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Disentangling mechanical and sensory modules in the radiation of Noctilionoid bats

Abstract

The vertebrate cranium is a complex anatomical structure with diverse mechanical and sensory
functions. Shifts between modularity and integration in both sets of functions, especially
mechanical function, have been implicated in adaptive diversification. However, how mechanical
and sensory systems and functions have coevolved and how their interrelationship contributes
to phenotypic disparity remains largely unexplored. To examine the modularity, integration and
evolutionary rates of sensory and mechanical structures within the head, we analyzed hard and
soft tissue scans from ecologically diverse bats from the superfamily Noctilionoidea, which range
from generalized insectivores to derived frugivores and nectarivores. We identified eight cranial
regions as distinct modules — five associated with bite force and three linked to the olfactory,
visual, and auditory systems, respectively — whose interrelationships differ between Neotropical
leaf-nosed bats (Family Phyllostomidae) and other noctilionoids. Our analyses suggest that the
peak rates of sensory module evolution predate those of mechanical modules. This finding is
consistent with transitions to new diets first involving changes in the detection of novel food
items, followed by adaptations to process them. We propose the coevolution of structures
influencing bite force, olfaction, vision, and hearing constituted a structural opportunity that
allowed the phyllostomid ancestor to take advantage of existing ecological opportunity and the

group to become a classic example of adaptive radiation.
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Introduction

How multiple traits are organized and re-organized, and how that organization impacts
the nature of evolutionary change, are outstanding questions in biology (Esteve-altava 2017).
Among vertebrates, the morphology of the cranium is compartmentalized into numerous semi-
autonomous modules that display strong internal correlation relative to their correlation with
other modules, with some of these correlations being likely conserved across mammals
(Atchley and Hall 1991; Goswami 2006; Porto et al. 2009; Goswami and Polly 2010; Assis et al.
2016; Goswami and Finarelli 2016; Evans et al. 2017; Felice and Goswami 2017; Bardua et al.
2019). The impact of this modularity on the nature of morphological evolution remains a source
of significant, ongoing inquiry. Studies have linked higher evolvability and increased phenotypic
diversity to the boundaries prescribed by highly integrated modules (Esteve-altava 2017; Felice
et al. 2018; Hedrick et al. 2020), while others have found that modularity influences the
direction of evolutionary change but not its rate (Goswami et al. 2014; Conith et al. 2019;
Rossoni et al. 2019; Watanabe et al. 2019). Moreover, despite the importance of sensory
information to organismal function and the obvious physical and functional links between
sensory and mechanical systems in the vertebrate skull, the modularity of cranial sensory
systems and their relationship to mechanical modules has not been explicitly investigated. In
this study, we take advantage of recent advances in iodine staining in conjunction with high-
resolution computed tomography (CT) (Gignac et al. 2016; Hedrick and Dumont 2018; Yohe et

al. 2018; Camilieri-Asch et al. 2020) to quantify soft-tissue sensory structure shape and volume



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

and use the resulting data to test hypotheses about sensory and mechanical modules in the
cranium and evaluate their relationship across evolutionary time.

Modularity in mature organisms results from the accumulated products of processes
acting at many different biological scales. During development, genetically defined modules
change over time due to pleiotropy, linkage disequilibrium, environmental stimuli, physical
interactions among modules and selection (Wagner and Altenberg 1996; Klingenberg et al.
2004; Klingenberg 2010; Clune et al. 2013; Assis et al. 2016). Because of these diverse
processes, developmental modules are frequently unrecoverable in adult forms. Indeed, a
recent analysis of adult cichlids provides evidence of stronger associations among different
functional modules (skeletal and soft tissue elements within the head) than between functional
modules and their underlying genetic components (Conith et al. 2021). Within populations over
time, selection also acts on the performance of post-embryonic phenotypes composed of one
or more functional modules as organisms interact with their environment (Arnold 1992).Thus,
the functional modules observed across species within clades are the product of complex
interactions during ontogeny as well as over evolutionary time. Evaluating integration is a
means of assessing the strength and pattern of correlation within and between hypothesized
modules. Comparative analyses look to patterns of within- and between-module variation
across species to test linkages among modularity, phenotypic disparity, functional diversity and
the correlated evolution of functional traits (Felice et al. 2018; Watanabe et al. 2018, 2019;
Hedrick et al. 2020).

Across vertebrates, the sensory systems housed within the cranium (olfactory, visual,

and auditory) are often correlated with ecology through diet and foraging (Barton et al. 1995;
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Thiagavel et al. 2018; Leiser-Miller and Santana 2020). For example, in birds, olfactory bulb size
is correlated with behaviors including migratory and foraging strategies (Corfield et al. 2015),
and the sizes of visual and olfactory systems are also correlated with activity timing, diet, and
habitat in primates, bats, and insectivorous terrestrial mammals (Barton et al. 1995). In addition
to their direct roles in foraging and feeding behaviors, these sensory systems are also adjacent
to, or sometimes even embedded within, structures that serve mechanical functions. These
functions crucially include generating bite force, which determines the types of foods an animal
can access and process (Dumont 1999; Aguirre et al. 2002, 2003; Herrel and Holanova 2008;
van der Meij and Bout 2008; Santana et al. 2012; Hedrick and Dumont 2018; Deutsch et al.
2020).

The diversity of cranial phenotypes associated with feeding within noctilionoid bats
(Superfamily Noctilionoidea) makes them an ideal system with which to study the relationships
between mechanical and sensory regions of the cranium. Noctilionoid bats include 248 species,
218 of which comprise the family Phyllostomidae (Fleming et al. 2020), commonly known as the
Neotropical leaf-nosed bats. While most phyllostomids exhibit much greater diversity, most
noctilionoid families are primarily insectivorous and divergence within lineages presents as
subtle changes in body size, foraging style, and echolocation calls (Freeman 2000; Rolfe 2011;
Baker et al. 2012; Thiagavel et al. 2018; Rodriguez-Duran and Rosa 2020). Although
phyllostomids maintain the ancestral multi-harmonic echolocation calls, they have escaped
strict insectivory and diversified into dietary niches that include nectar, fruit, vertebrates, and

blood (Fig. 1, also see Fig. 1 in (Dumont et al. 2012)). This great ecological diversity is reflected
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in the differential reliance of phyllostomid bats on a constellation of sensory and mechanical
functions (Teeling et al. 2018; Fleming et al. 2020).

In this study we test three broad hypotheses about functionally defined mechanical and
sensory modules and their potential influence on ecomorphological diversity across the
hyperdiverse clade of noctilionoid bats. First, we hypothesize that mechanical and sensory
structures are independent suites of modules. Second, we hypothesize that mechanical and
sensory modules have evolved at different rates. Third, we hypothesize that within each
module the relationship between phenotypic disparity and rate of evolution differs significantly
from a null model in a manner consistent with either evolutionary facilitation (in the case of
mechanical modules) or constraint (in the case of sensory modules) (Felice et al. 2018). Given
the fundamental link between cranial shape and bite-force in phyllostomids (Dumont et al.
2014), we expect higher than expected rates of evolution relative to disparity in mechanical
modules (Hu et al. 2016; Arlegi et al. 2018; Hedrick et al. 2020). We further expect that sensory
modules are more conserved than mechanical modules because while sensory modules do
exhibit phenotypic variation (Hall et al. 2021), ecological diversification has likely resulted in less
extensive reorganization of sensory structures. We conclude with a confirmatory test of the
association of within-module integration with disparity and rates of module evolution. We also
explore the relationship between mechanical and sensory modules at the clade level, among
lineages, and with respect to the evolution of shape to gain a more nuanced understanding of

their associations.

Methods
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Taxonomic Sample and 3D Imaging

We sampled 42 individuals from 35 species, covering all families within the neotropical
families within Noctilionoidea (Phyllostomidae, Noctilionidae, Mormoopidae, Furipteridae and
Thyropteridae) and encompassing a broad range of dietary niches within the clade (Fig 1, S1
Table). Some analyses were run on the complete dataset representing all noctilionoids. In other
cases, we ran separate analyses for phyllostomids (34 individuals, 28 species), where dietary
diversity is concentrated, and for non-phyllostomid noctilionoid families combined (8
individuals, 7 species), all of which are insectivorous.

To quantify the sizes and shapes of mechanical structures, the olfactory bulb, and
cochlea, we visualized the heads of bats using a combination of standard computed
tomography (CT) for hard tissues. Bat specimens were scanned using a Nikon Metrology (X-Tek)
HMXST225 microCT system at the Center for Nanoscale Systems at Harvard University. Three-
dimensional (3D) images were processed following (Hedrick et al. 2020). We generated image
stacks using proprietary software associated with the X-Tek scanner (CTPro, Nikon Metrology
Inc., Japan), segmented image stacks using Mimics v. 16.0 (Materialise, Leuven, Belgium),
created meshes using VGStudio Max 3.0 (Volume Graphics Inc., Germany) and exported them
as PLY files.

We used reconstructions of eyes previously published by (Hall et al. 2021), which
include diffusible iodine-based contrast-enhanced computed tomography (DiceCT; (Gignac et
al. 2016; Hedrick and Dumont 2018)) from the same specimens (S1 Table). Briefly, we defined

the orbital space surrounding the left eye by its muscular boundaries and eyelid. We used the
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volume and location of the orbital space as a proxy for eye location and volume, because it is
less subject to distortion than the globe itself in fluid-preserved museum specimens (Hedrick

and Dumont 2018).

Placing Landmarks

Our data set included a total of 322 landmarks: 43 fixed landmarks, 160 sliding semi-
landmarks on curves, 55 surface landmarks on the eye, and 64 surface landmarks on a patch
placed on the palate (S2 Table, S1 & 2 Video) that were placed on 3D meshes using IDAV
Landmark Version 3.6 (Wiley et al. 2005). Sliding semi- and surface landmarks are adjusted to
reduce their weight in the analysis, thus reducing the potential effect of their representation by
large numbers of semi- and surface landmarks. These methods involve sliding neighboring
landmarks along curves and surfaces to minimize bending energy and ensure that the arbitrary
spacing of semi-landmarks does not influence shape variation (Bookstein 1997; Gunz and
Mitteroecker 2013). We placed external landmarks on the external surface of the cranium as
per Hedrick et al. (2020). To landmark structures on internal surfaces of the bony skull, 3D
models were digitally dissected in Geomagic Studio 2014 (3DSystems, SC, USA) into three parts
to reveal the cochlea, the impression left by the olfactory bulb on the internal surface of the
skull (anterior cranial fossa), and the internal surface of the cranial base.

We identified landmarks to represent the eye in three steps. First, we used Mimics to
calculate the volume and centroid of the orbital space reconstructed by Hall et al (2021). We
then generated a sphere of equal volume around the centroid and placed 55 landmarks on its

surface. Reducing the eye landmarks to seven (one in the center and six across perpendicular
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poles) did not change the results of tests for modularity (S9 Table)), and so we proceeded with
the data set of 55 eye landmarks. Because our eye data are based on an idealized and identical
shapes, the results of our analyses reflect variation in the orientation and overall size of the
eye. Throughout the landmarking process we kept all parts of each specimen in the same
coordinate system so that landmarks could be concatenated into a single file using custom R
code.

To ensure that the number of landmarks selected did not affect the number of modules
recovered, we conducted a sensitivity analysis by down sampling the number of landmarks by
25%, 50% and 75% and testing whether this changed the number of modules detected. Custom
code was written in R to subsample within each module systematically; every second landmark
(50%), one in every four landmarks (25%), and the first three of every four landmarks (75%).
The same number of modules were recovered using EMMLi from the complete set of
noctilionoid landmarks and all down-sampled datasets, and vector congruence correlation
matrices of the data sets were strongly correlated (R?=0.73 — 0.95; S3 Table). We further
tested the effect of landmark number on modularity by regressing the number of landmarks
against the p coefficient of each module (a measure of integration), first for the whole
noctilionoid group and then for the sub-groups of phyllostomids and other noctilionoids. We
found no evidence that the number of landmarks in each module influenced modularity (S8
Table). Based on these analyses, we used the full set of 322 landmarks for further analyses. To
employ phylogenetic comparative methods and adjust for unequal sample sizes in our analyses,
we used species means for taxa represented by multiple individuals (7 species, S1 Table).

Defining Modules
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To test hypotheses about modularity of sensory and mechanical systems we grouped
landmarks into eight hypothetical modules that encompass anatomical structures associated
with specific functions (Fig 1; S1 & 2 Video. Among mammals, the size of sensory structures is
often directly related to function. To conserve the size component in our analyses of shape
variation, we did not adjust data for allometry. Therefore, our landmark data still carry shape
variation that is associated with size. The shapes of some mechanical regions are clearly linked
to functional variation (e.g., Dumont 2004; Dumont et al. 2009, 2012; Santana et al. 2012;
Neaux et al. 2021). Here we make inferences based on those linkages but do not directly measure
mechanical variables. The shapes of sensory structures (e.g., olfactory bulb, cochlear region, and
eye) are unlikely to perfectly reflect sensory ability. Likewise, it is likely that some shape
changes don’t reflect functional change at all (Gould and Lewontin 1979). Nevertheless, we
propose that there is at least circumstantial evidence to suggest that each of our eight modules
carries some functional signal.

We defined three sensory modules that encompass the olfactory bulb (smell), the
cochlea (sound), and the eye (vision) (Figure 1; S1 & 2 Videos). Enlarged eyes are associated
with increased visual acuity (Miller and Peichl 2005; Miiller et al. 2007; Land and Nilsson 2012;
EkIof et al. 2014; Veilleux and Kirk 2014; Sadier et al. 2018) and eye orientation is related to
activity pattern in primates (Heesy 2008). Larger olfactory bulbs support more expansive
epithelia and therefore larger surface areas for odor detection (Barton et al. 1995; Buschhiter
et al. 2008; Corfield et al. 2015). Enlarged olfactory epithelia are associated with frugivory
among noctilionoid bats (Yohe et al. 2021). Finally, cochlear volume and shape is correlated

with aspects of cochlear morphology that influence hearing performance (Ko6ssl and Vater 1995;
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Kirk and Gosselin-lldari 2009; Vater and Kossl 2011; Davies et al. 2013a, 2013b). Among bats,
variation in the relative volumes of sensory structures often tracks variation in foraging strategy
and diet (Barton et al. 1995). For example, the ancestral phyllostomid diverged from its sister
taxa in having relatively larger olfactory bulbs and eyes, which is characteristic of frugivory (Hall
et al. 2021). Similarly, the shift to plant-based diet in palaeotropical fruit bats (Pteropodidae)
allowed larger skulls and brain regions associated with vision, olfaction and spatial memory
(Thiagavel et al. 2018). We defined olfactory, cochlear and eye modules with landmarks that
encompass the three-dimensional volume as well as shape of those structures (Figure 1, S1 & 2
Videos). Olfactory module landmarks were placed on the impression of the olfactory bulb on
the internal surface of the skull, cochlea module landmarks were placed on the region of the
cranial base that encompasses the cochlea, and the eye module was defined by landmarks
placed on the surface of the reconstructed orbital sphere.

We defined five mechanical modules that encompass, but do not directly measure,
elements of the masticatory system whose shape and size affect bite force and a bat’s ability to
extract nectar from deep within the corollas of large flowers: the external cranial vault, palate,
face, zygomatico-glenoid complex and the cranial base (Figure 1; S1 & 2 Videos). In using these
modules, we assume that variation in their shapes reflects, at least in part, known functional
variation in their constituent parts. For example, the external cranial vault provides the
attachment area of the temporalis muscle, the largest jaw-closing muscle in bats and most
other mammals. The temporalis generates the highest jaw-closing moments in bats that
consume hard food items (hard fruits, vertebrates) and the lowest jaw-closing in nectar feeding

species (Santana et al. 2010, 2012). This variation reflects a combination of differences in the
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relative muscle size and the shape and orientation of its origin on the external vault relative to
the temporomandibular joint (Davis et al. 2010).

Likewise, variation in the shape of the palate, and by association the face, is closely
associated with the ability to generate bite force. Species with short, broad palates generate
relatively higher bite forces for their size than species with long narrow palates (Aguirre et al.
2002; Nogueira et al. 2009; Davis et al. 2010; Santana et al. 2010). In mechanical terms, shorter
palates (and faces) shorten the out lever when the jaw is modeled as a simple 3™ class lever,
thereby increasing mechanical advantage (mechanical advantage = in lever (distance from jaw
joint to muscle insertion)/ out lever (distance from bite point to jaw joint, e.g., (Freeman and
Lemen 2010). Mechanical advantage has been identified as a target of selection in phyllostomid
bats (Dumont et al. 2014) and linked to an increase in speciation rate in fig specialists (Dumont
et al. 2012). Palate length is also associated with different loading behaviors during feeding;
species with short palates engage in biting behaviors that apply torsional loads to the skull
while species with long palates engage in behaviors that apply bending moments (Dumont
1999; Dumont et al. 2009; Santana et al. 2012). Finite element analyses further predict that
skulls with short, broad palates are more resistant to forces applied under both torsional and
bilateral bending loads (Santana et al. 2012; Dumont et al. 2014).

While short palates and faces are linked with high bite force, elongated palates and
faces support elongated tongues that increase the efficiency of extracting nectar from flowers,
and there is evidence for the morphological specialization of nectar-feeding species on flowers
with different corolla depths (Paton and Collins 1989; Winter and von Helversen 2003;

Gonzalez-Terrazas et al. 2012). The palate and face are often combined into the rostrum. We
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keep them separated here, and test the validity of that separation, because it is possible that
the shape of the face may vary to accommodate known differences in olfactory bulb and eye
volume that has been documented in phyllostomids (Hall et al. 2021), and/or whether
echolocation sounds are emitted through the nostrils (phyllostomids) or the mouth (other
noctilionoids) (Pedersen 1993, 1998).

The zygomatico-glenoid complex carries two clear functional associations that we
assume are reflected in our dataset. The portion of the zygomatic arch we captured in this
module reflects the origin of the masseter muscle. Typically, the second largest jaw-closing
muscle in mammals, the masseter is the single best predictor of bite force in phyllostomids
(Santana et al. 2010) and generates the highest jaw-closing moments in bats that consume soft
foods such as soft-bodied insects and soft fruits. The temporomandibular joint is also part of
the zygomatico-glenoid module and its location relative to the molar toothrow (and palate) is
associated with variation in bat diet (Freeman 1979; Santana et al. 2012). The joint is furthest
away from the toothrow in species that exhibit high bite forces driven by large temporalis
moments and consume hard foods. Conversely, the jaw joint is closest to the molar toothrow
(and palate) in nectar-feeders, which produce very low bite forces and consume primarily
liquids.

In bats, the relative position of the cranial base and palate are functionally linked to
mode of echolocation (Pedersen 1993) and we assume that relationship is captured in the
landmarks that we selected. The angle between the long axes of the cranial base and palate
approaches 180° in bats that emit echolocation calls through their mouths (oral-emitters),

which aligns the nasopharynx and oral cavity. In contrast, the angle between the cranial base
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and palate is more acute in species that emit echolocation calls through their noses (nasal-
emitters), creating a clear pathway for sound to travel from the nasopharynx through the nasal
cavity and out the nostrils. Phyllostomids are nasal-emitters and other noctilionoids are oral-
emitters and so we expect to see differences in the cranial base module between the two
groups. The orientation of the cranial base relative to the facial skeleton has also been linked to
the ability of the facial skeleton to resist high loads in animals ranging from woodpeckers to
primates and at least two extinct mammals (Cartmill 1974; Kenigswald et al. 2005; McCoy and
Norris 2012). It is not known if the same is true among bats, but some phyllostomids do

consume resistant food items (i.e., seeds (Nogueira et al. 2005)).

Testing Modularity Hypotheses

We tested one null and four functional modularity hypotheses (5S4 Table). The null
model proposes that eight modules are evolving in tandem as one unit. The first functional
hypothesis (M1) addresses our first hypothesis, that all sensory modules are part of one module
and all mechanical hypotheses are part of another. Support for this modularity hypothesis
would be consistent with the idea that sensory and mechanical systems are each tightly
integrated because their parts must be perfectly tuned to function together, but that sensory
and mechanical modules are under separate evolutionary pressures. The second functional
hypothesis (M2) is that the that the mammalian skull is divided into two functional modules
based on development, the neurocranium and the rostrum (face, palate and eye modules
combined). This hypothesis is supported by many studies and implies that either the rostrum,

the neurocranium or the relationship between them is the locus of shape changes that affect
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functional diversity (e.g., (Marroig et al. 2009; Porto et al. 2009; Santana and Lofgren 2013;
Hedrick et al. 2020)). The third functional hypothesis (M3) is that the face and palate constitute
a single module and all other modules are separate and independent of one another. This
hypothesis addresses the fact that dietary differentiation among phyllostomids is primarily
driven by rostral elongation and shortening (Freeman 2000; Dumont et al. 2012; Hedrick et al.
2020). The fourth functional hypothesis (M4) proposes that all eight modules are independent
and therefore, to varying extents, free to interact with one another.

We tested the relative strength of these five modularity hypotheses using the EMMLi
package in R (Goswami and Finarelli 2016), which uses a maximum likelihood approach to
compare sets of modularity hypotheses and applies the Akaike Information Criterion corrected
for small sample sizes (AlCc). We implemented EMMLi for the dataset encompassing all
noctilionoids, and again after partitioning it into phyllostomids and non-phyllostomid
noctilionoids. We quantified effect sizes using the modularity.test function from the Geomorph
package in R (Adams and Collyer 2019) to evaluate whether modularity differed significantly
between the three partitions

We also indirectly tested the independence of the resulting modules by comparing their
rates of shape change using Bayestraits (see Visualizing Module Evolution). These and all other
evolutionary analyses were based on the time-calibrated phylogeny of (Rojas et al. 2016)
pruned to reflect our sample (Fig 1). First, we calculated the net rate of shape evolution of each
module across all noctilionoids using geomorph in R with 1000 random permutations and a
Brownian Motion (BM) model of evolution (Adams and Otarola-Castillo 2013). We then tested

whether these rates were significantly different across the modules and between phyllostomids
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and other noctilionoids using function ‘compare.multi.evol.rates’ in geomorph (Denton and
Adams 2015), which compares net rates of morphological evolution for multi-dimensional traits

under a Brownian motion model of evolution.

Visualizing Module Evolution

We visualized the evolution of each module across all noctilionoids in three ways to
evaluate patterns of change at three hierarchical scales: normalized average rates of evolution
through time, relative rates of evolution among lineages, and rates and directions of module
shape changes.

We plotted rates of evolution for each module across evolutionary time using
BayesTraits (Meade and Pagel 2016) and the R package BTR tools (Ferguson-Gow 2017) as in
Felice et al (2018). This rate through time plot illustrates the average rate of each module’s
evolution across lineages within successive time bins relative to that module’s maximum
average evolutionary rate and provides an overview of rate changes within modules over time
relative to one another. BayesTraits detects lineage diversification and multivariate trait
evolution using reverse-jump MCMCs. Principal component analyses of the Procrustes
coordinates for each module were used to generate trait (shape) data for each module. The
input data were principal components accounting for the first 95% of total variance and the
time-calibrated phylogeny (Rojas et al. 2016). Using a variable rates model with the
independent contrasts and autotune options, we ran 110 million iterations and discarded the
first ten million as burn-in. BayesTraits also evaluates five evolutionary models (BM, Lambda

(A), Delta (8), Kappa (k), and a single peak OU model) and the best supported model is identified
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using Bayes factors (Meade and Pagel 2016). We plotted the rate through time using one-
million-year time bins from the best rate model for each module using BTR tools package in R.
The average rate across branches for each time bin was corrected by the maximum average
rate attained for that module according to (Felice et al. 2018). We noted the timing of seven
events associated with positively selected visual genes and dietary changes within the plot
(Davies et al. 2020): the last common ancestor of the Noctilionoidea, Mormoopidae,
Phyllostomidae, all plant feeding phyllostomids, nectar-feeding Glossophaginae and
Lonchophyllinae, and fig-eating Stenodermatinae.

We also visualized by illustrating the rate of evolution of each module across the
noctilionoid phylogeny. We created a ‘rate tree’ for each module using the best supported
evolutionary model in BayesTraits and then scaled each tree by its maximum rate. Visual
comparison of rate trees among modules can reveal lineage-specific patterns of correlated
increases or decreases in evolutionary rates that are obscured in the rate through time plot. It
can also reveal the extent to which the rate through time plot may be influenced by the
concentration of fast rates in a small number of lineages.

Finally, we visualized the evolution of modules by plotting shape (i.e., principal
components of shape) across the phylogeny for each module. These plots illustrate not only the
rate and timing of shape change, but also its direction. Module shape is associated with module
function and so qualitative comparisons of character states among modules can provide
insights into how mechanical and sensory functions may, and may not, have changed in concert
during noctilionoid evolution. We plotted the first and second principal components of shape

(PC1 and PC2) where most of the variation was concentrated (63 —93 % - 15t + 2™ PC;
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Base = 63%, Olfactory Bulb = 71%, Cochlea Region = 72%, Palate = 76%, Face = 78%, External

Vault = 85%, Eye = 88%, Zygo-glenoid complex = 93%).

Evaluating Disparity and Integration

We tested the hypothesis that within each module the relationship between phenotypic
disparity and rate of shape evolution differs significantly from a null, Brownian model, in a way
that is consistent with either evolutionary facilitation or constraint. Average disparity for each
module (Procrustes variance) was calculated from Procrustes distances of all the landmarks
within the module. The average rate of evolution of each module (sigma) was calculated as the
average of the sum of sigma values of each of the coordinates (x, y, and z) within that module
(Revell et al. 2008; Adams and Otarola-Castillo 2013). Procrustes variance within each module
was then plotted against the evolutionary rate (sigma) for each landmark with the BM
expectation of evolution of uncorrelated traits. We used standardized major axis regressions to
compare each module’s regression against the slope predicted under a BM model using R
package smatr (Warton et al. 2012; Felice et al. 2018). Each module’s slope was also compared
against that of other modules.

To explore whether integration influences the disparity and evolutionary rate of module
shape across all noctilionoids, we regressed the average rate of evolution (sigma), average
disparity (Procrustes variance) and average integration of each module (p coefficient) against

each other. The p coefficient was derived from the EMMLi analysis.

Results
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We found significant support for all eight mechanical and sensory modules within
Noctilionoidea as a whole, as well as within phyllostomids and among all non-phyllostomid
noctilionoids (S5 Table). All other hypotheses of modularity were rejected. The whole
noctilionoid group (Zcr -13.5993 + SE 0.0110, p = 0.002), only phyllostomids (Zcr =-13.1809 + SE
0.107, p = 0.004), and other noctilionoid species (Zcr = -10.74024 + SE 0.0108, p = 0.004) all
exhibited significant modularity.

Noctilionoids as a whole exhibited high within-module integration of the eye,
zygomatico-glenoid complex and face (diagonal values, Fig. 2). In general, between-module
integration is of intermediate strength and evenly distributed, with similar levels of integration
between and among sensory and mechanical modules (off-diagonal values in Fig. 2). There is
low integration between the eye and cranial base, and between the olfactory bulb and both the
cochlea and zygomatico-glenoid complex. In contrast, the integration between the zygomatico-
glenoid complex and the eye, external vault, palate, and face is relatively high. Noctilionoidea
as a group exhibits stronger integration among mechanical modules, among sensory modules,
and between mechanical-sensory modules than both phyllostomids and non-phyllostomid
noctilionoids.

The relatively uniform and strong integration within and between modules in
Noctilionoidea masks distinct differences in within- and between-module integration (diagonal
and off-diagonal values, respectively) between phyllostomids and non-phyllostomid
noctilionoids. Within-module integration of the eye, zygomatico-glenoid complex and face is
strong within the two subgroups, echoing the pattern across Noctilionoidea (diagonal values,

Fig. 2). Among sensory modules, phyllostomids exhibit higher within-module integration of the
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olfactory bulb and, to a lesser extent, the cochlea. With respect to mechanical modules,
phyllostomids exhibit higher integration of the external vault, while non-phyllostomid
noctilionoids exhibit higher within-module integration of the zygomatico-glenoid complex, face
and palate. The integration of the cranial base is similar across all three data sets.

With respect to between-module integration, phyllostomids exhibit weaker
relationships among mechanical modules and stronger relationships between sensory (eye and
olfactory bulb) and mechanical modules than do non-phyllostomid noctilionoids (off-diagonal
values, Fig. 2). In phyllostomids the integration of the eye and olfactory bulb is weaker, while
the integration of the eye and the cochlea is stronger than in non-phyllostomid noctilionoids. In
contrast to phyllostomids, integration of mechanical modules is much higher among non-
phyllostomid noctilionoids. The olfactory bulb is more strongly integrated with mechanical
modules among phyllostomids, as is the integration of the eye with the palate, face and
zygomatico-glenoid complex. In contrast, the cochlea is more strongly integrated with most
mechanical modules in non-phyllostomid noctilionoids. The exception is the external vault,
which is more closely tied to the cochlea in phyllostomids. Overall, the average strength of
integration among sensory module and mechanical module subsets is similar within
phyllostomids and non-phyllostomid noctilionoids (mean p = 0.31 and 0.30), while mechanical
modules are almost twice as integrated as sensory modules among non-phyllostomid
noctilionoids than in phyllostomids (mean: p =0.46 and p = 0.25).

In support of the hypothesis that modules evolved at different rates, we found
substantial heterogeneity in net rates of evolution among sensory and mechanical modules for

all noctilionoids, within phyllostomids, and within non-phyllostomid noctilionoids (56 Table). On
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average, phyllostomids have a higher mean rate of module evolution (7.62E-07 + 1.90E-07
o’mult) than non-phyllostomid noctilionoids (5.13E-07 + 1.43E-07 o’mult). The fastest evolving
module in both groups is the external cranial vault, followed by the face in phyllostomids and
the zygomatico-glenoid complex in non-phyllostomid noctilionoids. The slowest evolving
module in both phyllostomids and non-phyllostomid noctilionoids is the eye, followed by the
cochlea in non-phyllostomid noctilionoids and the palate in phyllostomids. There are a few
differences in mean rates of evolution between mechanical modules within phyllostomids and
within non-phyllostomid noctilionoids, but no significant differences among sensory modules.
The rate of evolution of the external cranial vault is significantly higher than the palate in both
groups, and the rate of evolution of the face is significantly higher than that of the palate in
non-phyllostomid noctilionoids. Looking across sensory and mechanical modules, several
mechanical modules evolve significantly faster than the eye: the external cranial vault and face
modules in both subgroups, and the zygomatico-glenoid complex in phyllostomids.

Figure 3 illustrates the relative rate of evolution for each module through time. The
most striking pattern is that rates of evolution of sensory modules tend to peak earlier than
those of mechanical modules. Among sensory modules, early increases in the evolutionary
rates of the eye and cochlea modules preceded those of the olfactory module, which
subsequently increased just before the emergence of the Mormoopidae. All three sensory
modules attained peak rates before the divergence of the phyllostomids and have gradually
slowed since. Mechanical modules also exhibit rate increases immediately preceding the
divergence of the phyllostomids but only the zygomatico-glenoid complex and the face

modules reach their peak rates at this time. Following the origin of phyllostomids, there is much

20



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

more disparity in rates of mechanical module evolution, and the peak rates for the palate,
external vault, and skull base modules are very close to the present. The short-face
stenodermatines and the long-faced glossophagines represent the two extremes of cranial
morphology among phyllostomids, and there are concerted decreases in the rates of evolution
of the face, zygomatico-glenoid and external cranial vault occurring just prior to the origin of
both clades. The rate of evolution of the palate module increases just before the appearance of
the stenodermatine ancestor. Overall, the rates of sensory module evolution peak before the
origin of phyllostomids and then decline steadily over time. In contrast, rates of mechanical
module evolution peak either before the origins of phyllostomids or very recently and are far
more variable throughout the evolution of noctilionoids.

Figure 4 shows relative rates of module evolution across the phylogeny and showcases
rate heterogeneity among lineages. While Figure 3 illustrates that peak mean evolutionary rates
of sensory modules preceded those of mechanical modules when all species are combined,
Figure 4 illustrates influence of individual taxa in driving that pattern. For example, some of the
highest rates of sensory module evolution occur in the earliest lineages. Comparing rates of
module evolution reveals several instances of parallel rate shifts that suggest correlated
change. The eye is the sensory module with the most evenly distributed rates across the
phylogeny and its rapid evolution at the base of phyllostomids is accompanied by modest rate
changes in all mechanical modules. Similarly, rates of olfactory bulb evolution are low along the
backbone of the tree but exhibit a small increase at the base of the fig-feeding
stenodermatines, perhaps in concert with rate increases in in the eye, palate, cranial base, and

external cranial vault module. There are marked increases in the evolutionary rate of the eye
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and face modules in the branch leading to the hairy big-eyed bat, Chiroderma villosum. Among
mechanical modules, there are correlated increases in the rates of face and palate module
evolution in lineages ancestral to nectar-feeders. Patterns of rate change are similar among the
zygomatico-glenoid complex, external vault, and cranial base, with the latter two exhibiting
high rates of evolution in the lineage ancestral to the Jamaican fruit bat, Artibeus jamaicensis.

By illustrating the rate and direction of changes in shape (principal components of
shape) for each module across the phylogeny, Figure 5 and Supplementary Figures 2—7 offer
the most nuanced picture of module evolution. While shape as represented by PC1 separates
phyllostomids from non-phyllostomid noctilionoids, PC2 separates taxa according to dietary
guild and lineage. In most cases nectarivores are clearly distinguished from their sister taxa
along PC2, with high values for some modules (cochlea, eye, cranial base, zygomatico-glenoid
and palate) and low values for others (external vault and face). Nectarivores and phyllostomid
generalists share low PC2 values for the olfactory bulb (Figure 5). PC2 values for the fig-feeding
sternodermatines as a group are less distinct than those of nectar-feeders. Instead, extreme
PC2 values are common in the most short-faced species (Phyllops falcatus and Centurio senex)
and, for the face and olfactory bulb modules, the big-eyed bat Chiroderma villosum. The
morphologically intermediate non-phyllostomid noctilionoids exhibit intermediate PC2 values
for most modules.

Our third hypothesis was that the relationship between phenotypic disparity and rate of
evolution within each module departs from the Brownian model indicating constraint or
selection (Felice et al. 2018) and that this relationship varies among modules. We expected

sensory modules to have significantly lower slopes than the null model, indicative of constraint,
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and mechanical modules to have significantly higher slopes, suggesting that modularity
facilitated diversification of trait values, especially among phyllostomids. Consistent with this
expectation, we found significantly lower than predicted slopes for all three sensory modules
within phyllostomids (Table 1). The slope for the eye was also lower than predicted among non-
phyllostomid noctilionoids, but the slope of the olfactory bulb was significantly higher. Among
the mechanical modules, two were significantly lower among phyllostomids (base and external
vault), while three of the five were significantly higher in non-phyllostomid noctilionoids
(external vault, palate, and face). Overall, we did find evidence for evolutionary constraint and

selection, but not always in the ways we predicted (see discussion).
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493 Table 1: Results from major axis regression comparing the observed variance - rate relationships to the relationship predicted under
494 Brownian motion evolution of uncorrelated traits. Type indicates the Brownian Motion null (BM), sensory modules (S) and mechanical

495 modules (M). Results with p-values < 0.05 indicating significant deviation from the slope of the null model are bold.

496
All neotropical noctilionoids Phyllostomids Other noctilionoids
Type | Module Slope | lower | upper | p value Slope | lower | upper | p value | Slope | lower | upper | p value
BM 030| 030| 0.32 0.26 0.25 0.27 0.31 0.29 0.33
S Eye 039| 030| 049 0.0582 0.13 0.11 0.16 | 6.88E-11 | 0.16 0.14 0.18 | 1.21E-08

S Olfactory Bulb 0.14 | 0.11 0.18 | 5.64E-09 0.06 0.04 0.07 | 2.22E-16 | 0.52 0.44 0.61 | 6.88E-11

S Cochlea 016 | 0.13| 0.18 | 6.40E-13 0.07| 0.06| 0.09|222E-16| 026| 0.24 0.29 0.8319

M Base 0.12 | 0.09| 0.17 | 2.32E-06 0.09 | 0.06| 0.12| 7.31E-07 | 0.37 0.26 0.53 0.0680

M External Vault 032 ] 025| 0.40 0.6659 | -0.13 | -0.19 | -0.08 0.0018 | 0.55| 0.52 0.59 | 2.22E-16

M Palate 037 | 033 | 040 0.0002 | 024| 0.22| 027 0.3274 | 0.65| 0.59 0.73 | 2.22E-16

M Zygomatico- 022 0.05| 092 0.5320 | 0.09 | 0.02| 055 0.2071 | 0.38 0.16 0.89 0.2356
glenoid

M Face 038 | 030 | 047 0.0572 | 0.31 026 | 037 0.09| 034 029 0.41 0.0036
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Finally, to assess their potential effects on one another, we explored the relationship
between integration and disparity and between integration and evolutionary rate across all
noctilionoids (Fig. 6). Across modules, disparity increases with increasing evolutionary rate (R =
0.63, p <0.01), and the zygomatico-glenoid complex and external vault are the fastest-evolving
and most disparate. Within modules, there is no evidence of a relationship between integration
and either the rate of module evolution (R =-0.14, p = 0.91) or the module disparity (R =-0.13,

p =0.86).

Discussion

By investigating two sets of functional modules whose relationships are largely unexplored —
sensory modules that receive cues crucial to foraging, and mechanical modules that contribute
to bite force — we identified patterns of evolutionary changes in modules related to food
perception and processing. We found no support for the hypothesis that sensory and
mechanical modules are two independent suites of modules. Instead, we found eight
independent functional modules with varying rates of evolution, which could have provided
noctilionoids with a complex and rich stage on which selection could act (Table S4 & 5). Our
data also supports the hypothesis that disparity emerges from differential rates of evolution
across mechanical and sensory modules (Fig 3 & Table S6) and not from variation in modularity
itself (Fig 6). This study extends beyond documenting mosaic evolution in the head
(e.g.,(Rossoni et al. 2019)) to identify differential evolutionary rates as the underlying

mechanism. The integration of some sensory and mechanical modules (Figure 2), as well as
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some coordinated rate changes (Figure 3 & 4), may imply that the two systems have evolved
synergistically, thereby linking abilities to sense and process novel foods. For example,
phyllostomids are characterized by a newly evolved linkage between mechanical modules and
the olfactory bulb and eye, and a release from the association between mechanical modules
and the cochlea (Fig 2). From a functional perspective, the coupling of mechanical modules with
the visual and olfactory systems is consistent with a fundamental shift to foraging for plants,
which relies more heavily on vision and olfaction than does aerial insectivory. The timing of this
change at the clade level (Fig 3 & 4) indicates that a shift in the evolution of sensory modules
that predated most changes in mechanical modules, supporting a sensory-first hypothesis of
diversification. We propose that shifts in evolutionary rates could have affected integration
among modules, opened new dietary niches and provided the structural flexibility that was
necessary for the radiation of noctilionoid bats. Perhaps the same scenario played out in other
vertebrate clades.

Our work explores the interplay of sensory and mechanical functions within an
ecomorphologically diverse radiation, providing a more holistic perspective on functional
ecology than analyses of integration based on hypothesized developmental modules (Hedrick
et al. 2020), or analyses that focus solely on mechanical modules (Monteiro and Nogueira
2010). We found that the strength of integration within mechanical and sensory modules is
similar and relatively low within phyllostomids. In contrast, the strength of integration within
mechanical modules is high and nearly twice as strong as integration within sensory modules
among non-phyllostomid noctilionoids. In contrast to Hedrick et al.”s (2020) analysis of a

developmental, two-module model (rostrum and basicranium/cranium), which concluded that
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phyllostomids are twice as integrated and less disparate than non-phyllostomid noctilionoids,
we found that phyllostomids are less integrated when considering eight, finer-scale partitions
of the cranium into mechanical and sensory modules (higher Zcr than other noctilionoids (ref:
results section 1%t paragraph). We propose that considering finer scale, functional modules and
their relationships to one another offers more detailed insight into the context for
diversification than developmental modules provide.

Visualizing module evolution at three hierarchical scales provided increasingly detailed
insight into how module shapes changed relative to one another over time. The rate through
time plot (Fig. 3) provided a clade-level snapshot of the mosaic evolution of modules across
Noctilionoidea. Rate trees for each module further revealed that rates of module evolution
were, on balance, faster in lineages that predate the origin of phyllostomids (Fig. 4). Analyses of
character state evolution provide the clearest picture of correlated structural change (Fig. 5,
Sup. Figs. 1-6). Shape changes along PC1 separate phyllostomids from other noctilionoids,
whereas PC2 (primarily shape and orientation) separated dietary guilds among phyllostomids,
especially nectarivores. We propose that major changes early in the evolution of noctilionoids
resulted in differences in evolvability between phyllostomids and their sister taxa. The
subsequent radiation of phyllostomids did not require major reorganization of modules.

Among phyllostomids, parallel changes in sensory and mechanical abilities, such as the
ability to both detect and process hard and ripe fruits, may have enhanced access to food
(Davies et al. 2013b, 2013a, 2020; Thiagavel et al. 2018). This is suggested by the small, parallel
clade-level rate shifts in the olfactory, eye, face and cranial base modules just before the origin

of stenodermatines (Fig. 3), which is reinforced by correlated rate shifts in olfactory, eye,
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palate, cranial base, and external cranial vault modules along the lineage leading to
stenodermatines (Fig. 4). Stenodermatine bats have short, broad faces and stout crania, which
allows the expansion of the olfactory bulb (Fig. 5) as well as enlarged eyes and more robust
zygomatic arches. In contrast, the nectar feeding lineages have elevated rates of evolution in
the palate, face, and to an extent skull base and eye modules (Fig. 4). These changes resulted in
their elongated, narrow skulls and palates, which are associated with reaching into the corollas
of flowers, and the repositioning of the eye (Sup. Fig. 1). By identifying multiple functional
modules and their interrelationships, our work demonstrates how parallel changes in sensory
and mechanical modules were associated with the ecomorphological diversification of
phyllostomids. Our results align with the predictions that preadaptation in sensory systems
played a leading role in the evolution of bats (Thiagavel et al. 2018; Davies et al. 2020) and that
the earliest phyllostomids experimented with foods beyond insects (Freeman 2000; Baker et al.
2012; Hedrick et al. 2020). We added context to these predictions by illustrating that changes in
the rates of sensory module evolution occurred in concert with changes in the evolutionary
rates of some mechanical modules including the face, zygomatico-glenoid complex, palate and
external vault, just before the appearance of the phyllostomid ancestor (Fig 3). Phyllostomids
are characterized by a thicker olfactory bulb that occupies relatively more space, and alignment
of the palate and cranial base (Fig 5). These changes are consistent with a plant/fruit-based diet
requiring higher odor acuity (Barton et al. 1995; Buschhiiter et al. 2008; Corfield et al. 2015)
and the shift from oral to nasal emission of echolocation sounds (Pedersen, 1993).

Rather than arising from ecological opportunity alone, we propose that intrinsic changes

in morphological structure —modaularity, integration, and the rates of evolution among
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mechanical and sensory modules — also contribute to the explosive ecological and phenotypic
radiation of phyllostomids. Exposed to similar ecological conditions in the Neotropics, none of
the other 6 families of bats exhibit similar levels of phenotypic disparity or species diversity. The
ancestor of phyllostomids was distinguished by simultaneous changes in the evolutionary rates
of the zygomatico-glenoid complex, face, olfactory bulb, and cochlea that are not associated
with changes in the degree of within-module integration (Fig 6). Instead, phenotypic
innovation emerged through variable rates of module shape evolution, which allowed different
combinations of sensory and mechanical functions over time. Coordination of corresponding
functions, such as changes in bite force, olfaction, and echolocation, provided the phyllostomid
ancestor with the ability to diversify into available plant-based niches. As a result, we propose
that the explosive phyllostomid radiation was facilitated by structural opportunity in addition to
ecological opportunity. Ecology alone cannot explain taxonomic radiation: the underlying
morphological structures, correlations among those structures, and their functions shape the

nature of an organism's relationship with its environment.
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Table and Figure Captions

Table 1: Results from major axis regression comparing the observed variance - rate
relationships to the relationship predicted under Brownian motion evolution of uncorrelated
traits. Type indicates the Brownian Motion null (BM), sensory modules (S) and mechanical

modules (M). Results with p-values < 0.05 are in bold type.

Figure 1: Tree of sampled taxa color coded by feeding guild. Silhouettes appear in the same

sequence as the species in bold type. Phylogeny based on Rojas et al (2016).

Figure 2: Degree of integration within Noctilionoidea and its subdivision into phyllostomids and
other noctilionoids. Within-module integration (diagonal values) and between-module
integration (off-diagonal values) are expressed as Rho coefficients (p) and calculated using
EMMLI. Integration among mechanical modules is in the blocks above the horizontal black lines
and integrations among the sensory modules are in the blocks to the left of the vertical black
lines. The group of blocks delineated by the black lines describes the integration between

mechanical and sensory modules. Hotter colors represent higher integration.

Figure 3: Evolutionary rate of each module is plotted against time for sensory modules (top)
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and mechanical modules (bottom). Vertical lines denote the location of nodes associated with
positively selected visual genes (Davies et al 2020): the ancestor of Mormoopidae (M), the
ancestor of Noctilionidae (N), the ancestor of Phyllostomidae (P), the origin of plant-feeding
within phyllostomids (PIt), the ancestor of the nectar-feeding Glossophaginae (G), the ancestor

of the nectar-feeding Lonchophyllinae (L), and the ancestor of the fig-eating Stenodermatinae

(S).

Figure 4: Evolutionary rates of each module mapped onto the phylogeny. Branch lengths are
scaled by rates of evolution. Cool colors indicate low rates and warm colors indicate high rates.
The red star indicates the origin of phyllostomids, orange stars indicate the origins of
nectarivory and the black star indicates origin of the fig-eating stenodermatines. A-C are

sensory modules, E is a time-calibrated phylogeny, and D and F-l are mechanical modules.

Figure 5: Maps of PC1 and PC2 of olfactory bulb and palate module shapes across noctilionoids.

Figure 6: Relationships among average disparity (Procrustes variance), rate (o%Rate) of

evolution and integration (p).

S1 Figure: lllustration of hypothesized modules with landmarks to represent their shapes

S1 - 6 Figures: Maps of PC1 and PC2 of shape for the eye, cochlea, cranial base, face, external

vault, and zygomatico-glenoid modules across noctilionoids.
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S1 Table: Sampled specimens and their museum accession numbers.

S2 Table: Landmarks used and their descriptions.

$3 Table: Sensitivity tests of down-sampled landmarks.

S4 Table: Hypothesized modules in bat skulls using 3D landmark coordinates from internal

surface, external surface, and eye orbits.

S5 Table: Modularity tests (EMMLi output) using various combinations of partitions in bat

crania. The best supported model is shown in bold font.

S6 Table: Net rates of evolution of modules for each of phyllostomids and non-phyllostomid

noctilionoids and pairwise comparisons of these (first for the whole Noctilionoidea by each

group).

S7 Table: Pairwise comparisons in the disparity - rate slopes across modules (for the complete

Neotropical Noctilionoidea group sampled, then phyllostomids alone, and non-phyllostomid

noctilionoids).
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S8 Table: Regression of p coefficient of each module against the number of landmarks within

each module

S9 Table: EMM.Li results after reducing the number of landmarks on the eye to seven (one in

the center and one on each pole) — Same as obtained using the full 55.

S$1 Video: Landmark points mapped onto the skull of Uroderma bilobatum showing five

modules (Eye, External Vault, Palate, Face, Zygomatico-glenoid complex) and part of the Base

S2 Video: Landmark points mapped onto the skull of Erophylla bombifrons showing three

modules Cochlea, Olfactory bulb, and the Base
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Supplementary Figure 2
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Supplementary Figure 3 Base
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Supplementary Figure 4
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Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Video 1

Click here to access/download
Other Supplements (Video, Excel, large figure files)
S1 Video.mp4



Supplementary Video 2

Click here to access/download
Other Supplements (Video, Excel, large figure files)
S2 Video.mp4



