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abstract: With diverse mechanical and sensory functions, the
vertebrate cranium is a complex anatomical structure whose shifts
between modularity and integration, especially in mechanical func-
tion, have been implicated in adaptive diversification. Yet how me-
chanical and sensory systems and their functions coevolve, as well
as how their interrelationship contributes to phenotypic disparity,
remain 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 in the superfamily Noctilionoidea, a clade that ranges
from insectivores and carnivores to frugivores and nectarivores.
We identified eight regions that evolved in a coordinated fashion,
thus recognizable as evolutionary modules: five associated with bite
force and three linked to olfactory, visual, and auditory systems.
Interrelationships among these modules differ between Neotropical
leaf-nosed bats (family Phyllostomidae) and other noctilionoids.
Consistent with the hypothesis that dietary transitions begin with
changes in the capacity to detect novel food items followed by adap-
tations to process them, peak rates of sensorymodule evolution pre-
date those of some mechanical modules. We propose that the co-
evolution of structures influencing bite force, olfaction, vision,
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and hearing constituted a structural opportunity that allowed the
phyllostomid ancestor to take advantage of existing ecological op-
portunities and contributed to the clade’s remarkable radiation.

Keywords: cranium, integration, modularity, sensory, mechanical,
trait relationships.

Introduction

How multiple traits are organized and reorganized, as well
as how that organization impacts the nature of evolution-
ary change, are outstanding questions in biology (Esteve-
altava 2017). Among vertebrates, the morphology of the
cranium is compartmentalized into numerous semiauton-
omous modules that display strong internal correlation
relative to their correlation with other modules, with some
of these correlations 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 modularity on the nature of
morphological evolution is the subject of ongoing inquiry.
Some 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 modular-
ity 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). Despite the importance
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of sensory information for organismal function and the
obvious physical and functional links between sensory
and mechanical systems in the vertebrate skull, the modu-
larity of cranial sensory systems and their relationship to
mechanical modules has not been explicitly investigated.
Modularity results from processes acting at several bi-

ological scales (Cumming et al. 2006), from genotype to
phenotype through development (Wagner et al. 2007;
Klingenberg 2010; Felice et al. 2018; Zelditch andGoswami
2021). Although developmental gene regulatory networks
are known to sometimes constrain or favor phenotypic
evolution (Erwin and Davidson 2009; Davidson 2010;
Mallarino et al. 2011), trait covariation within or between
species may not reflect such underlying developmental
modules (Conith et al. 2021). Instead, these evolutionary
modules offer a composite, the product of complex inter-
actions during ontogeny as well as over evolutionary time
(Zelditch and Goswami 2021). Evolutionary modules may
correspond to functional modules when they are associ-
ated with ecological functions, such as mammalian verte-
brae (Jones et al. 2018) and flatfish crania (Evans et al.
2021). Evaluating trait integration among species involves
assessing the strength and pattern of correlation within
and between hypothesized functional modules. Beyond
the idea that functionalmodules can be objects of selection,
comparative analyses of functional modules can also point
to the tempo of change across modules (Watanabe et al.
2019), corresponding to changing functions over time.
The diversity of cranial phenotypes associated with feed-

ing within noctilionoid bats (superfamily Noctilionoidea)
makes them an ideal system in which to investigate the
relationships between mechanical and sensory modules
through time. Neotropical noctilionoid bats include 248 spe-
cies, 218 of which comprise the family Phyllostomidae
(Fleming et al. 2020), commonly known as the Neotropical
leaf-nosed bats. Most noctilionoid families are primarily
insectivorous, and divergence among lineages presents as
subtle variation in body size, foraging style, and echoloca-
tion calls (Freeman 2000; Rolfe 2011; Baker et al. 2012;
Thiagavel et al. 2018; Rodriguez-Durán and Rosa 2020).
Although phyllostomids maintain the ancestral multihar-
monic echolocation calls, they have escaped strict insecti-
vory and diversified into dietary niches that include nectar,
fruit, vertebrates, and blood (fig. 1; also see fig. 1 in
Dumont et al. 2012). This ecological diversity is reflected
in the differential reliance of phyllostomid bats on a con-
stellation of sensory and mechanical functions (Arbour
et al. 2019; Fleming et al. 2020).
In this study, we test three broad hypotheses about func-

tionally definedmechanical and sensorymodules and their
potential influence on ecomorphological diversity across
Neotropical 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 phenotypic evo-
lution differs significantly from a null model in a manner
consistent with either evolutionary facilitation or con-
straint (Felice et al. 2018). Given the fundamental link
between cranial shape and bite force in phyllostomids
(Dumont et al. 2014), we expectmechanicalmodules to ex-
hibit higher than expected disparity relative to rates of evo-
lution (Hu et al. 2016; Arlegi et al. 2018; Hedrick et al.
2020). We expect that sensory modules are more con-
served 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. To gain a
more nuanced understanding of their associations, we also
explore the relationship between mechanical and sensory
modules in clades, among lineages, and with respect to
the evolution of module shapes.
Methods

Taxonomic Sample and 3D Imaging

We sampled 42 individuals from 35 species, covering all
Neotropical families within Noctilionoidea (Phyllostomi-
dae, Noctilionidae, Mormoopidae, Furipteridae, and Thy-
ropteridae) and encompassing a broad range of dietary
niches within the clade (fig. 1; table S1). All analyses incor-
porated the time-calibrated phylogeny of Rojas et al. (2016),
pruned to reflect our sample (fig. 1). We repeated analyses
with three different datasets: the complete dataset rep-
resenting all noctilionoids; phyllostomids alone (34 indi-
viduals, 28 species), where dietary diversity is concentrated;
and other nonphyllostomid noctilionoids combined (four
families, eight individuals, seven species), all of which are
insectivorous.
To quantify the sizes and shapes of all mechanical

modules and two of the three sensory modules (the ol-
factory bulb and cochlea), we visualized the heads of bats
using standard computed tomography (CT) for hard tis-
sues. Bat specimens were scanned using a NikonMetrology
(X-Tek) HMXST225 micro-CT system at the Center for
Nanoscale Systems atHarvardUniversity. Three-dimensional
images were processed following Hedrick et al. (2020). We
generated image stacks using proprietary software associ-
ated with the X-Tek scanner (CTPro, Nikon Metrology,
Tokyo), segmented image stacks usingMimics 16.0 (Mate-
rialise, Leuven, Belgium), created meshes using VGStudio
Max 3.0 (Volume Graphics, Heidelberg), and exported
them as PLY files. Three-dimensional landmarks were placed
on these structures to quantify module shapes.



Figure 1: A, Tree of sampled taxa color coded by feeding guild. Silhouettes appear in the same sequence as the species in boldface type. The
phylogeny is based on Rojas et al. (2016). Locations of sensory and mechanical modules are illustrated on a ventrolateral view of the external
surface of the cranium (B) and a cutaway view illustrating the sagittal plane of the cranium (C).
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For the eye, the third sensory structure, we used soft-
tissue reconstructions of the orbital space published by Hall
et al. (2021) based on diffusible iodine–based contrast-
enhanced CT (Gignac et al. 2016) of the same specimens
(Hedrick and Dumont 2018; table S1). We defined the
orbital space surrounding the left eye by its muscular
boundaries and eyelid and used the volume and centroid
of the orbital space to create orbital spheres to serve as
proxies for eye location and volume.
Placing Landmarks

Our dataset included a total of 322 landmarks: 43 fixed
landmarks, 160 sliding semilandmarks on curves, 55 sur-
face landmarks on the eye, and 64 surface landmarks on
a patch placed on the palate (table S2 ; videos S1, S2) that
were placed on 3Dmeshes using IDAV Landmark (ver. 3.6;
Wiley et al. 2005). Sliding semi- and surface landmarks are
adjusted to reduce their weight in the analysis and the ef-
fect of spacing on shape variation (Bookstein 1997; Gunz
andMitteroecker 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, 3Dmodels were digitally dissected in Geomagic
Studio 2014 (3DSystems, Rock Hill, SC) to reveal the co-
chlea, the impression left by the olfactory bulb (anterior
cranial fossa), and the internal surface of the cranial base.
For the eye, we placed 55 landmarks on the orbital

spheres. Reducing the eye landmarks to seven (one in the
center and six across perpendicular poles) did not change
the results of tests for modularity (table S3), so we included
all 55 eye landmarks in our analyses. Because our eye data
are based on idealized and identical shapes, the results of
our analyses reflect variation in the position and overall
size of the eye. Throughout the landmarking process, we
kept all parts of each specimen in the same coordinate sys-
tem so that landmarks could be concatenated into a single
file using custom R code. Sensitivity analysis confirmed
that landmark density did not affect subsequent analyses
of modularity hypotheses (table S4) or module integration
(table S5). To employ phylogenetic comparative methods
and adjust for unequal sample sizes in our analyses, we
used species means for taxa represented by multiple indi-
viduals (seven species; table S1).
Defining Modules

To test hypotheses about modularity of sensory and me-
chanical systems, we grouped landmarks into eight hypo-
thetical modules that encompass anatomical structures as-
sociatedwith specific functions (fig. 1; videos S1, S2). In this
article, raw module “shape” is defined by its Procrustes
coordinates in 3D space. We use covariance matrices of
Procrustes coordinates to test hypotheses of modularity.
Principal components (PCs) explaining 95% of the varia-
tion among Procrustes coordinates represent shape changes
in our analyses of rates of module change across lineages
through time. Finally, we use the first two PCs explaining
variation among Procrustes coordinates as proxies of shape
change to illustrate rates of shape evolution and changes
in shape within individual modules over the phylogeny.
We hypothesized eight functional modules. We did not

adjust the modules for allometry because the size of sen-
sory structures is often directly related to function. Many
studies have demonstrated clear links between cranial
shape and variation in mechanical function (e.g., Du-
mont 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. It is also likely that some shape var-
iation in mechanical structures do not reflect functional
variation (Gould and Lewontin 1979). Nevertheless, we
propose that there is at least circumstantial evidence to
suggest that each of our eight modules carries some func-
tional signal.
We defined three sensory modules that encompass the

olfactory bulb (smell), the cochlea (hearing), and the eye
(vision; fig. 1; videos S1, S2). Enlarged eyes are associated
with increased visual acuity (Müller and Peichl 2005;
Müller et al. 2007; Land and Nilsson 2012; Eklöf et al.
2014; Veilleux and Kirk 2014; Sadier et al. 2018), and
eye position is related to activity pattern in primates
(Heesy 2008). Larger olfactory bulbs support more ex-
pansive epithelia and therefore larger surface areas for
odor detection (Barton et al. 1995; Buschhüter et al.
2008; Corfield et al. 2015), and enlarged olfactory epithe-
lia are associated with frugivory among noctilionoid bats
(Yohe et al. 2022). Cochlear volume and shape are corre-
lated with aspects of cochlear morphology that influence
hearing performance (Kössl and Vater 1995; Kirk and
Gosselin-Ildari 2009; Vater and Kössl 2011; Davies et al.
2013a, 2013b). Our olfactory module encompassed land-
marks placed on the impression of the olfactory bulb on
the internal surface of the skull, we defined the cochlea
module by landmarks placed on the region of the cranial
base that encompasses the cochlea, and we delineated the
eye module 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,
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zygomatico-glenoid complex, and the cranial base (fig. 1;
videos S1, S2). In using these modules, we assume that var-
iation in their shapes reflects, at least in part, known func-
tional variation in their constituent parts. For example, the
external cranial vault provides the attachment area of the
temporalismuscle, which generates the highest jaw-closing
moments in bats that consume hard food items (hard
fruits, vertebrates) and the lowest moments in nectar-
feeding species (Santana et al. 2010, 2012).
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 spe-
cies with long, narrow palates (Aguirre et al. 2002; No-
gueira et al. 2009; Davis et al. 2010; Santana et al. 2010).
In mechanical terms, shorter palates (and faces) increase
mechanical advantage (Freeman and Lemen 2010), which
is a target of selection in some phyllostomid bats and
linked to an increase in speciation rate in fig specialists
(Dumont et al. 2012, 2014). In contrast, elongated palates
and faces support elongated tongues that increase the effi-
ciency of extracting nectar from flowers, and there is evi-
dence for the morphological specialization of different
nectar-feeding species on flowers with different corolla
depths (Paton andCollins 1989;Winter and vonHelversen
2003; Gonzalez-Terrazas et al. 2012).
The zygomatico-glenoid complex carries two clear

functional associations that we assume are reflected in
our dataset. The first is the origin of the masseter muscle,
which is the single best predictor of bite force in phyllo-
stomids (Santana et al. 2012). The second is the tempo-
romandibular joint. Its location relative to the molar
toothrow (and palate) is associated with variation in diet
among bats (Freeman 1979; Santana et al. 2012).
Finally, the relative position of the cranial base and

palate are linked to whether bats emit echolocation calls
through their mouths (oral emitters) or through their
noses (nasal emitters; Pedersen 1993). The angle be-
tween the long axes of the cranial base and palate ap-
proaches 1807 in oral emitters, while the angle is more
acute in nasal emitters. Phyllostomids are nasal emitters
and other noctilionoids are oral emitters, so we expect to
see differences in the shape and/or orientation of the
cranial base module between the two groups.
Testing Modularity Hypotheses

We tested one null and four functional modularity hy-
potheses (table S6). The null model proposes that eight
modules are evolving in tandem as one unit. The first
functional hypothesis (M1) addresses our first hypothe-
sis, 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 mechan-
ical modules are not tightly integrated with one another.
The second functional hypothesis (M2) is that the mam-
malian skull is divided into two functional modules, the
neurocranium and the rostrum (face, palate, and eye
modules combined). This hypothesis is supported by
many studies and implies that the rostrum, the neurocra-
nium, or the relationship between them is the locus of
shape changes that affect functional diversity (e.g., Mar-
roig et al. 2009; Porto et al. 2009; Santana and Lofgren
2013; Hedrick et al. 2020). The third functional hypothe-
sis (M3) is that the face and palate constitute a single
module and all other modules are separate and indepen-
dent of one another. This hypothesis addresses the fact
that dietary differentiation among phyllostomids is pri-
marily driven by rostral elongation and shortening (Free-
man 2000; Dumont et al. 2012; Hedrick et al. 2020). The
fourth functional hypothesis (M4) proposes that all eight
modules are independent of 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 ap-
proach to compare sets of modularity hypotheses and
applies theAkaike information criterion corrected for small
sample sizes. We implemented EMMLi for the dataset en-
compassing all noctilionoids and again after partitioning
it into phyllostomids and nonphyllostomid noctilionoids.
We quantified effect sizes using the modularity.test func-
tion within the geomorph package in R (Adams and Col-
lyer 2019) to evaluate whether modularity differed signifi-
cantly between the three partitions.
We also indirectly tested the independence of the

resultingmodules by comparing their rates of shape change
using Bayestraits. First, we calculated the net rate of shape
evolution of each module across all noctilionoids using
geomorph in R with 1,000 random permutations under a
Brownian motion (BM) model of evolution (Adams and
Otárola-Castillo 2013) for the landmarks demarcating
the shape of each module. We then tested whether these
rates were significantly different across modules and be-
tween phyllostomids and other noctilionoids using the
function compare.multi.evol.rates in geomorph (Denton
and Adams 2015). This function compares net rates of
morphological evolution for multidimensional traits under
a BM model of evolution.
Visualizing Module Evolution

We visualized the evolution of shape in each module
across all noctilionoids in three ways to observe patterns
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at three hierarchical scales: normalized average rates of
shape evolution within successive slices of time, relative
rates of shape evolution among lineages, and rates and
directions of change in module shape.
The normalized average rates of shape evolution for

each module plotted through time illustrates the average
rate of each module’s shape change across lineages within
successive time bins relative to that module’s maximum
average evolutionary rate. This provides an overview of
rate changes within modules over time relative to one an-
other across all species within each time slice. We used
reverse-jumpMarkov chain Monte Carlo within BayesTraits
to account for lineage diversification and multivariate
trait evolution (i.e., the use of multiple PCs; Meade and
Pagel 2016). Using a variable rates model with the inde-
pendent contrasts and autotune options, we ran 110 mil-
lion iterations and discarded the first 10 million as burn-in.
We plotted the rate through time using 1-million-year time
bins from the best rate model (selected by BayesTraits)
for each module using the BTR tools package in R (Ferguson-
Gow 2017; see Felice et al. (2018). Following Felice et al.
(2018), we adjusted the average rate across branches within
each time bin by the maximum average rate attained for
that module. We noted the timing of seven events associ-
ated with positive selection of visual genes and dietary
changes (Davies et al. 2020): the last common ancestors
of the Noctilionoidea, Mormoopidae, and Phyllostomi-
dae as well as all plant-feeding phyllostomids, nectar-
feeding Glossophaginae and Lonchophyllinae, and fig-
eating Stenodermatinae.
We visually compared rates of evolution in module

shape across the noctilionoid phylogeny by creating a
“rate tree” for each module using the best-supported evo-
lutionarymodel in BayesTraits. Each tree was scaled by its
maximum rate. Comparing trees across modules can re-
veal lineage-specific patterns (e.g., correlated increases
or decreases in evolutionary rates) that are obscured in
the rate-through-time plot and highlights the extent to
which the rate-through-time plot is influenced by a con-
centration of fast rates in a few lineages.
Finally, we visualized the evolution of module shape by

plotting the first two PCs of shape variation across the
phylogeny for each module. For this dataset, most of
the variation was concentrated in the first 1 second PC
(base p 63%, olfactory bulb p 71%, cochlea region p
72%, palate p 76%, face p 78%, external vault p 85%,
eye p 88%, zygomatico-glenoid complex p 93%). The
plots illustrate the direction of shape change as well as
its rate and timing. Module shape is associated with mod-
ule function, so qualitative comparisons of character
states among modules can provide insights into how me-
chanical and sensory functions may—and may not—
have changed in concert during noctilionoid evolution.
Evaluating Disparity and Integration

We tested the hypothesis that within each module the re-
lationship between phenotypic disparity and rate of shape
evolution differs significantly from a null Brownian model
in a way that is consistent with either evolutionary facilita-
tion or constraint. Average disparity for eachmodule (Pro-
crustes variance) was calculated from Procrustes distances
of all its landmarks. The average rate of evolution of each
module (j) was calculated as the average of the sum of j
values of each of its coordinates (x, y, and z; Revell et al.
2008; Adams and Otárola-Castillo 2013). We plotted Pro-
crustes variance within each module against the evolution-
ary rate (j) for each landmark with the BM expectation of
evolution of uncorrelated traits and used standardizedma-
jor axis regressions to compare each module’s regression
against the BM slope using the R package smatr (Warton
et al. 2012; Felice et al. 2018). Eachmodule’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 nocti-
lionoids, we regressed the average rate of evolution (j), av-
erage disparity (Procrustes variance), and average integra-
tion (r coefficient) against one other for each module. The
r coefficient was derived from the EMMLi analysis.
Results

We found significant support for all eight mechanical and
sensory modules within Noctilionoidea as well as within the
subsets of phyllostomids and nonphyllostomid noctilionoids
(table S7). All other hypotheses of modularity were rejected.
The whole noctilionoid group (Zcrp213:599350:0110
SE, Pp :002), only phyllostomids (Zcr p 213:18095
0:107 SE, P p :004), and other noctilionoid species (Zcr p
210:7402450:0108 SE, P p :004) all exhibited signifi-
cant modularity.
Noctilionoids exhibited high within-module integra-

tion of the eye, zygomatico-glenoid complex, and face (di-
agonal values in fig. 2). Note that the eye’s exceptionally
high within-module integration values (0.95–0.99) are
likely the result of fitting a sphere to the space. Almost
all other structures have significantly lower integration
values (within-module values on diagonal, 0.42–0.85, ex-
cept for zygomatico-glenoid, which was 0.85–0.94). In
general, between-module integration is of intermediate
strength and evenly distributed, with similar levels of in-
tegration between and among sensory and mechanical
modules (off-diagonal values in fig. 2). There is low inte-
gration between the eye and cranial base and between the
olfactory bulb and both the cochlea and the zygomatico-
glenoid complex. In contrast, the integration between the
zygomatico-glenoid complex and the eye, external vault,
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palate, and face is relatively high. Noctilionoidea as a
group exhibits stronger integration among mechanical
modules, among sensory modules, and between mechan-
ical and sensory modules than both phyllostomids and
nonphyllostomid noctilionoids.
The relatively uniform and strong integration within and

between modules in Noctilionoidea masks distinct differ-
ences inwithin- and between-module integration (diagonal
and off-diagonal values, respectively) between phyllosto-
mids and nonphyllostomid noctilionoids. Within-module
integration of the eye, zygomatico-glenoid complex, and
face is strongwithin the two subgroups, echoing the pattern
across Noctilionoidea (diagonal values in fig. 2). Among
sensory modules, phyllostomids exhibit higher within-
module integration of the olfactory bulb and, to a lesser
extent, the cochlea. With respect to mechanical modules,
phyllostomids exhibit higher integration of the external
vault, while other noctilionoids exhibit higher within-
module integration of the zygomatico-glenoid complex,
face, and palate. The integration of the cranial base is sim-
ilar across all three groups.
With respect to between-module integration, phyllosto-

mids exhibit weaker relationships amongmechanical mod-
ules and stronger relationships between sensory (eye and
olfactory bulb) and mechanical modules than do non-
phyllostomid noctilionoids (off-diagonal values in fig. 2).
The integration of the eye and olfactory bulb is weaker,
while the integration of the eye and the cochlea is stronger,
in phyllostomids than in other noctilionoids. In contrast to
phyllostomids, integration of mechanical modules is much
higher among other noctilionoids. The olfactory bulb is
more strongly integrated with mechanical modules in
phyllostomids, as is the integration of the eye with the pal-
ate, face, and zygomatico-glenoid complex. In contrast, the
cochlea is more strongly integrated with most mechanical
modules in nonphyllostomid noctilionoids. The exception
is the external vault, which is more closely tied to the co-
chlea in phyllostomids. Overall, the average strength of in-
tegration among sensory module and mechanical module
subsets is similar within phyllostomids (mean r p 0:31)
and other noctilionoids (mean r p 0:30), while mechan-
ical modules are almost twice as integrated as sensory
modules among other noctilionoids (mean r p 0:46) than
in phyllostomids (mean r p 0:25).
In support of the hypothesis that modules evolved at dif-

ferent 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 (table S8). On average, phyl-
lostomids have a higher mean rate of module evolution
(7:62E20751:90E207 j2mult) than other noctilionoids
(5:13E20751:43E207 j2mult). The fastest-evolving mod-
ule in both groups is the external cranial vault, followed
by the face in phyllostomids and the zygomatico-glenoid
complex in other noctilionoids. The slowest-evolving mod-
ule in both phyllostomids and other noctilionoids is the
Figure 2: Integration within Noctilionoidea and its subdivision into phyllostomids and other noctilionoids. Within-module integration (di-
agonal values) and between-module integration (off-diagonal values) are expressed as r coefficients, calculated using EMMLi. The rectangle
of blocks delineated by the black lines describes integration between mechanical and sensory modules. Integrations among mechanical mod-
ules are above the rectangles, and integrations among sensory modules are to the left of the rectangle. Warmer colors represent higher
integration.
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eye, followed by the cochlea in other noctilionoids and the
palate in phyllostomids. There are a few differences in
mean rates of evolution between mechanical modules
within phyllostomids and within other 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 evo-
lution of the face is significantly higher than that of the
palate in other noctilionoids. Several mechanical modules
evolve significantly faster than the eye: the external cra-
nial vault and face modules in both subgroups and the
zygomatico-glenoid complex in phyllostomids.
The most striking pattern among rates of module evo-

lution through time is that rates of evolution of sensory
modules tend to peak earlier than those of mechanical
modules (fig. 3). Among sensory modules, early increases
in the evolutionary rates of the eye and cochlea modules
preceded those of the olfactory module, which subse-
quently increased just before the emergence of the Mor-
moopidae. All three sensory modules attained peak rates
before the divergence of the phyllostomids and slowed
since. Mechanical modules also exhibit rate increases im-
mediately preceding the divergence of the phyllostomids,
but only the zygomatico-glenoid complex and the face
modules reach their peak rates at that time. There is more
disparity in rates of mechanical module evolution after
the origin of phyllostomids, and the peak rates for the pal-
ate, external vault, and skull base modules are very close
to the present. The short-faced 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. In sum, the rates of sen-
sory module evolution peak before the origin of phyllos-
tomids 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 illustrates relative rates of module evolution

across the phylogeny and showcases rate heterogeneity
among lineages. While figure 3 illustrates that peak mean
Figure 3: Evolutionary rate of each module plotted against time for sensory modules (left) and mechanical modules (right). 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 (Plt), the ancestor of
the nectar-feeding Lonchophyllinae (L), the ancestor of the fig-eating Stenodermatinae (S), and the ancestor of the nectar-feeding
Glossophaginae (G).
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evolutionary rates of sensory modules preceded those of
some mechanical modules when lineages are combined
in successive time bins, figures 4 and S1 (figs. S1–S8 are
available online) illustrate the 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 corre-
lated 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 accompa-
nied 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 the eye, palate, cranial base,
and external cranial vault modules. There are marked in-
creases in the evolutionary rate of the eye and face mod-
ules in the branch leading to the hairy big-eyed bat, Chi-
roderma 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 an-
cestral to the Jamaican fruit bat, Artibeus jamaicensis.
By illustrating the rate, direction of changes, and range

of shapes captured in the first two PCs of shape for each
module across the phylogeny, figures 5 and S2–S7 offer
the most nuanced pictures of module evolution. While
variation in shape captured by PC1 separates phyllosto-
mids from nonphyllostomid noctilionoids, PC2 separates
Figure 4: Evolutionary rates of sensory (A–C) and mechanical (D, F) modules mapped onto the phylogeny. Branch lengths are scaled by
rates of evolution. Cool colors indicate low rates, and warm colors indicate high rates. Red stars indicate the origin of phyllostomids, orange
stars indicate the origins of nectarivory, and gray stars indicate the origin of the fig-eating stenodermatines. E illustrates the underlying
phylogeny. Evolutionary rates for the other mechanical modules are in figure S1).



Figure 5: The first two pr across noctilionoids and their sister taxa. Percentages illustrate the proportion of
variance explained by each of 3D landmarks illustrate the changes in the distribution of landmarks at the
extremes of each PC.
incipal components (PC1 and PC2) of olfactory bulb and palate module shapes
component, and colors represent PC values. The crania and associated boxe
s
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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 (pal-
ate, cochlea, eye, cranial base, zygomatico-glenoid, and
palate) and low values for others (olfactory bulb, external
vault, and face). PC2 values for the fig-feeding ster-
nodermatines 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 mod-
ules, the big-eyed bat Chiroderma villosum. The morpho-
logically intermediate nonphyllostomid noctilionoids ex-
hibit intermediate PC2 values for most modules. As a
reminder that our analyses include an element of size
(we did not adjust for allometry), the PCs of eye shape
(fig. S2) reflect variation in the size of the eye as well as
its position in space.
Our third hypothesis was that the relationship between

phenotypic disparity and rate of evolution departs from
the Brownian model within each module (Felice et al.
2018). We expected sensory modules to have significantly
lower slopes than the null model, indicative of constraint,
and mechanical modules to have significantly higher
slopes, suggesting that modularity facilitated diversifica-
tion of trait values, especially among phyllostomids. Con-
sistent with these expectations, 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 nonphyllostomid noc-
tilionoids, but the slope of the olfactory bulb was signifi-
cantly higher. Among the mechanical modules, two were
significantly lower among phyllostomids (base and exter-
nal vault), while three of the five were significantly higher
in nonphyllostomid noctilionoids (external vault, palate,
and face). Overall, we found evidence for evolutionary
constraint and selection, but not always in the ways we
predicted (table S9).
Finally, we explored the relationship between integra-

tion and disparity and between integration and evolution-
ary rate across all noctilionoids (fig. S8). Across modules,
disparity rises with increasing evolutionary rate (R p
0:63, P ! :01), and the zygomatico-glenoid complex and
external vault are the fastest evolving and most disparate.
There is no evidence of a relationship between integration
and either the rate of module evolution (R p 20:14,
P p :91) or module disparity (R p 20:13, P p :86).
Discussion

By investigating two sets of functional modules whose
relationships are largely unexplored—sensory modules
that receive cues crucial to foraging and mechanical mod-
ules that contribute to bite force—we identified hitherto-
unsuspected patterns of evolutionary change. First, instead
of two suites of modules (sensory and mechanical), we
found eight functional modules with varying rates of evo-
lution that could have provided noctilionoids with a com-
plex and rich stage on which selection could act (fig. 2; ta-
ble S6, S7). In this system, disparity emerges from differential
rates of evolution across mechanical and sensory modules
(fig. 3; table S8) rather than from variation in modularity
itself (fig. S8). Integration of some sensory and mechanical
modules (fig. 2) as well as coordinated rate changes (figs. 3,
4, S1) imply that the two systems 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
Table 1: Results from a major axis regression comparing the observed variance-rate relationships (P values in columns)
to the relationship predicted under Brownian motion (BM) evolution of uncorrelated traits
Type, module
All Neotropical noctilionoids
 Phyllostomids
 Other noctilionoids
Slope
 Lower
 Upper
 P
 Slope
 Lower
 Upper
 P
 Slope
 Lower
 Upper
 P
BM null
 .30
 .30
 .32
 .26
 .25
 .27
 .31
 .29
 .33

Sensory:
Eye
 .39
 .30
 .49
 .058
 .13*
 .11
 .16
 !.001
 .16*
 .14
 .18
 !.001

Olfactory bulb
 .14*
 .11
 .18
 !.001
 .06*
 .04
 .07
 !.001
 .52*
 .44
 .61
 !.001

Cochlea
 .16*
 .13
 .18
 !.001
 .07*
 .06
 .09
 !.001
 .26
 .24
 .29
 .832
Mechanical:

Base
 .12*
 .09
 .17
 !.001
 .09*
 .06
 .12
 !.001
 .37
 .26
 .53
 .068

External vault
 .32
 .25
 .40
 .666
 2.13*
 2.19
 2.08
 .002
 .55*
 .52
 .59
 !.001

Palate
 .37*
 .33
 .40
 !.001
 .24
 .22
 .27
 .327
 .65*
 .59
 .73
 !.001

Zygomatico-glenoid
 .22
 .05
 .92
 .532
 .09
 .02
 .55
 .207
 .38
 .16
 .89
 .236

Face
 .38
 .30
 .47
 .057
 .31
 .26
 .37
 .09
 .34*
 .29
 .41
 .004

* P ! :05 for the difference between the BM and module slopes.
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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 shift to foraging for plants, which reliesmore heavily
on vision and olfaction than aerial insectivory. The timing
of this change (fig. 3) indicates that the shift in the evolu-
tion of sensory modules predated most changes in me-
chanical modules, supporting a sensory-first hypothesis
of diversification. We propose shifts in evolutionary rates
influenced integration among modules, likely opening
new dietary niches and providing the structural flexibility
necessary for the radiation of noctilionoid bats.
Our work provides a more holistic perspective on func-

tional ecology than previous analyses of modularity and
integration. While Hedrick et al.’s (2020) two-module hy-
pothesis found that phyllostomids were twice as integrated
but more disparate than other noctilionoids, this finer-
scale partitioning of the cranium into eight modules sug-
gests that phyllostomids are less integrated. The strength
of integration within mechanical and sensory modules is
similar and relatively low within phyllostomids. In con-
trast, the strength of integration within mechanical mod-
ules is high and nearly twice as strong as that of sensory
modules in other noctilionoids. We propose that consid-
ering multiple functional modules and their relationships
to one another offers a more robust insight into the con-
text for diversification than do analyses of fewer func-
tional modules.
Although the reorganization of the phyllostomid cranium

has received a great deal of attention (e.g., Freeman
2000; Dumont et al. 2012), much less is known about
the noctilionoid cranium (Hedrick et al. 2020). The rate-
through-time plot (fig. 3) reveals mosaic evolution ofmod-
ule shape across Noctilionoidea, involving both phyllosto-
mids and other noctilionoids. While previous analyses
found high rates of cranial mechanical evolution within
phyllostomids (Dumont et al. 2012, 2014), rate trees for
each module reveal faster rates of module evolution in
lineages that predate the origin of phyllostomids (figs. 4,
S1). Analyses of character state evolution provide the
clearest picture of correlated structural change both outside
and within Phyllostomidae (figs. 5, S2–S7). For the olfac-
tory bulb, the major axis of variation (PC1) evolves fastest
within phyllostomids, stenodermatines in particular. Shape
change is more evenly distributed along PC2. For the pal-
ate, shape changes along PC1 separate phyllostomids from
other noctilionoids, while PC2 separates dietary guilds
among phyllostomids, especially nectarivores.
Our results align with the view that preadaptation in

sensory systems played a leading role in the evolution of
bats (Thiagavel et al. 2018; Davies et al. 2020) and the ear-
liest phyllostomids experimented with foods beyond
insects (Freeman 2000; Baker et al. 2012; Hedrick et al.
2020) while also demonstrating how sensory and mechan-
ical abilities coevolve. Just before the appearance of the
phyllostomid ancestor (fig. 3), rate changes in sensory
and mechanical modules occurred in concert, involving
the face, zygomatico-glenoid complex, palate, and external
vault, but the cochlea and olfactory bulb evolved most
quickly. As a result, phyllostomids are characterized by a
larger olfactory bulb that occupies relatively more space
as well as alignment between the palate and cranial base
(figs. 5, S2–S7). Both changes are consistent with a plant-
based diet requiring higher odor acuity (Barton et al.
1995; Buschhüter et al. 2008; Corfield et al. 2015) and the
shift from oral to nasal emission of echolocation sounds
(Pedersen 1993). Within phyllostomids, module coevolu-
tion supports more specialized behaviors, such as the abil-
ity to detect flowers and ripe fruits and to process nectar
and hard fruits (Davies et al. 2013a, 2013b, 2020; Thiagavel
et al. 2018). Nectar-feeding lineages exhibit elevated rates
of evolution in the palate, face, and, to a lesser extent, the
skull base and eye modules (figs. 4, S1). The results are
elongated narrow skulls and palates that can reach into
the corollas of flowers (figs. 5, S2–S7) and the repositioning
of the eye (fig. S2). The fruit-specialist Stenodermatine bats
have short, broad faces and stout crania, expanded olfac-
tory bulb, enlarged eyes, andmore robust zygomatic arches
(figs. 5, S2–S7).
By identifying multiple functional modules and their

interrelationships, our work demonstrates how parallel
changes in sensory and mechanical modules were associ-
ated with the ecomorphological diversification in this
clade. Rather than arising from ecological opportunity
alone, we propose that intrinsic changes in morphological
structure—modularity, integration, and the rates and timing
of evolution among 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 six families
of resident bats exhibit high 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 co-
chlea that are not associated with changes in the degree of
within-module integration (fig. S8). Instead, phenotypic
innovation emerged through variable rates of evolution
among modules that resulted in different combinations
of sensory and mechanical functions over time. Coordina-
tion of corresponding functions, such as changes in bite
force, olfaction, and echolocation, provided the phyllos-
tomid ancestor with the ability to diversify into available
plant-based niches. We therefore propose that the phyllos-
tomid radiation was facilitated by structural opportunity—
variation in the rate and timing of change in functional
structures—in addition to ecological opportunity. Therefore,
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ecology alone cannot explain radiation: the underlyingmor-
phological structures, correlations among those structures,
and their functions also impact the nature of an organism’s
relationship with its environment.
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