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Mind the gap: natural cleft palates reduce biting performance

in bats
Abigail A. Curtis'*, Jessica H. Arbour! and Sharlene E.

ABSTRACT

Novel morphological traits pose interesting evolutionary paradoxes
when they become widespread in a lineage while being deleterious in
others. Cleft palate is a rare congenital condition in mammals in which
the incisor-bearing premaxilla bones of the upper jaw develop
abnormally. However, ~50% of bat species have natural, non-
pathological cleft palates. We used the family Vespertilionidae as a
model and linear and geometric morphometrics within a phylogenetic
framework to (1) explore evolutionary patterns in cleft morphology,
and (2) test whether cleft morphological variation is correlated with
skull shape in bats. We also used finite element (FE) analyses to
experimentally test how presence of a cleft palate impacts skull
performance during biting in a species with extreme cleft morphology
(hoary bat, Lasiurus cinereus). We constructed and compared the
performance of two FE models: one based on the hoary bat’s natural
skull morphology, and another with a digitally filled cleft simulating a
complete premaxilla. Results showed that cleft length and width are
correlated with skull shape in Vespertilionidae, with narrower,
shallower clefts seen in more gracile skulls and broader, deeper
clefts in more robust skulls. FE analysis showed that the model with a
natural cleft produced lower bite forces, and had higher stress and
strain than the model with a filled cleft. In the rostrum, safety factors
were 1.59-2.20 times higher in the model with a filled cleft than in the
natural model. Our results demonstrate that cleft palates in bats
reduce biting performance, and evolution of skull robusticity may
compensate for this reduction in performance.

KEY WORDS: Biting, Cranial morphology, Finite element analysis,
Geometric morphometrics, Bats, Vespertilionidae

INTRODUCTION

The evolution of novel morphological traits can have great impacts on
organismal performance during behaviors critical to survival (e.g.
feeding), which in turn is expected to determine the evolutionary
prevalence of such morphologies (Erwin, 2015). Novel traits are
especially puzzling from an evolutionary perspective when they
become widespread within a lineage while being deleterious in other
lineages. In mammals, cleft palate is a rare congenital condition that
results from abnormal development of the paired premaxilla bones,
which bear the upper incisors in the anterior region of the upper jaw
(Dixon et al., 2011). Cleft palate is best known in humans, and has
been documented in other primates (Krief et al., 2015), as well as
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some domesticated animals such as dogs (Paradas-Lara et al., 2014),
cows (Myers et al., 1996) and rodents (Satokata and Maas, 1994),
although it appears to be extremely rare in wild individuals (Krief
et al., 2015). In non-human species, cleft palate is often associated
with additional congenital defects (Dixon et al., 2011). However,
naturally occurring orofacial clefts have evolved independently at
least eight times in bats (Order Chiroptera, >1400 species), and are
present in >50% of all extant species (Giannini and Simmons, 2007;
Hutcheon and Kirsch, 2006; Orr et al., 2016; Simmons and Geisler,
1998). Bat orofacial clefts may be medial or paramedial with the
intervening space filled with fibrous tissue that creates a flexible,
complete-looking, dental arch (Giannini and Simmons, 2007;
Hutcheon and Kirsch, 2006; Orr et al., 2016; Simmons and
Geisler, 1998). Building a better understanding of cleft evolution,
development and morphological variation in bats may therefore
contribute to our understanding of congenital cleft palates in other
taxa (Diogo et al., 2015, 2017; Orr et al., 2016).

The mechanisms that led to the repeated evolution of orofacial
clefts and their prevalence among bats are poorly understood. Several
authors have posed adaptive hypotheses to explain the evolution of
orofacial clefts in bats; clefts may allow greater mobility or increased
gape at the tip of the rostrum for grooming, prey capture or shaping
the echolocation call beam when bats emit sound via the mouth or
nostrils (Giannini and Simmons, 2007; Hutcheon and Kirsch, 2006;
Orr et al., 2016; Simmons and Geisler, 1998). Reduction of the
premaxilla bone could also aid in reducing skull mass for flight
efficiency (Giannini and Simmons, 2007; Hutcheon and Kirsch,
2006; Orr et al., 2016; Simmons and Geisler, 1998). However, there
is no current consensus on the function of cleft palates in bats, and
alternatives to these adaptive hypotheses have yet to be investigated.
For example, clefts may be a consequential trade-off with a different
trait that increases overall fitness of bats, or may represent a case of an
ecomorphological mismatch owing to genetic or developmental
constraints (Alberch, 1989; Galis, 1999).

A question that naturally arises with respect to the recurrent
evolution of orofacial clefts in bats is how the loss of a rigid bony
connection between the canines impacts skull performance during
prey capture and feeding, both of which are imperative to fitness in
bats. Bats use their canine teeth to capture, kill, transport and
manipulate prey (Freeman, 1992). The presence of a cleft between
the canines likely increases the level of bone stress and deformation
that the rostrum experiences during biting owing to the loss of
structural support between the canines. The presence of a cleft may
also reduce a bat’s ability to transfer muscle force from the jaw-
closing muscles into bite force at the biting point as a consequence
of energy loss via deformation of the rostrum. This, in turn, may
limit the hardness of foods that a bat with a cleft palate can
successfully capture and eat, or could result in the evolution of
compensatory morphological changes in the skull, jaw musculature
and/or specialized biting behaviors. To date, it is unknown how the
presence of a cleft impacts the biomechanical performance of bat
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skulls during prey capture and feeding, and how cleft size and shape
vary in relation to overall skull shape in bats.

In this study, we first use geometric morphometric techniques
within a phylogenetic framework to explore evolutionary patterns
in cleft morphology and test whether variation in cleft morphology
is correlated with skull shape in bats. We use the family
Vespertilionidae as a model because it is the largest family of bats
(~400 animalivorous species; Simmons, 2005), and all species in
this family have a midline cleft with the maxillary branch of the
premaxilla solidly fused to the maxilla. Within Vespertilionidae,
cleft morphology varies from narrow, anteriorly restricted clefts
(e.g. Myotis) to broad, deep clefts (e.g. Lasiurus). Mechanical
properties of prey also vary among species in this family, ranging
from soft prey, such as moths, to hard prey, such as beetles and even
other vertebrates (Freeman, 1981; Freeman and Lemen, 2007). If
cleft morphology (e.g. relative size, shape and position) limits the
performance of the skull during feeding, then we expect to find a
correlation between cleft morphology and other aspects of skull
shape that are predictive of bite performance, such as rostral
dimensions, the size of jaw adductor muscle attachment areas, and
cranial height (Dumont et al., 2012; Freeman, 1979, 1981; Santana
and Cheung, 2016; Santana et al., 2012).

Second, we empirically test the hypothesis that orofacial clefts
reduce skull bite performance. To do so, we compare the outcomes
of'analyses on two finite element (FE) models of the skull of a hoary
bat, Lasiurus cinereus, which simulate prey capture and chewing
behaviors. The first model is based on the natural skull morphology
of the hoary bat, which has a broad, deep midline cleft, and the
second model has a digitally filled cleft to mimic a complete dental
arch. Finite element analysis is an engineering method that has been
successfully used to test how differences in form and material
properties affect the mechanical performance of geometrically
complex biological structures (Bohmann et al., 2011; Dumont et al.,
2005; Slater et al., 2009; Tseng and Wang, 2011; Wroe et al., 2005).

We predict several key differences in biting performance between
the model with a cleft versus the model with a filled cleft (Fig. 1).
First, we predict that a skull with a cleft palate will produce lower

Filled cleft

Natural cleft

MA: Lower Higher

Stress: Higher, more concentrated Lower, more even distribution

Strain: Higher Lower

Fig. 1. Finite element models used in this study. Predictions for mechanical
advantage (MA), stress and strain energy are shown below each model.

bite force than a skull with a complete palate. This is because the
anterior region of the rostrum is likely less rigid in the skull with a
cleft palate owing to loss of the bony connection between the left
and right canines, which would cause muscle force to be lost as
strain energy (energy loss owing to deformation). Additionally, we
predict that bending of the rostrum and palate during bilateral biting
at the canine teeth (biting with both canines) is greater in the skull
with a cleft palate, thus the model with a cleft palate should show
greater concentrations of stress in the maxillary and palatal regions
than the model with a filled cleft. We also expect lower resistance to
torsional (twisting) stress during unilateral biting at the canine tooth
(biting with one canine) in the model with a cleft palate, and higher
and more concentrated regions of stress in the maxillary region on
the biting side in the model with a cleft versus the model with a
complete palate.

MATERIALS AND METHODS

Orofacial cleft morphology and skull shape

To accurately quantify cleft and cranial morphology for comparative
analyses, we PCT scanned the crania of 68 specimens representing
34 species and 24 genera of vespertilionid bats (approximately 50%
generic coverage, 1-4 individuals per species; Table S1). We
scanned crania at the American Museum of Natural History,
New York, NY, USA, using a GE Phoenix V|tome|x pCT scanner
(General Electric, USA) with a 240 kV X-ray tube, and a Skyscan
1172 pCT scanner (Bruker uCT, Belgium) at the University of
Washington, Seattle, WA, USA. Scan resolution (voxel size)
depended on skull size and ranged from 8.09 to 40.90 um
(Table S1). We generated tiff or BMP formatted image stacks
from raw pCT data using Phoenix Datos|x (General Electric, USA)
or NRecon (Bruker uCT). We manually segmented skulls from pCT
data using Mimics v. 20 (Materialise, NV, Leuven, Belgium), and
exported skull 3D surface meshes as binary .STL files. We further
edited these meshes using Geomagic Studio 2014 (Geomagic Inc.,
Research Triangle Park, NC, USA) to remove scan artifacts and
reduce mesh size prior to landmark placement for geometric
morphometric analyses. A recent study, which included a sample of
435 bat skulls that were pCT scanned using a similar range of voxel
sizes and segmentation protocol, showed a <2% difference between
linear measurements taken from physical skulls and their digital
representations (Shi et al., 2018). Therefore, we expect that our pCT
dataset accurately captures the cranial morphology of the species in
our sample.

To test for a relationship between cleft palate shape and size and
skull characteristics, we first determined the position and
anteroposterior length of the cleft in relation to the dentition of
each bat by examining skulls in ventral view with the plane of the
palate oriented perpendicularly to the line of sight. Then, a single
observer (J.H.A.) placed each species into one of three groups, in
which the position of the posteriormost point of the cleft between
the teeth either (1) does not reach the alveolus of the first premolar,
(2) reaches past the alveolus first premolar but not past the anterior
margin of the first molar alveolus or (3) reaches past the anterior
of the first molar alveolus (Fig. S1; Fig. 2). Based on these groups,
we reconstructed the evolutionary history of cleft palate position
relative to the dental arcade using stochastic character mapping
with asymmetric transition rates, and a subtree taken from a recent
phylogeny of bats (Shi and Rabosky, 2015). We used the R function
make.simmap in the package phytools (Bollback, 2006;
Huelsenbeck et al., 2003; Revell, 2012) to conduct these analyses.

To quantify cleft shape variation and its relation to skull shape in
our sample, we conducted phylogenetically informed geometric
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morphometric analyses. A single observer (J.H.A.) used Checkpoint
v. 2017 (Stratovan, Davis, CA, USA) to place a bilaterally
symmetrical series of 36 landmarks and five semi-landmark curves
on each cranium, and three landmarks and two semi-landmark curves
outlining the cleft (Fig. S2, landmark descriptions provided in
Table S2). We estimated a small percentage of missing landmarks
(owing to specimen damage, largely the zygomatic arches and
auditory bullae) by first exploiting bilateral symmetry via reflected
relabeling, and then Bayesian principal components analysis (PCA)
for all remaining missing landmarks (Arbour and Brown, 2014;
Brown et al., 2012; Gunz et al., 2009; Oba et al., 2003). We used
functions within the R package geomorph to perform generalized
Procrustes superimpositions and other geometric morphometric
analyses on the cleft palate and cranial landmark datasets
individually. We averaged landmark coordinates across individuals
within each species and across bilaterally symmetrical landmarks
(function mshape; Adams and Otarola-Castillo, 2013; package
geomorph, https:/cran.r-project.org/web/packages/geomorph/index.
html), and tested for phylogenetic signal in each of the cleft palate and
cranial landmark datasets (function physignal; Blomberg et al., 2003;
Adams, 2014). We summarized variation in cranial and cleft palate
shape using phylogenetic PCA (pPCA) (Revell, 2009), and selected
critical axes through parallel analysis (Horn, 1965; Peres-Neto et al.,
2005).

To investigate whether cleft palate shape or relative size is
associated with cranial shape, we first ran a two-block partial least
squares (PLS) test on the two landmark datasets (Rohlf and Corti,
2000). We implemented a phylogenetic correction to the PLS using
the R function phylo.integration (Adams and Felice, 2014). We
additionally contrasted the relative width of the cleft and relative
length of the cleft, respectively, with cranial shape using
procD.pgls. Preliminary observations suggested that relative size
of the cleft, in addition to shape of the cleft perimeter, could be
correlated with skull shape. We determined the relative length of
the cleft palate by taking the ratio of the distance between
the anteriormost landmark and posteriormost landmark along the
midline of the palate to bizygomatic width. We quantified the
relative width of the cleft palate by taking the ratio of the horizontal
distance across the widest point of the cleft to the greatest skull
length (distance from the anteriormost point of the premaxilla to the
intersection of the sagittal and lamboidal crests).

Finite element methods

We constructed two FE models based on the dry skull of an adult
Lasiurus cinereus (University of Washington Burke Museum;
UWBM 63244). This species was selected because it has an extreme
cleft shape among vespertilionids in our sample (see Results). We
UCT scanned the specimen ata 12.01 pum resolution using a Skyscan
1172 pCT scanner at the University of Washington, Seattle.
Following the protocol of Dumont et al. (2005), we segmented
the skull and dentary from pCT slices in Mimics. We used
Geomagic Studio to edit skull and dentary meshes in preparation for
FE analysis. Skull structures with complicated geometries and FE
meshes with large numbers of elements often result in
computational errors or can be too computationally complex for
FE software to handle (Dumont et al., 2005). Therefore, we removed
structures such as the turbinal bones within the nasal chamber,
reduced the number of foramina in the cribriform plate by
approximately 50%, filled the inner ear and largely removed
trabecular bone. Using Mimics 3-Matic 12.0, we then generated a
solid, four-noded tetrahedral FE mesh of the cranium with a
geometric error tolerance of 0.01201 mm (the voxel size for the

original pCT scan) to minimize model distortion. This first model
approximates the natural cleft morphology of L. cinereus (Fig. 1,
natural cleft). To ensure that differences between models were solely
due to differences in cleft morphology, we modified the first model
in Geomagic Studio by artificially filling the natural cleft to
approximate the shape and dimensions of a complete premaxilla.
Then, we used 3-Matic to generate a second FE mesh (Fig. 1, filled
cleft). We exported FE meshes as Nastran files for subsequent
analyses. The model with a natural cleft was composed of 581,442
elements with a surface area of 1239.39 mm? and a volume of
139.457 mm?, and the model with a filled cleft was composed of
583,128 elements with a surface area of 1256.16 mm? and a volume
of 141.273 mm3.

Using Strand7 v. R2.4.5 (Strand7 Pty Ltd, Sydney, Australia), we
assigned both skull models isotropic material properties for
mammalian cortical bone (Young’s modulus: £=2.512x10* MPa,
Poisson’s ratio: v=0.3; Erickson et al., 2002; Dumont et al., 2009).
For all feeding simulations, we constrained the temporomandibular
joint movement in the x-, y- and z-axes on the left side and the y- and
z-axes on the right side in order to not over-constrain the models
(Dumont et al., 2005; Santana and Dumont, 2011). These two nodes
represented contact between the cranium and the dentary. We
constrained the teeth in the z-axis, which was perpendicular to the
hard palate, and simulated four biting behaviors that insectivorous
bats commonly use during prey capture and mastication.
Insectivorous bats use their canine teeth to capture, kill and
transport prey (Freeman, 1992, 1998), and they may bite into prey
with both (bilateral) or a single (unilateral) canine tooth during these
behaviors. To model a bilateral canine bite, we constrained nodes at
the tips of both canines. To model a unilateral canine bite, we
constrained a node at the tip of the left canine. Insectivorous bats use
their molars to break up an insect’s exoskeleton prior to swallowing,
and they may engage one or both of their molars during chewing
depending on the size of the prey item (Freeman, 1998). To simulate
bilateral chewing at the molars, we constrained nodes at the tips of
both M1 paraconids. To simulate unilateral chewing at the molars,
we constrained a single node at the tip of the left M1 paraconid.

We used Boneload v.6 (Dumont et al., 2009; Grosse et al., 2007) to
distribute muscle forces across the origins of the major jaw adductor
muscles (m. temporalis, m. masseter, m. pterygoideus medialis)
during biting behavior simulations. Boneload models the effects of
wrapping of jaw adductor muscles and their forces around the curved
surfaces of the cranium. This eliminates artifacts owing to point
loading, and results in a more accurate representation of stress
distributions across muscle attachment sites in FE models (Grosse
et al., 2007). We estimated the relative contributions of each jaw
adductor to bite force based on their masses, which have been
reported for L. cinereus by Freeman and Lemen (2010). Because their
study measured the combined masses of the temporalis and
pterygoideus muscles, we modeled the origins of these two
muscles as a single area on each side of the cranium. We do not
expect our stress/strain pattern results to be impacted significantly by
this because the pterygoideus muscle contributes <10% of the total
jaw adductor mass, on average, in other bats (Herrel et al., 2008;
Santana et al., 2010). We assumed that all muscles were contracting
maximally and simultaneously based on previous electromyography
studies in other bats and mammals (De Gueldre and De Vree, 1988;
Hylander et al., 2004).

Boneload requires each muscle force vector to be directed toward
a single point representing the muscle’s insertion site on the
mandible. We positioned the dentary at an intermediate gape angle
(30 deg; Davis et al., 2010; Santana et al., 2010, 2012) and directed
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muscle force vectors from their origins toward the centroids of their
respective insertion areas on the dentary. We obtained these
centroids by running the ‘Area Centroids’ algorithm in Boneload
(Davis et al., 2010; Grosse et al., 2007) on binary STL files of
insertion areas, which we defined and exported from Geomagic
Studio. We used the Gradient Traction method in Boneload (Davis
et al., 2010) to apply muscle forces across attachment sites for the
temporalis, pterygoideus and masseter. We loaded both FE models
using identical muscle attachment areas and centroids. All feeding
behavior simulations were modeled using Linear Static Analysis in
Strand 7 (Dumont et al., 2005).

Size and shape differences between FE models can impact
predicted bite force, stress and strain magnitudes (Dumont et al.,
2009). Because we are interested in how differences in cleft shape
affect mechanical performance under different loading conditions, we
scaled our models to the same size based on the methods in Dumont
et al. (2009). Our null expectation was no difference in relative bite
forces, stress and strain distribution or magnitude between models,
which would suggest no difference in performance. Thus, any
differences in these variables should be strictly due to shape
differences (i.e. presence versus absence of a cleft).

In order to compare bite force and von Mises stress magnitudes
and distributions among models, we scaled the ratio of muscle force
to model surface area to be equivalent between both models
(Dumont et al., 2009; Slater et al., 2009). We calibrated muscle
forces acting on the natural skull model to 10.4 N, to produce a
bilateral canine bite force of 6.8 N in the dorso-ventral direction,
based on bite force measured from a live L. cinereus by Freeman and
Lemen (2010). Then, we scaled the muscle forces acting on the
model with a filled cleft to 10.54 N to produce the same muscle
force:surface area ratio as the natural model. To compare the ability
to transfer muscle force into bite force, we computed the mechanical
advantage (bite force produced:muscle force ratio) from each
feeding simulation, as our two models differed in surface area
(Dumont et al., 2009). We used contour plots to visualize von Mises
stress distributions across models, compared histograms of von
Mises stress across elements forming the dorsal portion of the
rostrum and palate, and computed mean and maximum stress for the
rostrum and palate in the regions shown in Fig. S3 for both models
across the four feeding behavior simulations. To gain a better
quantitative understanding of the degree to which a cleft impacts
skull strength, we also calculated safety factors for each model
(Gilbert et al., 2016) by dividing the stress value at which bone fails
(140 MPa; Nordin and Frankel, 2001; Dumont et al., 2005) by the
maximum stress value from each model/simulation. A safety factor
closer to 1 indicates that a structure is near its failure point under the
applied load, whereas a higher safety factor indicates that a structure
is more resistant to breaking under the applied load.

To compare strain energy between models, we scaled the muscle
forces acting on the model with a filled cleft to 10.42 N, such that
the ratio of muscle force to the model’s volume'® was equivalent to
that for the model with a natural cleft (based on Dumont et al., 2009;
Slater et al., 2009). We then obtained mean and maximum strain
values from the rostrum and palate, respectively, for both models
from all four feeding behavior simulations.

RESULTS

Morphological diversity of cleft palates in vesper bats

The majority of species examined had cleft palates that extended as
far posteriorly as the pre-molars but not to the molars (Fig. 2).
Evolutionary shifts were observed only from this most common
character state for clefts in vespertilionids to clefts that did not reach

the premolars, or clefts that reached past the first molar (Fig. 2). Both
the cranial and cleft palate landmark datasets showed significant
phylogenetic signal (K=1.06 and 0.81, respectively, both P=0.001).
pPCA of cleft shape in 34 species revealed two critical axes
describing 77.6% of variation in cleft shape (Fig. 3). Shape variation
on pPCIl ranged from broad clefts (—) to narrow clefts (+).
Comparatively, pPC2 described a gradient from smoothly tapered
(+) to rounded and blunt clefts (—) (Fig. 3). Both Lasiurus species in
our sample exhibited extreme morphologies across both axes, with
the broadest and most tapered clefts among the species examined
(Fig. 3).

Overall cleft shape was not significantly correlated with cranial
shape after phylogenetic correction (PLS 7=0.547, P=0.120).
However, both relative length and width of the cleft were correlated
with cranial shape (width ratio: PLS 7=0.402, P=0.001; length ratio:
PLS =0.461, P=0.001). Wider and deeper clefts were both associated
with broader, more robust skull shapes (taller and stouter) with
proportionally shorter rostra (Fig. 4).

Mechanical effects of cleft palate

During bilateral canine bite simulations, contour plots of von Mises
stress showed similar patterns across both models of L. cinereus’
skull, with stress concentrations on the dorsolateral surfaces of the
rostrum, as well as along the dorsomedial margin of the external
narial aperture. Both of these patterns reflect dorsal bending of the
rostrum (Fig. 5). On the palate, stress was most concentrated in
the posterolateral region, with moderate concentrations along the
alveolar borders of the molars (Fig. 5). Overall, the model with a
filled cleft performed better than the model with a natural cleft; it
showed a higher bite force:muscle force ratio (mechanical
advantage), lower mean and maximum von Mises stress and
strain energy in the rostrum, and more even distribution of stress
across the dorsal surface of the rostrum and on the palate (Fig. 5,
Table 1, Fig. S4). Most of the filled region in the filled cleft model
was under relatively low stress, but stress did reach the filled region
(Fig. 5). The mechanical advantage for the model with a filled cleft
was 3% higher than in the model with a natural cleft. Maximum
stress in the rostrum of the model with a filled cleft was 58% of that
measured in the natural model, while maximum strain in the rostrum
was 66% of that in the natural model. However, maximum von
Mises stress and strain energy in the palate were lower in the model
with a natural cleft, albeit similar in magnitude to maximum von
Mises stress and strain energy measured in the palate of the filled
model (2% and 3% higher in the filled model, respectively; Fig. 5,
Table 1). Average von Mises stress and strain energy in the palate
were lower in the model with a filled cleft, likely driven by the low
stress and strain in the filled region (Fig. 5, Table 1). Safety factors
for the natural and filled models during bilateral canine biting were
2.20 and 3.77 for the rostrum, and 1.83 and 1.79 for the palate,
respectively.

During simulation of unilateral canine biting, von Mises stress
was more concentrated on the biting side of the skull, indicating
torsional (twisting) stress (Fig. 5). The model with a filled cleft
performed better than the model with a natural cleft and showed
greater mechanical advantage, lower mean and maximum von
Mises stress and strain energy in both the rostrum and palate, and a
more even distribution of stress across the rostrum and palate in
contour plots (Fig. 5, Table 1, Fig. S4). Again, stress in the palate of
the model with a filled cleft reached the filled region, resulting in
more even dissipation of stress across the palate (Fig. 5). Mechanical
advantage was 3% higher in the model with a filled cleft than in the
model with a natural cleft (Table 1). Maximum von Mises stress and
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Fig. 2. Ancestral state reconstructions for position
of the posterior margin of the cleft relative to the
dentition in Vespertilionidae. Yellow: cleft does not
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Myotis yumanensis of the phylogeny.
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respectively, of that measured in the rostrum of the natural model.  natural cleft, these were very similar in magnitude (>99% and 96%,
Despite the fact that the model with a filled cleft showed lower respectively, of that measured in the palate of the natural model,
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Fig. 3. Phylogenetic PCA of species means for cleft shape based on landmark and semi-landmark configurations. Extremes for cleft morphologies are
shown along each axis. Points are colored based on genus, and species abbreviations can be found in Table S1.
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Fig. 5, Table 1). Safety factors for the natural and filled models
during unilateral canine biting were 1.85 and 2.95 for the rostrum,
and 1.64 and 1.65 for the palate, respectively.

A simulation of bilateral molar biting as a proxy for chewing
showed patterns of von Mises stress similar to those from our
simulations of bilateral canine biting across the rostrum and palate in

Bilateral canine bite

Filled cleft Natural cleft

Natural cleft

von Mises
stress

.High

l Low

Unilateral canine bite

both models (Fig. 6). However, concentrations of stress on the
dorsal surface of the rostrum were more restricted in size compared
with those in simulations of canine bites. During bilateral molar
biting, the model with a filled cleft performed better than the model
with a natural cleft with greater mechanical advantage, lower mean
and maximum von Mises stress and strain energy in the rostrum and

Fig. 5. Contour plots showing von
Mises stress distribution across
natural and filled cleft models during
bilateral and unilateral canine biting.
Range of von Mises stress shown on
skulls is 0-9 MPa.
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Table 1. Summary of mean and maximum von Mises stress, mean and maximum strain energy, and mechanical advantage (MA) for the four biting
simulations in the finite element model with a natural cleft and a filled cleft

Behavior Region Model Stress (MPa) mean, max. Strain (J mm~%) mean, max. MA
BC bite Rostrum Natural 14.22, 63.50 5.00x1076, 8.39x10~° 0.065
Filled 13.15, 37.14 3.75x107¢, 2.36x10~° 0.067
Palate Natural 21.96, 76.55 1.28x107°, 1.11x10~4
Filled 15.88, 78.19 8.48x1076, 1.14x10*
UC bite Rostrum Natural 15.79, 75.62 6.41x1076, 1.08x10~* 0.065
Filled 14.71, 47.47 5.14x10-%, 4.13x10~° 0.067
Palate Natural 23.35, 85.24 1.40x107°, 1.28x10~*
Filled 17.70, 85.10 9.32x10-%, 1.23x10—*
BM bite Rostrum Natural 11.65, 64.34 3.77x1076, 8.05x107° 0.084
Filled 10.22, 29.16 2.41x10-%, 1.44x10~° 0.086
Palate Natural 21.57,78.14 1.26x107°, 1.13x10~
Filled 15.64, 76.66 8.35x1076, 1.09x10~*
UM bite Rostrum Natural 12.71,72.96 4.35x1076, 1.05x10~* 0.083
Filled 11.46, 34.26 3.10x10-¢, 2.09x10~° 0.086
Palate Natural 22.34, 82.56 1.31x107%, 1.21x10~*
Filled 16.64, 83.69 8.78x10-%, 1.20x10—*

BC, bilateral canine; UC, unilateral canine; BM, bilateral molar; UM, unilateral molar. Bold indicates the lower stress and strain, and highest MA in each simulation.

palate, and more even dissipation of stress across the rostrum and
palate in contour plots (Fig. 6, Table 1, Fig. S4). The mechanical
advantage was 2% higher in the model with a filled cleft. Maximum
von Mises stress and strain energy in the rostrum of the filled model
were 45% and 18%, respectively, of that in the natural model. In the
palate, von Mises stress and strain energy were slightly lower in the
filled model (98% and 96%, respectively, of that in the natural
model). Safety factors for the natural and filled models during
bilateral molar biting were 2.18 and 4.80 for the rostrum, and 1.79
and 1.83 for the palate, respectively.

Patterns of von Mises stress across the skull during simulation of
unilateral molar biting were similar to those of bilateral molar biting,
but more concentrated on the biting side. Again, the model with a
filled cleft performed better than the model with a natural cleft and
produced greater mechanical advantage, lower mean von Mises
stress and mean strain energy in the rostrum and palate, with more

Bilateral molar bite

Natural cleft Filled cleft

von Mises
stress

!High

' Low

Unilateral molar bite
Natural cleft

even dissipation of stress across both regions (Fig. 6, Table 1,
Fig. S4). The mechanical advantage in the filled model was 4%
higher than in the natural model. Maximum stress in the palate was
1% higher in the model with a filled cleft, and strain was >99% of
that measured in the model with a natural cleft. Safety factors for the
natural and filled models during unilateral molar biting were 1.92
and 4.09 for the rostrum, and 1.70 and 1.67 for the palate,
respectively.

DISCUSSION

Using geometric morphometrics and FE methods, we were able to
characterize evolutionary patterns in orofacial cleft morphology in
the largest family of bats, Vespertilionidae, and show that the
presence of a cleft reduces biting performance in one species.
However, evolutionary ancestry appears to explain a significant
portion of orofacial cleft diversity in Vespertilionidae, as evidenced

Fig. 6. Contour plots showing von
Mises stress distribution across
natural and filled cleft models
during bilateral and unilateral molar
biting. Range of von Mises stress
shown on skulls is 0-9 MPa.

Filled cleft
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by strong phylogenetic signal in 3D landmark data. This indicates
that cleft evolution may be, at least partially, constrained by intrinsic
factors linked to common ancestry and without a clear adaptive
value within the context of feeding function in vesper bats (Alberch,
1989; Diogo, 2017; Galis, 1999).

After taking phylogenetic autocorrelation into account, we found
that the shape of clefts did not vary with 3D skull shape, but cleft
mediolateral width and anteroposterior length were correlated with
skull shape in vespertilionid bats. Our geometric morphometric
analyses indicated that the shape of the cleft outline can be similar
between taxa with proportionally larger or proportionally smaller
clefts, which likely explains the lack of relationship between cleft
outline shape and skull shape. However, when relative width
and depth of the cleft are compared, mediolaterally broader,
anteroposteriorly deeper clefts are associated with more robust
cranial traits (broader and taller skulls with foreshortened rostra),
whereas narrower, shallower clefts are correlated with a more gracile
cranium shape (narrower and shorter skulls with more elongate
rostra). This suggests that cleft morphology evolved in tandem with
feeding function demands on the cranium. For example, given that a
cleft appears to result in a weaker skull (below), it is possible that
broader, deeper clefts require greater structural compensation from
the rest of the cranium, resulting in correlated evolution of large
clefts and cranial robusticity. Jaw muscle morphology and function
could also evolve to compensate for potential detrimental effects of
clefts on biting performance. Thus, future work that incorporates
quantitative comparisons of jaw muscular anatomy and physiology
(e.g. Herrel et al., 2008; Santana, 2018) could greatly improve our
understanding of how hard and soft tissues interact and impact
feeding performance in species with cleft palates.

Our results also demonstrate that clefts in vespertilionid bats most
commonly extend as far posteriorly as the premolars, but not to the
molars, which was likely the ancestral character state within our sample.
It is worth noting that in all taxa examined in this study, the position of
the cleft is largely anterior to the major chewing surfaces (molar teeth).
Shallower clefts and deeper clefts appear to be derived conditions within
Vespertilionidae, and no species in our sample exhibits closure of the
cleft or posterior expansion past the first molar. In addition, among
groups that evolved the shallowest and deepest clefts, there were no
reversals to the ancestral, intermediate morphology. It is possible that
there are biomechanical constraints on how far posteriorly a cleft can
expand without compromising skull function during feeding, or the
function of structures such as the nasal chamber. In addition, the
correlation between relative width and relative length of the cleft,
respectively, and cranial shape could indicate developmental
constraints. For example, it is possible that cleft dimensions are
limited by the development of adjacent bones, thus tracking changes in
rostrum length and width during development. Exploring the limits of
cleft dimensions and their relationship with cranial morphology and
developmental patterns, especially in relation to sensory and respiratory
structures, could shed light on possible biomechanical or developmental
constraints on cleft morphology in bats.

Results from FE analyses showed support for our hypothesis that
orofacial clefts reduce skull performance during biting in L. cinereus.
Specifically, the cranium with a natural cleft was less efficient at
transferring muscle force into bite force, and showed higher stress and
strain, and lower safety factors when compared with the cranium with
an artificially filled cleft. This suggests that the presence of a cleft
reduces resistance to failure under load. Although we simplified the
natural skull morphology to construct FE models for this study,
differences in performance between the two models should be solely
due to differences in cleft morphology. Therefore, it is likely that our

results, at the very least, can illustrate the impact of a cleft on bite
performance. Detailed data on the diet and physical properties of prey
items consumed by this species, which are currently limited, would
help corroborate this idea. Surprisingly, we observed similar regions
of higher stress in the rostrum (dorsolateral surfaces and dorsomedial
margin of the external narial aperture) and palate (posterolateral
region and alveolar borders of the molars) between canine and molar
bites in the model with a natural cleft. These similar concentrations of
stress suggest that presence of a cleft can negatively impact skull
performance while biting with teeth positioned posterior to the cleft
border. This could, in turn, constrain how extreme cleft dimensions
can become, as suggested by our geometric morphometrics results. It
is worth noting, however, that maximum stress values estimated from
all of our models were considerably lower than the level at which
bone fails (140 MPa; Nordin and Frankel, 2001; Dumont et al.,
2005), which indicates that, even with a large cleft, the skull of
L. cinereus is well capable of withstanding most loads it could
feasibly encounter during prey capture and feeding. In addition, the
areas experiencing the highest stress across the entire cranium, and
consequentially the regions most likely to fail at high stresses, were
the zygomatic arches, and the sphenoid and palatine bones, as
evidenced by the red and white regions on the crania in Figs 5 and 6.

Although our results suggest that presence of a midline cleft
reduces some aspects of cranial performance during feeding
(mechanical advantage, stress and strain), the mechanism(s) by
which this trait has repeatedly evolved in bats remains elusive.
Reduction of the premaxillary bone is a synapomorphy of Chiroptera
(Giannini and Simmons, 2007; Hutcheon and Kirsch, 2006; Orret al.,
2016; Simmons and Geisler, 1998). Therefore, the morphospace
within which the bat rostrum can evolve may be biased by conserved
genetic and developmental factors, resulting in the repeated evolution
of orofacial clefts as one of a limited set of possible morphologies
(Alberch, 1989; Diogo, 2017; Felice et al., 2018; Galis, 1999).
Additionally, the prevalence and repeated evolution of naturally
occurring orofacial clefts in bats may indicate that this trait is adaptive
for a function other than biting, or that their evolution is the
consequence of a trade-off with another function that increases
overall fitness. However, most of the functional hypotheses posed to
explain the evolution of orofacial clefts in bats have yet to be tested,
and there may be multiple mechanisms leading to the evolution of
clefts in bats, as they show remarkable morphological diversity
(Giannini and Simmons, 2007; Hutcheon and Kirsch, 2006; Orret al.,
2016; Simmons and Geisler, 1998). For instance, the presence of a
flexible fibrous connective tissue in taxa with midline clefts likely
increases the range of motion at the tip of the rostrum, which could
facilitate increased gape for capture of larger prey items or production
of'a broader echolocation call beam (Kounitsky et al., 2015), or could
improve dexterity for manipulating prey or grooming (Giannini and
Simmons, 2007; Hutcheon and Kirsch, 2006; Orr et al., 2016;
Simmons and Geisler, 1998). However, the degree to which rostral
mobility is increased by the presence of a cleft, and how this
impacts sensory functions, has not been investigated. Furthermore,
replacement of bone with softer tissues could change how sound is
transmitted through the snout as calls are emitted, or could also reduce
skull mass for more efficient flight (Giannini and Simmons, 2007;
Hutcheon and Kirsch, 2006; Orr et al., 2016; Simmons and Geisler,
1998).

Digital modeling methods allowed us to modify cleft morphology
in a single skull; this in turn allowed us to test how the presence of a
cleft impacts biting performance without introducing potentially
confounding shape differences that would be encountered when
comparing skull performance among different species. However,
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future work comparing species from groups that independently
evolved clefts, and represent a broader range of cleft morphologies,
could greatly advance our understanding of why a trait that is
detrimental in other mammals, and seems to impact biting and
chewing performance in bats, is so common across this clade. In
addition, building a better understanding of orofacial cleft
morphological evolution, development and function in bats could
shed light on maladaptive cleft palates in other taxa.
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SUPPLEMENTAL DATA
FIGURES.

Figure S1. Character states for position of the palate relative to the dentition shown on skull of
Corynorhinus townsendii. State 1 (yellow) - cleft does reach the premolar alveolus. State 2 (blue)
- cleft reaches between the anterior of the premolar alveolus but not the first molar alveolus
(current specimen). State 3 (red) - cleft reaches past the anterior of the first molar alveolus. Note
that we did not observe clefts that extended past the posterior margin of the first molar alveolus.

N

Figure S2. Landmarks (black) and semi-landmark curves (red, blue, yellow, purple) on crania
delimiting cranial and cleft dimensions used in geometric morphometric analyses shown on the
skull of Corynorhinus townsendii. Descriptions of landmarks provided in Table S2.
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Figure S3. Regions of the dorsal surface of the rostrum (A) and palate (B: natural model, C:
filled model) shown as stippled areas used to compute mean and maximum stress and strain for
FE models.
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TABLES.

Table S1. Specimen list and associated uCT scan resolutions.

Genus species Abbrev. Spec. Num. Res.
Antrozous pallidus Ant pal UWBMS52217 8.22
Antrozous pallidus Ant pal UWBMG63048 12.01
Antrozous pallidus Ant pal UWBM63050 12.01
Barbastella barbastellus Bar bar AMNH245381 17.97
Barbastella leucomelas Bar leu AMNH245382 17.97
Bauerus dubiaquercus Bau_dub AMNH278725 22.14621
Bauerus dubiaquercus Bau_dub AMNH278736 22.14617
Corynorhinus townsendii Cor_tow AMNH274818 18.31473
Corynorhinus townsendii Cor_tow UWBMG62776 10.97
Corynorhinus townsendii Cor_tow UWBMG62777 12.01
Corynorhinus townsendii Cor_tow UWBMG62778 12.01
Eptesicus fuscus Ept fuc UW0687-59 10.32
Glauconycteris  argentata Gla_arg PWW3032 20.09
Glauconycteris  argentata Gla arg PWW3033 17.97
Glauconycteris  variegata Gla var AMNH49068 20.09
Hysugo crassulus Hyp cra PWW3028 12.02
Kerivoula minuta Ker min AMNH267628 14.6604
Kerivoula minuta Ker min AMNH267626 14.6604
Lasionycteris noctivagans Las noc AMNH214377 19.97533
Lasionycteris noctivagans Las noc KEB022 9.01
Lasiurus cinereus Las cin UWBM32565 10.05
Lasiurus cinereus Las cin UWBM63244 12.01
Lasiurus intermedius Las_int AMNH274118 27.04245
Lasiurus intermedius Las_int UWMBG62345 12.01
Murina leucogaster Mur leu UWBM77298 10.05
Myotis daubentonii Myo_ dau UWBM77297 9.01
Myotis evotis Myo evo UWBM62483 12.01
Myotis evotis Myo evo UWBM62480 8.49
Myotis keenii Myo kee UWBMG62511 13.06
Myotis keenii Myo kee UWBMG62512 8.49
Myotis lucifugus Myo_luc UWBM41012 12.01
Myotis lucifugus Myo_luc UWBM60996 9.01
Myotis sodalis Myo sod UWBMG63137 8.09
Myotis sodalis Myo sod UWBMG62583 13.06
Myotis velifer Myo_vel UWBMS51598 12.01
Myotis velifer Myo_vel UWBMS51600 12.01
Myotis velifer Myo_vel UWBMS51599 9.01
Myotis vivesi Myo viv AMNH180834 40.90244
Myotis yumanensis Myo yum  UWBMI19308 9.01
Neoromicia capensis Neo cap PWW2499 19.03
Neoromicia capensis Neo cap PWW2511 17.97
Neoromicia capensis Neo cap PWW2552 20.09
Neoromicia nanus Neo nan AMNH276137 13.64824
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Nyctalus noctula Nyc noc AMNH36694 24.05
Nycticeinops schlieffeni Nyc _sch PWW3158 12.02
Nycticeius humeralis Nyc hum AMNH148652 16.78571
Nycticeius humeralis Nyc hum AMNH3956 16.78571
Nycticeius humeralis Nyc hum UWBMG63158 13.06
Nycticeius humeralis Nyc hum UWBMG63159 13.06
Nyctophilus bifax Nyc bif AMNH152462 20.88
Nyctophilus bifax Nyc bif AMNH66146 20.88
Pipistrellus subflavus Pip _sub UWBMG62718 12.01
Pipistrellus subflavus Pip _sub UWBMG62726 10.05
Pipistrellus subflavus Pip _sub UWBMG63171 12.01
Plecotus auritus Ple aur UWBM72451 12.01
Rhogeessa bickhami Rho bic UWBMO022614-21 9.01
Rhogeessa parvula Rho par AMNH180846 14.33644
Rhogeessa parvula Rho par AMNHI180871 14.33644
Scotoecus hirundo Sco_hir PWW3162 18.77
Scotoecus hirundo Sco_hir PWW3191 20.09
Scotoecus hirundo Sco_hir PWW3195 20.09
Scotoecus hirundo Sco_hir UWBM35823 9.01
Scotoecus hirundo Sco_hir PWW3174 20.09
Scotophilus dinganii Sco din PWW2563 20.09
Scotophilus dinganii Sco din PWW2670 26.43
Scotophilus dinganii Sco din PWW2493 24.05
Scotophilus dinganii Sco din PWW2538 20.09
Scotophilus kuhlii Sco _kuh UWBM62949 10.05
Scotophilus kuhlii Sco kuh UWBMG62951 12.01
Scotorepens greyii Sco_gre AMNH107797 14.63044
Tylonycteris robustula Tyl rob AMNH102641 14.46382

Abbrev. = Species name abbreviations used in figures; Spec. Num. = Specimen Number,
institutions indicated as UWBM and KEB = University of Washington Burke Museum of
Natural History and Culture, AMNH = American Museum of Natural History, PWW = Chicago
Field Museum; Res = uCT scan resolution (pum).
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Table S2. Descriptions of landmarks and semi-landmarks used in geometric morphometric
analyses.

Cranial Landmarks Landmark Descriptions

1,2 Anteriormost point of premaxilla

3,4 Anteriormost point on canine alveolus

5,6 Anteriormost point on premolar alveolus

7,8 Anteriomost point on the first molar alveolus

9,10 Posteriormost point on the last molar alveolus

11,12 Ventralmost point on pterygoid hamulus

13,14 Medialmost margin of the mandibular fossa

15,16 Ventralmost point on mastoid process

17,18 Dorsalmost point on the external edge of the auditory meatus

19,20 Ventralmost point on the external edge of the auditory meatus

21,22 Lateralmost point on occipital condyle

23 Dorsal border of foramen magnum

24 Ventral border of foramen magnum

25 Posteriormost point on midline of palate

26 Anteriormost point on midline of the complete palate

27 Anteriormost point on the midline of the nasals

28 Posteriormost point on the intersection of the lambdoidal and
sagittal crests

29,30 Anteriormost point on the inflection of the orbit

31,32 Posteriormost point on the intersection of the zygomatic arch and
braincase

33,34 Ventralmost point of the insertion of the zygomatic arch on the
maxilla

35,36 Lateralmost point on the margin of the mandibular fossa

Equidistant Sliding Semi-Landmark Curve Descriptions

Semi-Landmark Curves

1 From L27 to L28, along the dorsal midline of the cranium (blue)

2,3 From L29/R30 to L31/R32, along the dorsal profile of the
zygomatic arch (red)

4,5 From L33/R34 to L35/R36, along the ventral profile of the
zygomatic arch (yellow)

6,7 From L38 to 26 to R37 to 26, along the margin of the cleft
(purple).
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