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Synopsis  The evolution of complex dentitions in mammals was a major innovation that facilitated the expansion into new
dietary niches, which imposed selection for tight form-function relationships. Teeth allow mammals to ingest and process food
items by applying forces produced by a third-class lever system composed by the jaw adductors, the cranium, and the mandible.
Physical laws determine changes in jaw adductor (biting) forces at different bite point locations along the mandible (outlever),
thus, individual teeth are expected to experience different mechanical regimes during feeding. If the mammal dentition exhibits
functional adaptations to mandible feeding biomechanics, then teeth are expected to have evolved to develop mechanically
advantageous sizes, shapes, and positions. Here, we present bats as a model system to test this hypothesis and, more generally,
for integrative studies of mammal dental diversity. We combine a field-collected dataset of bite forces along the tooth row with
data on dental and mandible morphology across 30 bat species. We (1) describe, for the first time, bite force trends along the
tooth row of bats; (2) use phylogenetic comparative methods to investigate relationships among bite force patterns, tooth, and
mandible morphology; and (3) hypothesize how these biting mechanics patterns may relate to the developmental processes
controlling tooth formation. We find that bite force variation along the tooth row is consistent with predictions from lever
mechanics models, with most species having the greatest bite force at the first lower molar. The cross-sectional shape of the
mandible body is strongly associated with the position of maximum bite force along the tooth row, likely reflecting mandibular
adaptations to varying stress patterns among species. Further, dental dietary adaptations seem to be related to bite force variation
along molariform teeth, with insectivorous species exhibiting greater bite force more anteriorly, narrower teeth and mandibles,
and frugivores/omnivores showing greater bite force more posteriorly, wider teeth and mandibles. As these craniodental traits
are linked through development, dietary specialization appears to have shaped intrinsic mechanisms controlling traits relevant
to feeding performance.

Introduction cialized morphologies—incisors for grasping, cutting,

The diversification of mammals was largely facilitated
by the evolution of complex dentitions that enabled ex-
pansion into a wide array of dietary niches (Hunter
and Jernvall 1995; Evans et al. 2007; Martin et al. 2020;
Grossnickle et al. 2022). The dental arcade of mammals
includes different types of teeth with functionally spe-
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and grooming, canines for piercing and stabbing, and
premolars and molars for cutting and grinding. The
evolution of complex molariform teeth, in particular,
was a key step in mammal evolution (Patterson 1956;
Crompton 1971; Luo 2007; Schultz and Martin 2014;
Martin et al. 2020). From an ancestral tribosphenic mo-
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Bat dentitions

lar morphology that enabled shearing and grinding,
mammal molars diversified dramatically along multiple
axes (e.g., overall shape, cusp number and shape, crown
height), leading to an exceptionally high morphological
diversity that is tightly associated with the physical de-
mands imposed by diverse diets (e.g., Evans et al. 2007;
Pineda-Munoz et al. 2016).

From a biomechanical and ecological perspective, di-
versity in dental functional morphology in mammals
could be related to differences in the mechanical de-
mands experienced by teeth in relation to their position
along the mandible, that is, the forces each tooth ap-
plies during biting on food items. In mammals that use
orthal-dominated chewing movements (e.g., chiropter-
ans, carnivorans), the feeding apparatus is a lever system
in which the bite force at a given tooth is the result of the
forces generated by the jaw adductors—which create a
moment about the mandible joint—divided by the out-
lever, or the distance between the mandible joint and
the biting tooth (Fig. 1A). If all other variables are kept
constant, the outlever will be shortest in the most pos-
teriorly positioned tooth (i.e., the ultimate molar), and
thus the ultimate molar is expected to apply the great-
est bite force among all teeth. We refer to this as the
“unconstrained model.” A more nuanced view of these
patterns was proposed by Greaves (1978, 2002) and
Spencer (1995, 1999), who further defined three bite
force regions based on a constrained bite force model
that takes into account the potential for dislocation of
the mandible on the balancing side at more posterior
bite points (Fig. 1B and C). Under this “constrained
model,” bite force would be greatest somewhere along
the molariform dentition and then decrease in the more
posterior region of the mandible. While these mod-
els have not been validated experimentally in the ma-
jority of mammal species (but see Spencer 1998), it
is widely accepted that mammals produce greater bite
forces in posterior regions of the tooth row. It follows
that, because bite force is expected to be under selec-
tion to match the physical demands of dietary items
(e.g., Herrel et al. 2005; Christiansen and Wroe 2007;
Dumont et al. 2012), biting mechanics could partly ex-
plain the morphological diversity of teeth —especially
molars—in mammals.

An examination of extrinsic factors can only provide
a partial explanation for the diversity of form and func-
tion in mammal teeth; much still needs to be under-
stood about how these interact with intrinsic factors to
shape dental diversity in mammals. As stated above, the
bite force at each tooth depends on the tooth’s mor-
phology and its location within the mandible. Both of
these parameters are determined during development
by processes that define precise position of teeth in the
mandible (Kavanagh et al. 2007; Sadier et al. 2021) and
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tooth shape (Tucker and Sharpe 2004). However, lit-
tle is known about how these developmental processes
are regulated, for several reasons. For instance, studies
of mammalian tooth development are limited primar-
ily to mice and focus on molars. These studies have re-
vealed that tooth position is determined through ac-
tivation/inhibition mechanisms that regulate the suc-
cessive apparition of teeth (Kavanagh et al. 2007), and
that molar development involves two main tissues—the
dental epithelium and the underlying mesenchyme—
that cross-talk during all stages of tooth development
(i.e., bud, cap, and bell) (reviewed in Catén and Tucker
2009). But, because mice have highly derived cranial
morphologies and dentitions (e.g., loss of canines, ever
growing incisors) associated with relatively unique mas-
ticatory functions (e.g., incisor gnawing and anteriorly-
directed molar chewing; Hiiemée and Ardran 1968),
there is limited knowledge about the development of
non-molar tooth classes, including its relation to bit-
ing mechanics in mammals. Further, while there is evi-
dence that the early patterning of the mandible is driven
by a so-called homeobox-code model, which would di-
vide the mandible into territories responsible for tooth
class determination prior to tooth bud development (re-
viewed in Catén and Tucker 2009; Wakamatsu et al.
2019), little is known about how the mechanisms by
which the homeobox code could influence tooth ini-
tiation and morphogenesis. Moreover, the idea of a
homeobox-code model has recently been challenged by
studies of a lizard that also exhibits a heterodont denti-
tion (Pogona; Salomies et al. 2021). While shifts in gene
expression patterns have been observed between tooth
classes at the bud, cap, and bell stages, the impact of
these differences on tooth class identity and morpho-
genesis remains unclear (Moustakas et al. 2011). Thus,
the field of mammalian evolution is in need of a system
in which to study these topics in a comparative con-
text. Ideally, this would be a group of species that ex-
hibit a complete dentition, a broad diversity of dental
morphologies and diet types, and different physical de-
mands associated with these diets.

Here, we present bats as a model for integrative stud-
ies of dental diversity in mammals. Bats have excep-
tional diversity in terms of number of species (over
1400 species), dietary ecology, and craniodental mor-
phology (Arbour et al. 2019; Simmons and Cirranello
2022). This diversity is particularly high in some groups
like the superfamily noctilionoidea, which includes
seven families and over 200 species and spans the
greatest dietary diversity of all bats—ranging from in-
sectivory, to plant-based diets (nectarivory and fru-
givory), carnivory, omnivory, and even blood feeding
(Fig. 2). Along with dietary diversity, bats exhibit excep-
tional variation in tooth number and molar morphol-
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Fig. | Two models of bite force variation along the tooth row. A) in an unconstrained model, bite force is proportional to the moment
(Mj) about the jaw joint (temporomandibular joint, TMJ), which can be calculated as the sum of the moments about the TMJ produced by
the jaw adductor muscles (temporalis and masseter) divided by the outlever (distance between the bite point and the TM)). Bite force is
predicted to increase at more posterior bite points along the tooth row. B) in a constrained model proposed by Greaves (1978,2002) and
Spencer (1995, 1999), a triangle of support (shaded area) is defined by the bite point and the working and balancing jaw joint reaction
forces; a midline mandible muscle resultant force passes through this triangle during more anterior biting, and has to be repositioned
toward the working side of the mandible to avoid tension in the jaw joint during more posterior biting. C) based on perpendicular and
oblique planes drawn based on the position of the mandible muscle resultant force, Greaves (1978, 2002) proposed three bite force
regions: Region |, in which bite force increases posteriorly as in the unconstrained model; Region Il, the region of maximum bite force; and
Region lll, with the lowest bite force because biting would be associated with dislocation of the balancing side jaw joint. Bite force is
predicted to increase, reach a maximum, and then decrease posteriorly along the mandible.

ogy (Freeman 1998). Using a comparative dataset span-
ning 30 species and five families, we explore the hypoth-
esis that bat molars exhibit functional adaptations to
mandible feeding biomechanics and have evolved to de-
velop mechanically advantageous dimensions and posi-
tions along the mandible. We will specifically focus on
the following questions: (1) How does bite force vary

along the tooth row? (2) What is the relationship be-
tween the point of maximum bite force along the tooth
row, tooth, and mandible morphology? And (3) how
could bite force-morphology relationships relate to the
developmental processes controlling tooth formation?
Past studies have illuminated numerous aspects of bat
skull biomechanics through modeling approaches (e.g.,
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Fig. 2 A) Phylogeny (pruned from Upham et al. 2019) showing the species included in this study, their primary diets, and the bite force
group to which they belong (ant-m|-BF: anterior bite force; post-m|-BF: posterior bite force, see text for descriptions). B) Measurements
included in the analyses relating bite force trends with mandible and tooth morphology: (1) length of the mandible, measured from the
anterior margin of the mandibular synthesis to the posterior margin of the condylar process, parallel to the molar row; (2) ultimate
premolar to the condylar process; (3) first lower molar (ml) to the condylar process; (4) second lower molar to the condylar process; (5)
third lower molar to the condylar process; (6) height of the coronoid process above the dorsal margin of the mandible body (dashed line);
(7) coronoid process (dorsal margin) to the mandible joint (TM)), which approximates the inlever length of the temporalis muscle; (8)
angular process (ventral margin) to the mandible joint, which approximates the inlever lengths of the masseter and medial pterygoid
muscles; (9) width of the mandible body at m|, measured at the mid-point of the length of mI; (10) height of the mandible body at ml,
measured at the mid-point of the length of ml; (11) width of the mandible at the mandible joints, measured as the distance between
mandible joints (mid-points of the condylar process); (12) width of the mandible at m1, measured as the distance between the medial
margins of the left and right m1; (13—16) maximum lengths of the ultimate premolar and molars; (17-20) maximum widths of the ultimate

premolar and molars.

Dumont et al. 2005; Santana et al. 2010, 2012; Santana
2016). However, empirical data about how bite force
varies along the tooth row is lacking, preventing a full
understanding of the relationship among biting me-
chanics, tooth development, and morphology. By inte-
grating morphological and performance data with in-
formation about tooth development, we begin to shed
light on how the interaction between intrinsic and ex-
trinsic factors could have shaped dental diversity in bats.

Methods
Bite force along the tooth row

We evaluated how bite force changes along the tooth
row, and if these trends match those predicted by mod-

els of bite force production (Fig. 1). We considered thata
gradual increase in bite force posteriorly along the tooth
row would be consistent with the unconstrained model
of bite force (Fig. 1A), whereas an increase in bite force
at the molariform teeth followed by a decrease in more
posterior regions of the mandible would be consistent
with the constrained model (Fig. 1B). To test these pre-
dictions, we measured in vivo bite forces from 30 bat
species across five families (Emballonuridae, Molossi-
dae, Mormoopidae, Phyllostomidae, and Vespertilion-
idae; 81 individuals, n = 1-9 per species; Fig. 2; Sup-
plementary Table 1) in localities in Venezuela and Be-
lize. We used mist nets to capture bats, and selected only
adult males and adult, non-pregnant, non-lactating fe-
males for this study. Shortly after capture, we measured
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each bats’ voluntary bite force using a piezoelectric force
transducer (Kistler, type 9203, range £ 500 N, accu-
racy 0.01-0.1 N; Ambherst, NY, USA) mounted between
two stainless steel plates (e.g., Herrel et al. 1999; Santana
and Dumont 2009), and attached to a handheld charge
amplifier (Kistler, type 5995, Ambherst, NY, USA). The
plates had a 1 mm wide tip that allowed us to measure
bite force at specific teeth. We covered plate tips in med-
ical tape to provide a non-skid surface and to protect
the bats from injury during biting. We measured bite
force on one side of the mandible at five points along the
tooth row: incisors (i), canine (c), premolars (p), first
molar (m1), and second molar (m2). Very few species
were large enough to accommodate the plates at the
third molar (m3) or more posteriorly (r3), and most bats
were not willing to bite the plates using this region of the
mandible. In all trials, we adjusted the distance between
the bite plates for each individual to accommodate an
intermediate gape angle of approximately 30° (Santana
2016), measured between the corner of the mouth and
the plane defined by the teeth in contact with the me-
ter. We recorded at least five measurements at each bit-
ing point for each bat, allowing bats to rest between
measurements. All procedures complied with Institu-
tional Animal Care and Use protocols (UMass 26-10-
06; UW 4307-01). For statistical analyses, we selected
the maximum value across measurements at each bite
point per bat and averaged these values across individ-
uals per species.

Mandible and tooth morphology

To identify which mandible and tooth morphology
traits relate to the observed patterns of bite force along
the tooth row, we generated 3D models of skulls from
either (1) micro computed tomography («CT) scans
(Skyscan 1172 uCT scanner, Bruker, Belgium) of spec-
imens we collected in the field or sourced from mu-
seums or (2) downloaded from the online repository
MorphoSource (www.morphosource.org; Supplemen-
tary Table 1). From each mandible model, we took 12
measurements (Fig. 2) that reflect mechanically impor-
tant traits, including (1) linear measurements that cap-
ture the position (out-levers) of different tooth types
along the mandible; (2) the height of the coronoid pro-
cess, which influences the moment generated by the
temporalis muscle about the jaw joint; and (3) distances
from the condyle to the angular or coronoid process,
which are proxies for the temporalis and masseter in-
levers, respectively, and proportional to their moments
about the jaw joint. We also measured the width and
height of the mandible and calculated their ratio, which
should reflect the overall mandible body shape and re-
sistance to dorsoventral loads like those produced dur-
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ing orthal biting and chewing (Therrien 2005). We also
took eight dental measurements, including the lengths
and widths of the lower ultimate premolar (most com-
monly p3) and three molars (m1-m3); ultimate premo-
lars were selected to maintain the same number of mea-
surements across species in our analyses, because the
number of premolars varied among species in our sam-
ple. Dermanura phaeotis lacks an m3, and Desmodus ro-
tundus lacks an m2 and m3, and thus, we did not collect
eight measurements for these two species. All measure-
ments are shown and described in Fig. 2.

Statistical analyses

Prior to analyses, we standardized each tooth-specific
bite force value by dividing it by the maximum bite force
at any tooth along the tooth row. To minimize the influ-
ence of size on the mandible and dental measurements,
we either converted measurements to functional ratios
(e.g., cross-sectional shape of the mandible body) or di-
vided measurements by the geometric mean of several
mandible measurements (as a proxy for mandible size).
Tooth areas in the occlusal plane (lengths multiplied by
widths) were standardized by dividing by the total area
of the measured teeth (ultimate premolar through ul-
timate molar). This resulted in 19 size-corrected traits
that we then used in subsequent comparative analy-
ses. The mandible geometric mean was calculated us-
ing mandible length, coronoid-to-mandible-joint dis-
tance, angle-to-mandible-joint distance, mandible body
height, and mandible body width (measurements 1, 7, 8,
9, and 10 in Fig. 2). The single vampire bat in our sam-
ple, Desmodus rotundus, is a major morphological and
functional outlier with unique features (e.g., consider-
ably reduced check teeth and a lack of posterior molars),
and thus we chose to exclude it from comparative anal-
yses.

For comparative analyses, we used a maximum clade
credibility (MCC) tree based on 1000 phylogenetic trees
from the “completed trees” sample in Upham et al.
(2019). The MCC tree was generated using TreeAnno-
tator (Drummond et al. 2012), and the tree was pruned
to the 29 species in our sample.

We used two types of analyses to examine the re-
lationship between the position of greatest bite force
along the tooth row and the size-corrected mandibu-
lar and dental traits. First, we classified species into
one of two groups based on the position of maxi-
mum bite force relative to the first lower molar (ant-
m1-BF or post-m1-BE see Results for details on how
these groups were defined) and then used phyloge-
netic ANOVAs (pANOVAs) with phylogenetic gener-
alized least-squares (PGLS) regression models to test
for differences in morphological traits between these
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two groups. Second, we measured the distance from
the tooth with maximum bite force to the mandibu-
lar condyle and divided this measurement by mandible
length. For example, if the m1 had the maximum bite
force of any cheek tooth, then measurement #3 (m1 to
condyle distance; Fig. 2B) was divided by measurement
#1 (mandible length). We then used these ratios as re-
sponse variables in PGLS regressions with morpholog-
ical measurements (Fig. 2) as predictors. PGLS analy-
ses were performed using the pgls function in the ca-
per R package (Orme et al. 2018). A key difference be-
tween these two approaches is the reference for deter-
mining the position of the maximum bite force; for the
first method, maximum bite force position is relative to
the m1 (either anterior to m1 or posterior to m1), and
for the second method, maximum bite force position is
relative to mandible length.

Results and discussion
How does bite force vary along the tooth row?

We find that most bat species show a similar pattern
in bite forces along the tooth row. Starting at the in-
cisors, most species exhibit a decrease in bite force at
the canines, followed by an increase at the premolars,
which continues until reaching a maximum at the mo-
lars (m1 or m2; Fig. 3 and Supplementary Fig. 1). While
only a handful of species engaged in biting at more pos-
terior points, in most of those cases bite force peaks
at the m2 and then declines further back along the
mandible (Supplementary Table 1 and Supplementary
Fig. 1). These results suggest that the m1-m2 might rep-
resent a boundary between functional regions of the
mandible, and lend support to the constrained bite force
model (Greaves 1978, 2002; Spencer 1995, 1999) (Fig.
1).

Under the constrained bite force model, during in-
cisor, canine, and premolar biting, the resultant vector
of the jaw adductors would pass through the “triangle
of support” defined by the bite point and the working
and balancing mandible joint forces, creating a region
in which bite force increases posteriorly (Fig. 1C). The
observed decrease in bite force at the canines does not
fit this pattern, however, but this could be the result of
a combination of biomechanical and behavioral con-
straints. For example, because canines are the longest
teeth, bats may have experienced a greater stretching of
the jaw adductors during canine biting; while we ad-
justed the distance between the bite plates to ensure a
constant gape angle at the biting surface, this might still
cause a greater jaw gape (which would result in greater
adductor stretching and lower bite force; Herring and
Herring 1974; Dumont and Herrel 2003; Santana 2016).
Additionally, it is possible that bats refrain from biting

767

the bite force meter at maximum force with their ca-
nines to avoid tooth damage, because sharp tooth tips
are more prone to breaking when in contact with a hard
surface (e.g., Fenton et al. 1998).

During molar biting, the constrained model predicts
that the jaw adductor resultant vector would be reposi-
tioned toward the working side of the mandible (e.g., via
asymmetric muscle activation; Fig. 1B) to avoid tension
in the balancing joint, thereby allowing maximum bite
force production (Spencer 1998, 1999; Greaves 2002).
Our results (i.e., maximum bite forces being commonly
located at the m1/m?2) are consistent with this proposed
mechanism and with previous studies that have demon-
strated that bats produce maximum bite forces at the
molars when biting unilaterally (Santana and Dumont
2009). Bite force then decreases posterior to the point
of maximum bite force in most species; this pattern is
consistent with the predicted results of the constrained
model and conflicts with the unconstrained model (Fig.
1). Based on the constrained model, the posterior de-
crease in bite force is possibly the result of tension in
the balancing jaw joint during biting, which can no
longer be compensated by differential muscle activation
(Figs. 1C and 3, and Supplementary Fig. 1).

Based on how bite force changes along the tooth row,
we classified species in the dataset into two groups: (1)
anterior bite force species (ant-m1-BF; n = 14), in which
the greatest bite force along the tooth row is at the
premolars or at the m1 with the premolars having the
second greatest bite force, and (2) posterior bite force
species (post-m1-BF; n = 16), which includes taxa in
which the greatest bite force along the tooth row is pos-
terior to the m1 (i.e., m2 or m3) or at the m1 with more
posterior molars having the second greatest bite force
(Fig. 3). For species missing bite force data for the m2
(Supplementary Table 1), we classified the species based
on the ratio of the premolar bite force to the m1 bite
force; species with similar premolar and m1 bite forces
were classified as ant-m1-BF, and species with relatively
small premolar bite forces were classified as post-m1-
BE.

Dietary specialization seems to be associated with
bite these force groups; most ant-m1-BF species in our
dataset (12 of 14) feed on arthropod and/or vertebrate
prey, whereas most post-m1-BF species (12 of 16) feed
on plant resources (fruit or nectar). For animalivores,
a greater bite force at more anterior teeth may provide
an advantage while capturing and killing prey. Con-
versely, a greater bite force at the molars could confer
plant-eating species with advantages during thorough
mastication of fruit pulp and/or unilateral molar bit-
ing behaviors required to bite into tough fruit (Dumont
1999; Dumont et al. 2009; Santana and Dumont 2009).
Additional data on how these bats use specific teeth to
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Fig. 3 Relative bite forces (stacked) along the tooth row (i: incisors, c: canine, p: premolars, m|: first molar, m2: second molar) for bat
species within the anterior bite force (ant-m|-BF) group (top graph) and posterior bite force (post-m|-BF) group (bottom graph). See text
for how these groups were defined. Bite forces were standardized by dividing the results at each tooth by the maximum bite force at any
tooth, and then results for each species were stacked (i.e., summed at each tooth position) to facilitate visualization. For instance, Uroderma
bilobatum and Trachops cirrhosus do not have the greatest bite forces but are simply the last species to be stacked. This figure only includes
species with recorded bite force data for m2; see Supplementary Figure | and Table | for bite force data for other species.

consume and process food items would help clarify the
relationship between diet and bite force patterns.

What is the relationship between the point of
maximum bite force along the tooth row,
tooth, and mandible morphology?

Among all the mandibular traits analyzed (Fig. 2, Table
1, Supplementary Table 2), the cross-sectional shape
of the mandible body at the m1 is most strongly cor-
related with interspecific differences in the position of
maximum bite force along the tooth row (ant-m1-BF
versus post-m1-BF). This trend seems to be primarily
driven by variation in mandibular body height (Table
1); species with taller mandibular bodies at the m1,
and therefore lower width:height ratios, tend to have
more anteriorly positioned maximum bite forces (Fig.

4). Taller mandibular bodies should confer greater re-
sistance to loading in the dorsoventral plane (Hylander
1979; Therrien 2005; Therrien et al. 2016), which would
be advantageous when biting into food items with the
forceful bites produced in this region. While more in-
formation is needed about how width:height ratios vary
along the mandible in relation to measured bite force
(e.g., Therrien 2005), as well as how internal mandible
anatomy (e.g., cortical bone thickness) varies across
bats, our results suggest that modeling mandibles as
beams to estimate their force profiles could be a promis-
ing approach when in vivo measurements are not
feasible (e.g., in fossil taxa, Brannick and Wilson 2020).

The occlusal area of the ultimate premolar is the only
dental trait that was significantly correlated with the
position (ant-m1-BF versus post-m1-BF) of maximum
bite force (Table 1). Specifically, species with more an-
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Table | Statistical results of phylogenetic ANOVAs testing the relationship between bite force patterns (anterior-m|-BF, posterior-m|-BF,
see text) and morphological measurements of the mandible and teeth

Measurements F-stat p-value ”
Mandible

Mandible length (1) 0.567 0.458 0.021
p to condyle (2) 1.100 0.304 0.040
ml to condyle (3) 2.952 0.097 0.099
m2 to condyle (4) 2.434 0.130 0.083
m3 to condyle (5) 0.148 0.703 0.005
Coronoid height (6) 0.941 0.341 0.034
Condyle to coronoid (7) 0.068 0.796 0.003
Condyle to angular (8) 0.052 0.821 0.002
Mandible body width (9) 0912 0.348 0.033
Mandible body height (10) 1117 0.002 0.292
Mandible body width:height (9/10) 5.658 0.025 0.173
Mandible width:length (at condyle) (11/1) 0.008 0.930 0.000
Mandible width:length (at m1) (12/1) 2.871 0.102 0.096
Teeth

Total tooth area 0.066 0.799 0.002
p area/tooth row area 8.813 0.006 0.246
m| area/tooth row area 1.468 0.236 0.052
m2 area/tooth row area 1.510 0.230 0.053
m3 area/tooth row area 1.234 0.276 0.044
Tooth row width:length 0.879 0.357 0.032

Models were run using phylogenetic generalized least squares regression. Numbers in parentheses correspond to the measurement numbers in Fig.
2. Unless specified, measurements were size-standardized by dividing them by the geometric mean of five mandible metrics (measurements 1,7,8,9,
and 10 in Fig. 2). Bold font highlights statistical significance at ¢ = 0.05. m, molar; p, ultimate premolar.
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Fig. 4 Box-and-whisker plots for three traits that exhibit a strong relationship with the position of the maximum bite force along the
tooth row (ant-m|-BF: species with greatest bite forces at the premolars or at the m|; post-m|-BF species with greatest bite force
posterior to the ml; see text for more details). The premolar (p) area is the product of the premolar length and width, which is
standardized by dividing by the sum of all measured tooth areas.
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teriorly positioned bite forces tend to have smaller ulti-
mate premolars (Fig. 4) with relatively thin, sharp cusps.
As the majority of these species are animalivorous, this
premolar morphology coupled with higher anterior bite
forces is consistent with the role of these teeth in grasp-
ing, puncturing, and killing prey (e.g., Freeman 1992;
Santana et al. 2011), as well as unique roost-excavating
behaviors with the front teeth in two species (Lophos-
toma; Dechmann et al. 2009). Conversely, the ultimate
premolars of post-m1-BF species—which are primarily
frugivorous or omnivorous—tend to be larger and more
molariform in shape. These taxa may be adapted for
more posteriorly oriented maximum bite forces because
of their strong reliance on molar mastication for diges-
tion of fruit pulp (Dumont 1999; Wagner et al. 2015).

Interestingly, the aforementioned traits (i.e., cross-
sectional mandible body shape, premolar area) only
show a strong relationship with maximum bite force
position in relation to the m1 (i.e., ant-m1-BF versus
post-m1-BF). In our second set of comparative analyses,
we used the position of maximum bite force relative to
mandible length (i.e., distance from the condyle to the
tooth with maximum bite force, divided by mandible
length), and these analyses did not yield significant re-
sults for the cross-sectional mandible body shape or
premolar area (Supplementary Table 2). We interpret
this discrepancy between these sets of results as sup-
portive evidence for the m1 being a boundary between
functional regions of the mandible, with taxa adapting
to having more anteriorly oriented or posteriorly ori-
ented bite forces relative to the m1 based on their func-
tional demands.

Surprisingly, no other mandible or tooth
measurement—including those related to tooth posi-
tion along the mandible—was associated with bite force
trends along the tooth row (Table 1); the location of the
m1 along the mandible was positively related to greater
bite forces, but this relationship was weak and not sig-
nificant (Supplementary Table 2). Previous comparative
studies across more distantly related mammal species
(e.g., primates, artiodactyls, and carnivorans) found
the morphology of the masticatory apparatus and tooth
arrangement to be consistent with the constrained
model of bite force production that is supported by
our data. For example, molars appear to be contained
within Region II, presumably because it is the optimal
location for powerful chewing teeth (Greaves 1978,
1983, 1985; Biknevicius et al. 1996; Spencer 1999).
With the m1 likely representing a boundary between
functional regions in our sample of species, this is likely
the case in bats as well. Spencer (1999) and Greaves
(2000) posited that no mammal has teeth in Region
III because biting in this area would inevitably load
the working side jaw joint in tension. However, we

S.E.Santana et al.

see a decline in bite force anterior to the edentulous
region of the mandible (e.g., at the m2 in ant-m1-BF
species), indicating that bats may experience some
jaw joint tension when biting with the most posterior
molars. A more comprehensive and in-depth study of
mandible comparative morphology and biomechanics
is needed to define if and where regions of bite force
exist in bats. This is becoming increasingly feasible
with new datasets detailing 3D mandible musculature
(Santana 2018) and skull morphology (Shi et al. 2018;
Arbour et al. 2019), although feeding kinematics and
electromyography studies are still sorely needed to
inform these analyses. Nevertheless, our results suggest
additional factors underlie bite force variation along
the tooth row, and a greater complexity of mechanisms
that could explain the position of teeth at mechanically
advantageous positions along the mandible.

How could bite force-morphology
relationships relate to the developmental
processes controlling tooth formation?

To start addressing this question, we evaluate our results
in the context of a pre-existing dataset on tooth mor-
phological development recently published by some of
us (Sadier et al. 2021). This dataset included embry-
onic series of several of the same species (Artibeus ja-
maicensis, Carollia perspicillata, Glossophaga soricina,
Uroderma bilobatum), as well as congeners of species
(Pteronotus quadridens, A. phaeotis) in our dataset, and
span the two bite force groups (ant-m1-BF, post-m1-
BF) used in our analyses (Fig. 2).

We focused on assessing if the sequence of develop-
ment and relative size of different teeth across species is
consistent with the patterns of bite force along the tooth
row described above, particularly the role of the m1 asa
boundary between functional regions of the mandible.
We find that the teeth that exhibit the highest bite force
in most of the species compared—the ultimate premo-
lar and the m1—are the first teeth to develop during on-
togeny. This intriguing finding suggests there was selec-
tion for developmental mechanisms that position these
teeth first at a mechanically advantageous location. Sub-
sequently, the development of these teeth can affect the
pace of formation of other molariform teeth (Sadier et
al. 2021).

A more careful examination of the successive forma-
tion of molariform teeth during development could fur-
ther explain our findings. Some species in the post-m1-
BF group (e.g., omnivore C. perspicillata and frugivore
A. jamaicensis; Sadier et al. 2021) are characterized by
loss of the adult p3 at early stages of development and
formation of the m2 and m3 (when present) at later
developmental stages when compared to species in the
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ant-m1-BF group. Therefore, maximum bite forces at
the m2 or m3 in these species is associated with sev-
eral events of developmental origin: (1) reduction of
the premolar number anterior to the m1; (2) size re-
duction of m2 and m3; and (3) delayed formation of
m2 and m3 (Sadier et al. 2021). Altogether, this indi-
cates that tooth loss—in addition to the timing of tooth
formation—might also be under selection to form mo-
lars at mechanically advantageous positions. This idea is
also supported by the variable presence of the m3, both
among species (e.g., m3 is lost in Dermanura phaeo-
tis) and within species (e.g., D. watsoni) and in mam-
mals in general. The decline in bite force posterior to
the m2 observed in species for which these data were
available (Supplementary Figure 1) highlights the lower
functional utility these most posterior molars may have
in terms of applying forces to food items, which could be
a contributing factor to their eventual evolutionary loss.

Finally, we compared the relative size of different mo-
lariform teeth (width: length) at different stages of de-
velopment among the species examined in Sadier et
al. (2021). We found that, compared to other species,
short-faced, post-m1-BF frugivores like A. jamaicensis
exhibit a much larger m1 than m2 during development,
which is reminiscent of molar proportions in the adults.
Conversely, insectivorous and omnivorous post-m1-BF
species like C. perspicillata (which have relatively longer
mandibles than short-faced bats) exhibit little differ-
ence in the relative sizes of developing molariform teeth.
These results emphasize the importance of the m1 both
functionally and as the initiator of the molar row dur-
ing development (as initially shown by Kavanagh et al.
2007), and more generally that the order by which teeth
develop could potentially be linked to dietary functional
requirements and specialization in mandible morphol-
ogy (e.g., mandible length).

Conclusion

Altogether, our results highlight the advantages and
challenges associated with using naturally diverse or-
ganisms for integrative studies of biological diversity.
In comparison to rodents, which are commonly used
as model organisms for studying mammals, many bats
often maintain an ancestral tribosphenic molar mor-
phology and lack highly derived dental and mandibular
traits. Further, bats have experienced an extraordinary
adaptive radiation into a wide range of dietary niches,
allowing for detailed comparative analyses associated
with shifts in diet. Finally, recent studies in bats have es-
tablished protocols to quantify morphology and perfor-
mance, and there are growing tools available for study-
ing bat development. Thus, we advocate for bats as a
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promising system to fully explore the links among mor-
phology, biomechanics, and development.

Supplementary data
Supplementary Data available at ICB online.
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