but not the highest bite forces

relative to their size. Both absolute bite force and relative
bite force exhibit a strong phylogenetic signal (A = 0.96,
P <0.05;2=0.99, P < 0.05).

Relative sagittal crest heights are plotted onto the
informal phylogeny in Fig. 5c. With the notable ex-
ception of 7. pinchaque, most Neotropical tapirs (7
bairdii, T terrestris, T. kabomani, T mesopotami-
cus, and T. rondoniensis) show the highest relative
sagittal crests in the sample by comparison to the Indo-
Malayan and Nearctic species. Relative sagittal crest
height does not exhibit a significant phylogenetic signal
(A = 0.35, P > 0.05); however, after excluding 7. pin-
chaque, relative sagittal crest height exhibits a significant
phylogenetic signal (A = 0.69, P < 0.05). The non-
corrected, absolute sagittal crest height exhibits a signifi-
cant phylogenetic signal, both with 7. pinchaque included
(A =0.84, P < 0.05) and excluded (A = 0.95, P < 0.05) .

The PGLS regression between log-transformed abso-
lute bite forces (at M 1) and absolute sagittal crest heights
per species found a significant relationship between
the traits while accounting for phylogenetic relatedness
(F1.12 = 50.81, R = 0.79, P < 0.05) (Fig. 6a). The same
relationship was found when an RMA regression was per-
formed (R*> = 0.67, P < 0.05), suggesting that phylogeny
was not a factor in the relationship between non-size-
corrected bite force and sagittal crest height (Fig. Slc,f,
Supporting Information). RMA regressions of m. tempo-
ralis and m. masseter + m. pterygoideus against sagittal
crest height of the species indicated a positive relation-
ship between sagittal crest height and bite force for both
sets of muscles (all P < 0.05) (Fig. S4b, Supporting Infor-
mation). However, sagittal crest height is a poor predictor
for m. temporalis bite force (R? = 0.54), whereas for m.
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Distribution of Pleistocene Nearctic and Neotropical tapirs
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Figure 4 Distribution of Pleistocene Nearctic and Neotropical tapirs (range data obtained from Palacobiology Database, Behrensmeyer
& Turner 2013a) (hatched shading indicates overlap in geographic range between the species). For each species, a picture of the skull
is provided with the chewing muscles m. temporalis in red and m. masseter in purple, together with the mean bite force (N) to
demonstrate the variation in mastication morphologies and performance (see Table S1, Supporting Information for sources of the
pictures). The difference in sagittal crest heights between Nearctic and Neotropical species is shown in the boxplot on the bottom

right.
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masseter + m. pterygoideus, the predictive power is
higher (R> = 0.74).

The PGLS regression between species-averaged rel-
ative bite forces (at M1) and relative sagittal crest
heights found no significant relationship between the size-
corrected traits (£ 12 = 0.72, P = 0.41) (Fig. 6b).

DISCUSSION

In this study, we investigated bite forces and sagittal
crest heights across a broad range of tapirs to determine in
a quantitative manner whether sagittal crest height is cor-
related with bite forces across a large phylogenetic scope.

© 2022 International Society of Zoological Sciences, Institute of Zoology/ 13

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.



L. Van Linden et al.

a R2 =079
y ///,,
3.94 //
| ///,,
g ®
2 . L
| -
£371 . . ///
| o
| -
g .
3.54 0 /////
AT
17 18 : 2.‘0
Log-transformed sagittal crest height
b o
3.0
H |
2.5
@
o
2
| R2=-0.02
» |
= .
5207 ’ O
hd . ””/”””
* o R <
,,_,,,,,,_,4,,,, ‘
1.5 /—””ﬂ—”””
A
0.150 0.175 0.200 0.225 0.250

Figure 6 Phylogenetic generalized least-squares (PGLS) regression between (a) species-averaged log-transformed bite forces at M1
and log-transformed sagittal crest heights. There is a significant correlation (A = 0, slope: 1.78 £ 0.25, F 1, = 50.81, P < 0.05).
(b) Species-averaged maximum relative bite forces at M1 and relative sagittal crest heights. There is no significant correlation (A =
0.65, slope: 3.61 £+ 4.25, Fy;; = 0.72, P = 0.41). Legend: Indo-Malayan origin (squares); Nearctic origin (7apirus = diamonds;

Relative sagittal crest height

W Zapirus augustus ¥ Q) Tapirus kabomani O 1apirus rondoniensis

@ Zupirus bairdii ‘ Tapirus lundeliusi t @ Lapirus tervestris
‘ Tapirus haysii T @ Lupirus mesopotamicus O Tapirus veroensis T
O Zapirus indicus . Tapirus pinchaque A Nexuotapirus marslandensis t

‘ Tapirus johnsoni O Tapirus polkensis T A Protapirus simplex t

non-Tapirus = triangles); Neotropical origin (circles).

14

© 2022 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.



In addition, patterns of variation in bite forces and sagit-
tal crest heights among tapir species exploiting different
biogeographical realms were also investigated.

The relationship between bite force and sagittal
crest height

Our study showed that tapirs exhibit variation in bite
forces, with some species having higher bite forces rel-
ative to their skull size than might be expected (e.g. T
mesopotamicus). Unsurprisingly, tapirs with large skulls
(and consequently large muscle masses) had high absolute
bite forces. Bite force estimates for large herbivores are
rare, particularly for extant ungulates (e.g. DeSantis et al.
2020; bite forces calculated but not reported), hence it is
quite difficult to see how these tapir bite forces compare
to other extant clades of large herbivores. However, bite
force estimates have been calculated for large, extinct her-
bivores such as the diprotodontid marsupial Diprotodon
optatum (Sharp & Rich 2016) and the hystricognath ro-
dent Josephoartigasia monesi (Blanco et al. 2012). When
compared to mid-sized tapirids in the present study (e.g.
T. bairdii, T. veroensis; body masses £ 250 kg, MacLaren
et al. 2018), the estimation of bilateral bite force at the
center of the cheek toothrow for D. optatum yields sim-
ilar bite forces (5000—6000 N) despite D. optatum re-
putedly reaching body masses of over 2000 kg (Wroe
et al. 2004). Bilateral bite forces at the caniniform incisor
for mid-sized tapirs (2000-2700 N) fall well within the
range of bite forces for the giant rodent J. monesi (1260—
6428 N; values from Blanco ef al. (2012) scaled up to
assume a bilateral bite force). Although these values for
herbivores may appear high, especially for tapirs, herbiv-
orous species of bears (Ursus malayanus and Ailuropoda
melanoleuca) exhibit higher bite forces than carnivorous
species (Christiansen & Wroe 2007); the overall pressure
exerted on the apex of sharp, carnivoran teeth will ulti-
mately be greater for a given input force than that of a
ridged or lophodont tooth, as are exhibited in tapirs. Thus,
the high values calculated for large-bodied herbivores, in
general, may not be overly surprising. However, it must
be stressed that although tapirs, rodents, and marsupials
are all hind-gut fermenters (Sanson 2006), comparisons
between masticatory biomechanics made here do not ac-
count for variation in muscular arrangement and archi-
tectures between these clades, and should be interpreted
with a great deal of caution. Systematic investigations into
modern herbivorous ungulate species and communities,
like those of the African savanna or American woodlands,

Tapir bite forces and sagittal crests

will likely yield far more valid inter-clade comparative
data.

For tapirs with large skulls (e.g. T augustus and T.
mesopotamicus), the combined m. masseter + m. ptery-
goideus bite force estimates contribute more to their very
high bite forces than is exhibited by other species. The
majority of tapirs in this study have a more dominant con-
tribution from the m. temporalis, which originates from
the sagittal crest. Recent biomechanical analyses pro-
posed that tapirs with high sagittal crests are not spe-
cialized for high bite forces and hard-food processing
(DeSantis et al. 2020). Our results partially support the
conclusions of DeSantis et al. (2020), which was re-
stricted to only 5 specimens of Zapirus. High sagittal
crests are not correlated with high cranial bite force in
the Tapiridae after taking into account body size. Abso-
lute sagittal crest height also represents a relatively poor
predictor for bite force in tapirs (when phylogeny is not
taken into account), with 33% of tapir species exhibit-
ing different (higher or lower) bite forces than predicted
from their sagittal crest height alone (Fig. Slc, Support-
ing Information). When phylogenetic relatedness is taken
into account, the predictive power increases, with only
21% of tapir species poorly predicted (Fig. 6a). How-
ever, when accounting for size and species relatedness,
no correlation exists between relative bite force and rel-
ative sagittal crest height (Fig. 6b). This apparent de-
coupling of bite force and sagittal crest height relative
to size in tapirids is in stark contrast with the pattern
generally found in mammals with notable sagittal crests
and hard foods in their diets (e.g. carnivores, rodents,
primates) (Van Valkenburgh 2007; Tanner et al. 2008;
Randau et al. 2013; Becerra et al. 2014; Vogel et al.
2014). In many of these species, an expansion of the at-
tachment area for the m. temporalis muscles allow for
greater force application for processing hard objects (Van
Valkenburgh 2007). Our study demonstrates that osteo-
logical morphologies associated with particular behavior
in certain groups, for example, carnivorans, should not
be translated to other species, such as tapirs, without val-
idation, especially across trophic levels (i.e. from carni-
vores to herbivores). Many-to-one mapping of phenotype
to function can lead to different trait combinations gener-
ating the same functional output (Wainwright et al. 2005;
Thompson ef al. 2017); equally, similar trait combina-
tions may not achieve the same function in different phe-
notypes, for example, osteological features such as high
sagittal crests do not signify high bite forces in tapirs in
the same way that they are known to do for carnivorans.
It is likely that specific aspects of the carnivoran tempo-
ral musculature (e.g. physiological cross-sectional area)
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differ from those of tapirs, and potentially to ungulates
in general. In addition, bite force alone can be an inad-
equate indicator of chewing performance, and other as-
pects need to be taken into account to completely under-
stand the relationship between sagittal crest height and
bite force. For example, chewing performance can be in-
fluenced by factors such as muscle fiber type composi-
tion (Holmes & Taylor 2021), morphology of dental oc-
clusal surface (Koc ef al. 2010), tooth material properties
(Herbst et al. 2021), and jaw kinematics during mastica-
tion (Kuninori ef al. 2014). It is important to take into
account that the dry-skull method used in this study has
its limitations (Ellis et al. 2008; Law & Mehta 2019;
Bates et al. 2021;), including over- or underestimation
of muscle physiological cross-sectional area and under-
estimation of bite force. For comparative purposes, in
this study, the method models muscle forces as vertically
oriented single force vectors. This is a simplification of
reality; muscle actions are invariably not vertical, they
are determined by the location and size of the attach-
ment site, and anatomy and composition of the muscles.
The vector orientations can lead to an over- or underes-
timation of bite force (Cox et al. 2015), and these error
rates can vary between taxa (Bates et al. 2021). Unfortu-
nately, an evaluation of the accuracy of muscle-area as-
sessment techniques and vector orientations is currently
lacking for tapirs. It should also be noted that fiber lengths
and pennation angles were not calculated in this study; as
both these architectural properties are known to influence
force-generating capacity in muscles (Lieber & Fridén
2000), it is possible that our estimates for m. temporalis,
m. masseter, and m. pterygoideus bite forces do not re-
flect reality. However, the uniformity of the image orien-
tation utilized in this study, and the comparative nature of
the investigation in general, offers a solid basis for com-
parisons within the clade, if not necessarily beyond the
Tapiridae.

The (relative) height of the sagittal crest being poorly
correlated with (relative) cranial bite force within the
Tapiridae (Fig. 6) suggests an alternative function for pro-
nounced sagittal crests in this group. As hypothesized
by DeSantis et al. (2020), the presence of large sagit-
tal crests may be indicative of temporalis muscles with
long fibers conferring benefits for prolonged processing
of tough fodder. Recently, the stiffness and toughness of
the diet were found to be related to both chewing invest-
ment and chewing duration in llamas (Nett ef al. 2021);
this may thus also apply to tapirs. A pronounced sagittal
crest in tapir skulls leads to higher stress loads when feed-
ing on hard objects (DeSantis ef al. 2020); thus, needing
to confer high bite forces would not be beneficial. Hence,

diet may have shaped sagittal crest height in tapirids,
with tough, folivorous diets requiring large sagittal crests
and associated temporalis musculature with long fibers
for prolonged mastication, rather than high bite forces
for, for example, crushing hard-shelled seeds; similar to
the findings in llamas (Nett ef al. 2021). In tapirs with
a sagittal table or low sagittal crests, such as 7. indicus
(Dumba et al. 2018), hard plant material such as thick-
walled seeds are more prevalent in the diet (Campos-
Arceiz et al. 2012). Dietary information on extant species
from ecological studies (Janzen 1982; Henry et al. 2000;
Downer 2001; O’Farrill ef al. 2013), and finite element
analysis and dental microwear texture analysis (DeSantis
et al. 2020) confirm these assumptions, and our results
tally with these previous studies albeit from a different
experimental angle.

Tapir size as a factor

Bite force is strongly correlated with skull size in
our analysis, suggesting that tapir size is indicative of
its potential bite force and potential diet (e.g. hard vs.
soft plant material). The methodology used in this study
to calculate bite force is inherently linked to size, as
bite force is influenced by the distance from the muscle
vector and jaw joint (TMJ), and the distance from the
tooth to the jaw joint (Thomason 1991; Nabavizadeh
2016); these distances differ between tapirs of different
sizes. The body size-bite force relationship appears to be
uniform within the Tapirus genus; the conservation of
bite force within Zapirus would therefore have offered
a stable performance foundation within their relatively
conservative niche (forest megaherbivore) throughout
much of their evolutionary history. This inherent stability
would have then facilitated their expansion into differ-
ent, drier habitats during the Pliocene/Pleistocene (cf.
mesoeucrocodylians, Gignac ef al. 2021).

Sagittal crest height also correlates with tapir size;
however, this relationship is less strong than the one be-
tween size and bite force (Fig. Sla,d vs. S1b,e, Support-
ing Information). Neotropical tapirs (with the exception
of T pinchaque), display high sagittal crests for their size,
with a positive allometric relationship revealed for this
group of Pleistocene taxa (Fig. S1, Supporting Informa-
tion). The high-crested Neotropical species are notably
separate from the other tapir taxa, and in relative terms,
these species have much higher sagittal crests than other
species within the family (Fig. 5; see also Dumba et al.
2018). As a result, when all tapirs are considered, a gen-
eral predictive relationship that tapir size is indicative of
its sagittal crest height cannot be maintained. However,
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this pattern is particularly driven by the presence of posi-
tive allometry in sagittal crest height for Pleistocene tapirs
in the Neotropical biological realm.

New world tapir cranial morphology and
performance during the Pleistocene

Tapirs present in the Neotropical realm, including
Central and South America, during the Pleistocene ex-
hibit large variability in bite force (Figs 3 and 4). The
range of skull morphologies in this group (including 70
bairdii, T. kabomani, T. terrestris, T rondoniensis, T.
mesopotamicus, and T. pinchaque; Figs 3 and 5) are
also quite disparate, even among just 3 of the extant
species (T pinchaque, T. bairdii, and T. terrestris; Figs 3
and 5). This variation in skull shape and performance may
represent a mechanism to avoid excess interspecific com-
petition or niche overlap ( Leuthold 1978; Gordon & Il-
lius 1989; Klein & Bay 1994; Shipley et al. 1994; But-
ton et al. 2014; Franco-Moreno et al. 2020). For ex-
tant tapirs in the Neotropics, this is not an issue that
may drive divergence in biting capacity, as their ranges
rarely overlap (Fig. 4; see also Lizcano er al. 2002);
however, cohabitation by contemporaneous Neotropical
species in the Pleistocene may yet have driven the differ-
ences in bite force we observe in our results. For example,
the now extinct 7. mesopotamicus overlaps in geograph-
ical range with 7. ferrestris, with both taxa seemingly
present in the latest Pleistocene (Ferrero & Noriega 2007,
Cozzuol et al. 2013) (Fig. 4). Tapirus mesopotamicus
has a high predicted maximal bite force, especially com-
pared to the similarly sized 7. rondoniensis, T. pinchaque,
and T. ferrestris (Fig. 4; Fig. Sla, Supporting Informa-
tion). Compared to the other Pleistocene South Amer-
ican species, this high bite force may have enabled T
mesopotamicus to specialize on (or at least consume)
harder food items such as large, thick-walled seeds. At the
very least, 7. mesopotamicus appears to have been capa-
ble of feeding on items which modern Neotropical tapirs
with comparable skull sizes would be unable to (Fig. S1,
Supporting Information); this would potentially have al-
lowed T. mesopotamicus and contemporaneous tapirs to
partition resources and avoid competition. Similarly, 7.
kabomani has the lowest bite forces within the Neotropi-
cal realm; tapir species overlapping in geographic range,
such as T. terrestris and T. rondoniensis (Fig. 4), exhibit
higher bite forces; again, this potentially facilitates niche
differentiation, with the smaller 7. kabomani likely feed-
ing on softer fruit, leaves, and green shoots whereas the
larger species would be able to break apart small seeds

Tapir bite forces and sagittal crests

and chew for prolonged periods on woody twigs (De-
Santis ef al. 2020). Nearctic tapirs also seem to exhibit
these patterns, as 7. lundeliusi has a lower bite force
compared to other similar-sized species such as 7. pin-
chaque (MacLaren ef al. 2018) than the species which it
overlaps in geographic range, that is, 7. veroensis and
T haysii (Fig. 4). Similar conclusions have also been
drawn for sauropods in the Late Jurassic Morrison Forma-
tion (Button ef al. 2014), ornithischian dinosaurs (Nabav-
izadeh 2016), sea otters (Campbell & Santana 2017), and
sea lions and seals (Franco-Moreno et al. 2020). It is
thus possible that the biomechanical differences between
tapirids revealed in this study contributed to niche dif-
ferentiation to avoid interspecific competition, although
more detailed studies on the comparative structural com-
position of the vegetative intake of modern tapirs would
be required to support this.

Several species with the highest bite forces appear in
Eurasia, North America, and South America around the
onset of the Pleistocene epoch (7. mesopotamicus, Fer-
rero & Noriega 2007; T. augustus, Matthew & Granger
1923; and T. veroensis, Sellards 1918), when the planet
was descending into a glacial period (Van der Hammen
1974; Pisias & Moore 1981). In absolute terms, Pleis-
tocene Tapirus have far higher bite forces compared to
geologically earlier species (e.g. T polkensis and T. john-
soni, Fig. 5a); this pattern holds when skull size is taken
into account (Fig. 5b), and we interpret these higher bite
forces in Pleistocene tapirs as independent of the gradual
increase in overall body size observed in tapirs through
time (Radinsky 1965; Franzen 2010). Wetter and drier
climates alternated throughout the Pleistocene, causing
fluctuations in vegetation cover and composition (Van der
Hammen 1974). A drier climate with less moisture in the
soil available for plants may have resulted in a cascade
effect in primary consumers, influencing the evolution of
bite forces in Pleistocene tapirs for them to take advantage
of nutritious seeds and more fibrous vegetation, in addi-
tion to traditionally softer foliage associated with brachy-
dont browsers. Further investigation into the plant mate-
rial available to different species may shed more light on
this potential selection pressure for higher bite forces in
Pleistocene tapirs.

Our results for Pleistocene tapirs also suggest that there
is a morphological signal in sagittal crest height between
the Neotropical and Nearctic tapirs (Fig. 4). This signal
is strongly influenced by phyletic heritage and is tem-
pered by the presence of the low-crested 7. pinchaque
in the montane paramo forest of the Neotropical realm
(Padilla et al. 2010). Both relative and absolute sagittal
crest values suggest strong (if not significant; Table 3)
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differences between the morphologies of tapir sagittal
crest height in the 2 realms. However, the fact that the
2 groups represent separate lineages along our informal
tapir phylogeny (Fig. 5), and the strength of the signal
is heavily affected by the exclusion/inclusion of 7. pin-
chaque (Table 3), suggests that there is insufficient eco-
logical or phylogenetic resolution to state anything con-
crete about the effect of phylogeny or realm occupation
on sagittal crest morphology in tapirs. Taking phyloge-
netic relationships into account when looking at mor-
phology and performance is essential, as this can lead to
divergent results if they are (not) accounted for, as we
have demonstrated in our results. Accurate, comprehen-
sive phylogenies incorporating many powerful characters
from both molecular and morphological outlooks are re-
quired, something that is currently lacking for tapirs.

Nonetheless, the morphology of 7' pinchaque clearly
departs from other Neotropical species with regard to
their skull shape and sagittal crest height. The species
closely resembles Pleistocene Nearctic tapirs with a low,
narrow sagittal crest (see also Dumba ef al. 2018). Tapirus
pinchaque not only differs in skull shape compared to
other extant tapir species but also exhibits morpho-
logical divergence in their postcranial skeleton as well
(MacLaren & Nauwelaerts 2016, 2017; MacLaren et al.
2018). The divergent morphology of T. pinchaque may
be linked to their unique ecology. As the name implies,
T pinchaque, or the mountain tapir, occurs at higher
elevations (between 1100 and 1400 m); it is a char-
acteristic species from the Andean temperate rainforest
and paramo wetlands which are characterized by cold
and humid zones with thick bushes (Acosta et al. 1996;
Downer 1996, Padilla et al. 2010). The bite force of T.
pinchaque is comparable to the other Neotropical ex-
tant species (Fig. 3), suggesting force application is not
a selection pressure for a lower sagittal crest. More-
over, molecular and morphological phylogenetic studies
(Ruiz-Garcia et al. 2012, 2016b; Cozzuol et al. 2013
2016b) suggest that the split between 7. pinchaque and T.
terrestris occurred very recently, after the onset of the
Pleistocene glaciation, implying a common, high-crested
ancestor for both taxa. It is possible that selection pres-
sures of the unique habitat of 7. pinchaque, such as lower
temperatures and/or higher elevations may have driven
the evolution of the lower sagittal crest in 7. pinchaque
by comparison to its closest relatives. The exact influ-
ences of temperature on cranial morphology of large
mammalian herbivores are unknown, and further research
into this may provide more empirical evidence supporting
this claim, which at present remains only a speculative
theory.

In conclusion, our results demonstrate that, within the
Tapiridae, sagittal crest height is poorly correlated with
cranial bite force (when corrected for body size), sug-
gesting an alternative driver and function for pronounced
sagittal crests in comparison to carnivorans (e.g. pro-
longed mastication). Tapirs exhibit variation in bite force
and sagittal crest height across their phylogeny and differ-
ent biogeographical realms. The high-crest morphology
appears repeatedly in the tapir fossil record, focused
mostly in the Neotropical species. The highest absolute
bite forces within tapirs appear to be driven by estimates
for the masseter—pterygoid muscle complex, rather than
predicted forces for the temporalis muscle. Further re-
search into the muscular architecture of the masticatory
apparatus in tapirs (and other megaherbivores) may
offer more detailed explanations for the differences we
observe. Bite forces in tapirs seem to peak in the Pleis-
tocene, independent of body size, suggesting potential
dietary shifts as a result of climatic changes (ecosystem
drying) during this epoch. In particular, the divergent
biomechanical capabilities of different contemporaneous
tapirids may have contributed to niche differentiation,
allowing multiple species to occupy overlapping territo-
ries. The apparent morphological and performance-based
adaptability of this group to warmer and cooler tem-
peratures, facilitated to some extent by a stable bite
performance during feeding, have enabled tapirs to re-
main key components of many tropical and temperate
ecosystems throughout the Neogene.
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SUPPLEMENTARY MATERIALS

Additional supporting information may be found on-
line in the Supporting Information section at the end of
the article.

Figure S1 (a) RMA regression of mean log-
transformed bite force at M1 against mean log-
transformed skull length of the species.

Figure S2 Bite force profile for (a) T indicus (n = 11),
(b) T kabomani (n = 7), (c) T. pinchaque (n = 6) and
(d) T terrestris (n = 30) demonstrating the range of log-
transformed raw bite force values at each tooth for each
species.

Figure S3 Tapir bite force profiles of m. temporalis
(left) and m. masseter — m. pterygoideus (right).
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Figure S4 Tapir bite force of m. temporalis (left) and
m. masseter — m. pterygoideus (right). (a) RMA regres-
sions of mean log-transformed bite force at M1 against
mean log-transformed skull length of the species

Table S1 List of specimens used in this study, the
source (first-hand photographs, publications or other), and
the collection they were obtained from.

Table S2 Mean absolute (mm) and relative sagittal
crest height (SCH) per species =+ standard deviation (SD).

Table S3 Results from Tukey’s Pairwise comparisons
for differences in sagittal crest height between the species.
Significant p-values are indicated in bold.

Table S4 Results from Tukey’s Pairwise comparisons
for differences in relative sagittal crest height between the
species. Significant P-values are indicated in bold.
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