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Abstract

Bats use their forelimbs in different ways, but flight is the most notable exam-

ple of morphological adaptation. Foraging and roosting specializations beyond

flight have also been described in several bat lineages. Understanding postcra-

nial evolution during the locomotory and foraging diversification of bats is fun-

damental to understanding bat evolution. We investigated whether different

foraging and roosting behaviors influenced humeral cross-sectional shape and

biomechanical variation, following Wolff's law of bone remodeling. The effect

of body size and phylogenetic relatedness was also tested, in order to evaluate

multiple sources of variation. Our results suggest strong ecological signal and

no phylogenetic structuring in shape and biomechanical variation in humeral

phenotypes. Decoupled modes of scaling of shape and biomechanical variation

were consistently indicated across foraging and roosting behaviors, suggesting

divergent allometric trajectories. Terrestrial locomoting and upstand roosting

species showed unique patterns of shape and biomechanical variation across

all our analyses, suggesting that these rare behaviors among bats place unique

functional demands on the humerus, canalizing phenotypes. Our results sug-

gest that complex and multiple adaptive pathways interplay in the post-

cranium, leading to the decoupling of different features and regions of skeletal

elements optimized for different functional demands. Moreover, our results

shed further light on the phenotypical diversification of the wing in bats and

how adaptations besides flight could have shaped the evolution of the bat

postcranium.
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1 | INTRODUCTION

Bats evolved different flight strategies varying mainly in
maneuverability (i.e., understory to open-air foragers)
and speed (i.e., hovering to fast-flying) (Canals, Iriarte-
Diaz, & Grossi, 2011; Marinello & Bernard, 2014). Hover-
ing and slow, highly-maneuverable flight correlate with
the evolution of nectarivory and frugivory in New World
bats (Amador, Almeida, & Giannini, 2019; Norberg &
Rayner, 1987), whereas fast flight is associated with the
evolution of hawking and trawling (Canals et al., 2011).
Broadly speaking, six foraging guilds have been described
in bats based on behavioral differences: trawling, glean-
ing, hawking, frugivory, carnivory, and terrestrial loco-
motion (Norberg & Rayner, 1987). Classifying foraging
guilds (in terms of their flight patterns) for bats with fru-
givorous and carnivorous diets has proven difficult, given
the high degree of behavioral plasticity they exhibit
(Norberg & Rayner, 1987). For example, frugivores perch
to feed on foodstuff from the understory, canopy, or gro-
und, whereas carnivores shift from ground- and foliage-
gleaning, to hawking and perch-hunting (Norberg &
Rayner, 1987). Most studies classifying foraging guilds in
bats based on flight patterns have been limited in the var-
iables used to discriminate wing phenotypes (i.e., aspect
ratio and wing loading) (Hedenstrom & Johansson, 2015;
Iriarte-Diaz, Riskin, Breuer, & Swartz, 2012; Marinello &
Bernard, 2014; Riskin, Iriarte-Diaz, Middleton, Breuer, &
Swartz, 2010). Aspect ratio (AR) is a ratio of wingspan to
wing area that is interpreted as a measure of the ener-
getic cost and speed of flight (Rayner, 1988). Wing load-
ing (WL) is a ratio of body weight to wing area
interpreted as a measure of maneuverability and loading
capacity (Norberg & Rayner, 1987). These variables inte-
grate the length, width, and weight of the wing to charac-
terize the overall structure of the wing and describe
ecomorphological aerial guilds (Hedenstrom & Johansson,
2015; Marinello & Bernard, 2014; Norberg, 1990; Norberg
& Rayner, 1987). However, information about the ecologi-
cal and foraging plasticity of many taxa is still lacking, lim-
iting the applicability of a non-ambiguous classification to
an ordinal level (Arita & Fenton, 1997; Bullen &
McKenzie, 2001, 2004; Denzinger & Schnitzler, 2013;
Norberg & Rayner, 1987).

Although the forelimb skeleton of bats is adapted pri-
marily to facilitate flight, bats display a wide range of
locomotor and ecological behaviors aside from flying that
represent novel forelimb motion strategies (Dickinson,
2008). Terrestrial locomotion and upstand roosting
(i.e., head-up roosting inside furled leaves) are rare
behaviors (i.e., each found in fewer than 10 species
worldwide) that represent a different use of the bat fore-
limb (Fenton, 2010; Hand et al., 2009; Riskin, Bertram, &

Hermanson, 2005; Riskin, Parsons, Schutt Jr., Carter, &
Hermanson, 2006; Schliemann & Goodman, 2011). Ter-
restrial locomotion evolved independently in vampire
bats (Desmodontinae), some molossid species
(e.g., Cheiromeles) and species of the family Mystacinidae
(Riskin et al., 2005). Terrestrial locomotion in vampire
bats has been suggested to provide an evolutionary
advantage, enabling them to chase prey that flees during
a feeding event at the lowest energetic cost possible
(Hand et al., 2009;Riskin et al., 2005; Riskin et al., 2006).
Terrestrial locomotion in Mystacinidae has been consid-
ered a result of insular flightlessness (Riskin et al., 2005;
Riskin et al., 2006). However, analysis of fossil mystacinid
species from Australia revealed that mystacinid terrestrial
locomotion evolved before geographic isolation in
New Zealand, positing a new hypothesis driven by selec-
tive advantage or energetic benefit (Hand et al., 2009;
Hand et al., 2013; Hand et al., 2015; Hand et al., 2018).

Upstand roosting also evolved convergently in the bat
families Thyropteridae, from South and Central America,
and Myzopodidae, from Africa and Madagascar
(Fenton, 2010). Each family independently developed a
unique set of adhesive structures on their wrists that
enable upstand roosting (Davalos, Velazco, Warsi,
Smits, & Simmons, 2014; Riskin et al., 2005; Schlie-
mann & Goodman, 2011). This novelty allowed these spe-
cies to exploit new roosts, such as the inside of furled
leaves (Boerma, Barrantes, Chung, Chaverri, &
Swartz, 2019; Davalos et al., 2014; Riskin & Fenton, 2001;
Riskin & Racey, 2010; Schliemann & Goodman, 2011).

Despite study of the evolutionary drivers of modern
ecomorphological diversity in bats (Arbour, Curtis, &
Santana, 2019; Hedrick et al., 2019; Rossoni, Assis,
Giannini, & Marroig, 2017; Rossoni, Costa, Giannini, &
Marroig, 2019; Thiagavel et al., 2018), the relationship
between ecological traits (e.g., diet and echolocation) and
locomotory-related morphological adaptations remains
unclear (Gaudioso, Martínez, Bárquez & Díaz, 2020;
López-Aguirre, Hand, Koyabu, Tu, & Wilson, 2020;
Sánchez & Carrizo, 2021). Foraging behavior has recently
been correlated with modular morphological variation in
bat humeri (López-Aguirre et al., 2020). The advent of
three-dimensional imaging techniques has allowed for
the development of new methods to study the morpho-
biomechanical properties of bones, providing new
insights into the evolution and ecology of functional per-
formance (Patel, Ruff, Simons, & Organ, 2013; Pratt,
Johnston, Walker, & Cooper, 2018; Simons, Hieronymus,
& O'Connor, 2011; Voeten et al., 2018). Here we use 3D
morphometric analysis to investigate the connection
between postcranial morpho-biomechanical variability
and ecological and biological diversity in modern bats.
We focus on the cross-sectional geometry and
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biomechanical properties of the humerus (widely used
for locomotory inferences in flying vertebrates), a bone
specialized in bats to withstand high mechanical loading
and the attachment site for muscles crucial in flapping
flight (Swartz, Bennett, & Carrier, 1992; Watts, Mitch-
ell, & Swartz, 2001). Cross-sectional morphology of long
bones has been shown to differ markedly within func-
tionally diverse and speciose mammalian lineages with a
variety of locomotory modes (e.g., Carnivora and Pri-
mates) (Cubo & Casinos, 1998; Houssaye et al., 2016;
Houssaye & Botton-Divet, 2018; Houssaye, Taverne, &
Cornette, 2018; Kilbourne & Hutchinson, 2019; Simons
et al., 2011). Similarly, biomechanical properties of long
bones have been suggested to correlate with differences
in locomotion and foraging (Wolff's law) (Wolff, 1986).
Beam theory has been successfully applied to study bio-
mechanical properties of long bones and their association
with ecology and behavior (Meers, 2002). Beams are
defined as structural elements with fairly straight long
axes whose length is greater than width and depth. Long
bones are typically modeled as a solid or hollow cylindri-
cal beam subjected to bending by forces applied to them
(Salathe, Arangio, & Salathe, 1989). Under such condi-
tions, bending stress/strain at any location is a function
of the magnitude and orientation of the forces and the
cross-sectional and material properties of the bone. Bone
geometry has been shown to grossly reflect loading pat-
terns in the upper and lower limbs, particularly in the
context of habitual locomotion patterns (e.g., humans)
(Macintosh, Pinhasi, & Stock, 2014, 2017).

With the objective of characterizing differences in
morpho-biomechanical properties of the bat humerus that
could be attributed to behavioral differences (foraging strat-
egies and upstand roosting), we aimed at addressing two
questions: (a) Do cross-sectional shape and biomechanical
properties scale with size similarly across foraging and
roosting guilds? and (b) Do behavioral differences in forag-
ing and roosting and phylogenetic relatedness shape
patterns of morpho-biomechanical variation of the
humerus? For the former, we tested differences in
morpho-biomechanical humeral scaling across foraging
and roosting guilds, using cross-sections extracted from
the midshaft of the diaphysis. For the latter, we assessed
whether behavioral differences in foraging and roosting
or phylogenetic relatedness could explain differences in
humeral cross-sectional shape and biomechanical dis-
parity. Given that bat flight and diet evolved associated
with body size limitations (Amador, Almeida, &
Giannini, 2019; Moyers Arévalo, Amador, Almeida, &
Giannini, 2018), we predict a significant scaling of
humeral shape and biomechanics with body size that
will vary across foraging and roosting guilds. Also,
based on the repeated and independent evolution of

feeding and roosting strategies in bats, we hypothesize
that foraging behavior and upstand roosting, and not
phylogeny, represent an adaptive opportunity that
influenced phenotypic diversification during the evolu-
tion of the humerus in bats.

2 | MATERIALS AND METHODS

2.1 | Sample description and digitization

Fifty-five adult specimens were analyzed in this study,
sampling a phylogenetic (37 species, 20 of 21 modern
families and both bat suborders), foraging behavior (all
broad foraging categories described for bats and all die-
tary habits except nectarivory) and body size range
(10-fold range in body mass) (Figure 1). Terrestrial loco-
motion and upstand roosting were each represented by
two species (approximately one third of global diversity).
Both families where upstand roosting (UR) is present
(i.e., Myzopodidae and Thyropteridae) were also included
in the sample. Alcohol-preserved specimens were sourced
from the Western Australian Museum and research col-
lections at the University of New South Wales and City
University of Hong Kong (Table S1). The specimens were
scanned at Musashino Art University using a microCT
system (inspeXio SMX-90CT Plus, Shimadzu) with 90kv
source voltage and 100 mA source current at a resolution
of 15 μm, and a U-CT (Milabs, Utrecht) at UNSW Sydney
with 55 kV and 0.17 mA, ultrafocused setting at a resolu-
tion of 30–50 μm. Additional species were sampled from
whole-body scans sourced from Digimorph (Table S1).
Segmentation of humeri was performed using the
thresholding tool in MIMICS v. 20 software (Materialise
NV, Leuven, Belgium). To control the unwanted effect of
bilateral asymmetry, only left humeri were sampled.

2.2 | Extraction of landmark and
biomechanical data

3D humeri models were imported into Rhinoceros 5.0
(Robert McNeel & Associates, Seattle, WA). To remove
non-shape effects of translation, rotation and size, all
bone models were aligned to a standard position in 3D
space, following a protocol for long-bone cross-sectional
geometry, equivalent to a Procrustes superimposition
(Wilson & Humphrey, 2015). To quantify differences in
morpho-biomechanical properties of the bone, cross-
sections of the humeri were extracted at 50% (midshaft)
of the length of the bone in Rhinoceros 5.0. This location
is widely used as the most informative when analyzing
biomechanical properties in long bones, supported on
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applications of beam theory to biological studies (Cubo &
Casinos, 1998; Patel et al., 2013; Simons et al., 2011). A
total of 55 cross-sections were then aligned based on the
position of the centroid of the cross-sections in the world
coordinate system. A set of 16, equiangular landmarks
were semi-automatically placed along the periosteal sur-
face of each cross-section to describe the cross-sectional

shape of the humerus (Figure 2), following the method
described in Wilson and Humphrey (2015).

For our biomechanical dataset we extracted six prop-
erties of each cross-section, usually used to describe aerial
guilds in flying vertebrates (Simons et al., 2011; Voeten
et al., 2018; Wolf, Johansson, von Busse, Winter, &
Hedenstrom, 2010): maximum second moment of area

FIGURE 1 Phylogenetic reconstruction of the evolutionary relationships between the sampled species (top), based on Shi and

Rabosky (2015). Colors of branches represent different foraging categories. Brown data points represent species with upstand roosting (UR).

Species classified based on body size, represented as discretized centroid size (CS) categories: small-sized (triangle), medium-sized (square),

and large-sized species (diamond). Subordinal clades are marked in the phylogeny. Lineage through time plot (bottom) showing temporal

accumulation of lineages in our sample
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(Imax), minimum second moment of area (Imin), second
moment of area about the x axis (Ix), second moment of
area about the y axis (Iy), polar moment of inertia of an
area (J) and circularity (CircMaxR). In beam theory, the
second moment of area is important to estimate the
deflection and stress a beam can experience. Moments of
area can be defined relative to: (1) anatomical orientation
(e.g., Iy and Ix) and (2) principal axes of distribution of
mass (e.g., Imax and Imin) (Lovejoy, Burstein, &
Heiple, 1976; Ruff & Hayes, 1983). Accordingly, Ix mea-
sures bending strength in the anterior–posterior plane
and Iy measures bending strength in the medial-lateral
plane, whereas Imax and Imin measure maximum and
minimum bending strength of the bone at that cross-
section, respectively (Ruff, 1987). J is a measure of resis-
tance against torsional forces (Voeten et al., 2018).
CircMaxR is a ratio between the maximum to actual
circumference of a cross section, measuring the overall
robusticity of a long bone, based on how circular the
cross section is (Wilson & Humphrey, 2015). All biome-
chanical properties were quantified using outputs from
the AreaMoments command in Rhinoceros 5.0 (Wilson &
Humphrey, 2015).

2.3 | Ecological and phylogenetic
characterization of species

Morpho-biomechanical properties of the humerus were
described and their relationship to taxonomic position,
body size and foraging behavior data for all species was

assessed. Taxonomic arrangement was registered at sub-
ordinal level (i.e., Yangochiroptera or Yinpterochiroptera)
and family level (see Table S1). Humeral length (HL) was
used as proxy for body size, based on the strong correlation
(R2 = 0.91, p < 0.001) between humeral cross-sectional
diameter (commonly used to reconstruct body size in fossil
bats; Gunnell, Worsham, Seiffert, & Simons, 2009) and
HL. Foraging strategies (FG) were classified in six catego-
ries, following traditional classifications established for
bats (Denzinger & Schnitzler, 2013; Norberg &
Rayner, 1987): carnivory (C), frugivory (F), gleaning (G),
hawking (H), terrestrial locomotion (TL), trawling (T). We
defined each foraging guild based on locomotory differ-
ences, rather than in echolocation-dependent aerial guild
descriptions (see Denzinger & Schnitzler, 2013 and
Table 1). Species that exhibit UR were also recorded to test
the effect of this rare behavior in humeral shape and bio-
mechanical properties.

2.4 | Statistical analyses

In order to assess whether patterns of morpho-
biomechanical variation were divergent, each dataset
(shape and biomechanical data) was analyzed indepen-
dently. Differences in biomechanical traits across foraging
and roosting guilds were visualized using boxplots. Kmult
and K statistics of the “physignal” and “phylosig” functions
in Geomorph (Adams, 2014) and phytools (Revell, 2012)
were used to test whether shape and biomechanical differ-
ences had a phylogenetic structure reflecting evolutionary
relatedness. Shi and Rabosky (2015)'s species-level bat
super-tree was used as the phylogenetic hypothesis of

FIGURE 2 Three-dimensional virtual reconstruction of the

humerus of Austronomus australis, showing a schematic

representation of the cross-sectioning and landmarking protocol

used in this study. Landmarks were collected at the intersection of

equiangular radii and the periosteal contour of the cross section

TABLE 1 Description of foraging guilds used to classify species

in this study

Foraging
guild Description

Carnivory Mix of narrow space gleaning and perch-
hunting of large prey

Frugivory Mix of narrow to edge space gleaning of fruit
and pollen, highly maneuverable and
hovering flight

Gleaning Narrow space hunt of prey on or near
background objects

Hawking Active hunt of airborne prey in open to edge
spaces, low background-dependent flight
maneuverability

Terrestrial
locomotion

Terrestrial locomotion when approaching
prey on the ground

Trawling Foraging at low height above water, catching
of prey with hindlimbs
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evolutionary kinship in our sample. Then, the scaling of
cross-sectional shape and biomechanical properties with
size was tested based on log-transformed HL, using a Pro-
crustes regression with the “procD.lm” function in
Geomorph (Adams, Collyer, Kaliontzopoulou, &
Sherratt, 2017; Adams, Otárola-Castillo, & Paradis, 2013).
Biomechanical properties were log-transformed for all sta-
tistical analyses. Differences in the scaling of shape and bio-
mechanical data between foraging and roosting guilds were
tested using pairwise comparisons as implemented in the
“pairwise” and “TukeyHSD” functions in R. Allometric tra-
jectories of biomechanical data were visualized with biplots
using log-transformed HL as size. Given the strong statisti-
cal significance of scaling in shape and biomechanical data
(with the exception of CircMaxR), the residuals of each
regression were used as allometry-corrected shape and bio-
mechanical data in subsequent analyses. Species with mul-
tiple individuals (see Table S1 for complete specimen list)
were analyzed based on the mean shape of the specimens
using the “mshape” function in Geomorph for R.

Using a Principal Component Analysis (PCA) to visu-
alize and summarize the dimensionality in our data, we
reconstructed the spaces of shape variation (hereafter,
morphospace), using the “gm.prcomp” function in
Geomorph. This was performed for allometry-corrected
and phylogeny-allometry-corrected shape data. We esti-
mated differences in the amount of allometry-corrected
shape disparity between guilds, using the “morphol.dispar-
ity” function in Geomorph for R (Adams et al., 2017).
Pairwise comparisons in the allometry-corrected shape dis-
parity between guilds were performed using the “pairwise”
function in Geomorph. All tests of statistical significance
were based on the distribution of 10,000 iterations.

3 | RESULTS

3.1 | Scaling of biomechanical and
shape data

Procrustes regression analyses showed a significant effect
of allometry on shape and all biomechanical variables,

excepting CircMaxR (Table 2). Allometry explained
79.26% of shape variation and an average of 77.95%
across biomechanical traits. Biplots of the scaling of bio-
mechanical data with log-transformed HL revealed
decoupled trajectories across foraging and roosting guilds
(Figure 3). Ix, Iy, Imax, Imin, and J showed similar positive
allometric trajectories with different slopes across guilds
(Figure 3b–f). CircMaxR was the only trait that did not
display an allometric relationship (Figure 3a). Pairwise
comparisons of scaling in shape and biomechanics rev-
ealed significant differences in Imax, Imin and shape
between foraging guilds (Table 3), indicating apparent
differences in allometric trajectories of CircMaxR
between foraging guilds are possibly due to the limited
diversity of rare guilds.

3.2 | Ecological differences in shape and
biomechanical properties

Boxplots of biomechanical data showed differences across
foraging and roosting guilds (Figure 4). Terrestrial loco-
moting species showed higher values of CircMaxR than
any other guild, whereas upstand roosting species
showed the lowest values (Figure 4a). CircMaxR showed
low dispersion in our sample, with all taxa ranging
between 0.89 and 0.97. Ix, Iy, Imax, Imin, and J shared simi-
lar patterns with carnivore species having the highest
values and with gleaning, trawling, and upstand roosting
species sharing the lowest values (Figure 4b–f). Procrus-
tes ANOVAs did not reject the null hypothesis of equal
patterns of variation between foraging and roosting
guilds for CircMaxR and indicated significant differences
across guilds for Iy, Imax, and shape (Table 4). Procrustes
ANOVAs evidenced that foraging and roosting behavior
accounted for more allometry-corrected variation in
shape (R2 = 0.354) than biomechanics (average
R2 = 0.288). Marginal statistical significance (p < .01)
was found for differences in J across guilds. Pairwise
comparisons of differences in shape and biomechanical
data across foraging and roosting guilds revealed signifi-
cant differences between some pairs of guilds in all traits

TABLE 2 Individual Procrustes

linear regressions for the test of scaling

in shape and biomechanical data with

humeral length (HL), based on an

isometric null hypothesis.

Biomechanical properties and HL were

log-transformed

Df SS MS R2 F p

CircMaxR 1 0.0000346 0.00003463 0.00147 0.0516 .8268

J 1 85.503 85.503 0.9397 545.39 <.001

Iy 1 83.212 83.212 0.92871 455.94 <.001

Ix 1 85.959 85.959 0.94362 585.81 <.001

Imax 1 84.897 84.897 0.9292 459.37 <.001

Imin 1 83.367 83.367 0.93435 498.13 <.001

Shape 1 52.189 52.189 0.79262 133.77 <.001
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(Table 5). CircMaxR differentiated terrestrial locomotion
and upstand roosting from other guilds, whereas shape
and the other biomechanical variables differentiated
carnivory and frugivory from other guilds. No statisti-
cally significant phylogenetic signal was found for any
biomechanical variable (CircMaxR K = 0.909, p = .186;
Ix K = 0.871, p = .418; Iy K = 0.896, p = .356;

Imax K = 0.899, p = .360; Imin K = 0.868, p = .412; J
K = 0.878, p = .409).

Based on the PCAs performed for shape data (allome-
try-corrected and phylogeny-allometry-corrected), the
first two principal components of the morpho- and
mechanospaces explained an average of 97.42% of
the variance in shape (97.43% and 97.4% for

(a) (b) (c)

(d) (e) (f)

FIGURE 3 Allometric trajectories of scaling of biomechanical traits with size (humeral length, HL) in the bat humeri, depending on

foraging guild category (FG): carnivore (C), frugivore (F), gleaning (G), hawking (H), trawling (T), and terrestrial locomotor (TL). Brown

data points represent species with upstand roosting (UR)

TABLE 3 p values of pairwise

comparisons of scaling in shape and

biomechanical data across foraging

guilds

CircMaxR J Iy Ix Imax Imin Shape

C:F 0.224 0.500 0.471 0.471 0.472 0.470 0.113

C:G 0.362 0.893 0.204 0.581 0.581 0.898 0.077

C:H 0.332 0.564 0.405 0.965 0.047 0.397 0.967

C:T 0.224 0.500 0.471 0.471 0.472 0.470 0.119

C:TL 0.224 0.500 0.471 0.471 0.472 0.470 0.119

F:G 0.782 0.309 0.327 0.814 0.820 0.309 0.490

F:H 0.418 0.564 0.406 0.965 0.048 0.416 0.987

F:T 0.500 0.500 0.500 0.500 0.500 0.500 0.500

F:TL 0.500 0.500 0.500 0.500 0.500 0.500 0.500

G:H 0.452 0.265 0.496 0.950 0.060 0.176 0.975

G:T 0.403 0.107 0.770 0.391 0.391 0.092 0.891

G:TL 0.403 0.107 0.770 0.391 0.391 0.092 0.891

H:T 0.829 0.589 0.406 0.742 0.048 0.416 0.972

H:TL 0.829 0.589 0.406 0.742 0.048 0.416 0.972

T:TL 0.500 0.500 0.500 0.500 0.500 0.500 0.500

Note: Values in bold indicate significance values of at least P < 0.1.
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allometry-corrected and phylogeny-allometry-corrected
shape, respectively). For both datasets, PC1 primarily
divides gleaning and hawking species from carnivore
and frugivore species (each pair of foraging guilds in
opposite ends of PC1 and PC2; Figure 5). Terrestrial
locomoting, gleaning and upstand roosting species
showed the lowest intraguild dispersion and overlap in
morphospace, each guild clustered around the origin of
PC1 and PC2. Austronomus australis, Phyllostomus has-
tatus, Pteronotus parnellii, and Rousettus bidens occu-
pied non-overlapping subspaces on opposite ends of
PC1, distant from any other taxa. A. australis and
P. hastatus shared a slight mediolateral constriction
(both occupying the negative-most end of PC2),
R. bidens showed a more elliptical shape (positive end of

PC1), whereas P. parnellii showed a more circular shape
(negative end of PC1). Trawling and frugivore taxa
showed the highest dispersion of any guild, the former
overlapping with most guilds, and the latter occupying a
relatively exclusive subspace. Phyllostomid and
pteropodid frugivores grouped in distant regions of
morphospace. Variation in allometry-corrected shape
(Figure 5a) and phylogeny-allometry-corrected shape
(Figure 5b) showed similar dispersion across
morphospace, evidencing the lack of phylogenetic signal
in humeral cross-sectional shape (K = 0.909, p = .186).
UR and TL showed low intraguild dispersion,
irrespective of phylogenetic relatedness and allometry.

Shape disparity was consistently higher in trawling
and frugivore species, being the only guilds with

(a) (b) (c)

(d) (e) (f)

FIGURE 4 Boxplots of values of biomechanical traits of the bat humeri, depending on foraging guild category (FG): carnivore (C),

frugivore (F), gleaning (G), hawking (H), trawling (T), and terrestrial locomotor (TL). Brown data points represent species with upstand

roosting (UR)

TABLE 4 Individual Procrustes

ANOVA for the test of differences in

shape and biomechanical data across

foraging and roosting guilds

Df SS MS R2 F Z p

CircMaxR 6 0.0044719 0.00074532 0.2177 1.3914 0.71103 .2463

J 6 1.5998 0.26664 0.29156 2.0578 1.2745 .0891

Iy 6 2.1011 0.35018 0.32893 2.4508 1.5428 .0511

Ix 6 1.4333 0.23888 0.27908 1.9356 1.1891 .106

Imax 6 2.178 0.36299 0.3367 2.5381 1.5913 .0429

Imin 6 1.6059 0.26765 0.27416 1.8885 1.1512 .1152

Shape 6 4.8383 0.80638 0.35433 2.7439 1.8057 .0422

Note: Values in bold indicate significance values of at least P < 0.1.
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marginally significant differences from other guilds
(Table 6), whereas terrestrial locomoting and gleaning
species were the foraging guilds with the lowest disparity

(Figure 6). Shape disparity was lower in upstand roosting
taxa than in any foraging guild, although only with mar-
ginal statistical significance (Table 6).

TABLE 5 p Values of pairwise

comparisons in shape and

biomechanical data across foraging and

roosting guilds

CircMaxR J Iy Ix Imax Imin Shape

C:F 0.867 0.691 0.724 0.666 0.816 0.585 0.697

C:G 0.907 0.041 0.051 0.036 0.095 0.018 0.019

C:H 0.527 0.037 0.023 0.041 0.024 0.043 0.014

C:T 0.253 0.015 0.013 0.016 0.016 0.019 0.341

C:TL 0.099 0.116 0.145 0.103 0.153 0.124 0.055

C:UR 0.374 0.419 0.615 0.220 0.687 0.205 0.125

F:G 0.765 0.079 0.084 0.076 0.121 0.059 0.031

F:H 0.632 0.077 0.040 0.093 0.024 0.135 0.015

F:T 0.300 0.027 0.022 0.030 0.019 0.046 0.461

F:TL 0.114 0.193 0.220 0.180 0.186 0.261 0.073

F:UR 0.268 0.627 0.819 0.376 0.813 0.402 0.184

G:H 0.369 0.603 0.835 0.523 0.876 0.351 0.775

G:T 0.186 0.448 0.400 0.494 0.306 0.667 0.290

G:TL 0.063 0.916 0.883 0.918 0.960 0.703 0.971

G:UR 0.399 0.354 0.248 0.586 0.310 0.493 0.632

H:T 0.405 0.202 0.255 0.203 0.286 0.233 0.321

H:TL 0.142 0.809 0.978 0.748 0.959 0.819 0.834

H:UR 0.091 0.491 0.230 0.877 0.182 0.920 0.693

T:TL 0.654 0.453 0.390 0.496 0.404 0.488 0.349

T:UR 0.056 0.142 0.083 0.287 0.076 0.336 0.541

TL:UR 0.015 0.488 0.391 0.704 0.354 0.803 0.657

Note: Values in bold indicate significance values of at least P < 0.1.

FIGURE 5 Morphospace of humerus allometry-corrected cross-sectional shape (A) and allometry-phylogeny-corrected shape data. Data

points are color-coded by foraging guild category: carnivore (C), frugivore (F), gleaning (G), hawking (H), trawling (T), and terrestrial

locomotor (TL). Brown data points represent species with upstand roosting (UR). Deformation grids show cross-sectional shape of species at

opposite extremes of variation along PC1 and PC2
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4 | DISCUSSION

Combining three-dimensional comparative morphology
and functional biomechanics, this study represents a novel
approach to investigate the correspondence between the
ecological and biological drivers shaping humeral variation,
by deconstructing its biomechanical and morphological
components. Our results showed a link between phenotypic
variation and foraging and behavioral differences between
taxa, corresponding with previous studies both in bats
(Arbour et al., 2019) and a wide variety of other vertebrates
(Arbour et al., 2019; Esquerré, Sherratt, & Keogh, 2017;
Maestri et al., 2017; Pimiento, Cantalapiedra, Shimada,

Field, & Smaers, 2019; Stanchak, Arbour, & Santana, 2019;
Stange, Aguirre-Fernandez, Salzburger, & Sanchez-
Villagra, 2018). Our findings of differences in shape and bio-
mechanics of the humerus supports the general notion of
Wolff's law of bone functional adaptation (Ruff, Holt, &
Trinkaus, 2006; Wolff, 1986), contrary to common allome-
tric trajectories found in crocodylians (Meers, 2002). More-
over, we also found a marked decoupling between the
correlation of size and ecology with humeral shape and bio-
mechanics, where ecology and size were associated differ-
ently with shape and biomechanical properties. A strong
correlation between biomechanical properties, size, and
ecological traits has been suggested to have influenced the
morphological evolution of many vertebrate taxa (Houssaye
et al., 2016; McElroy, Hickey, & Reilly, 2008; Muñoz, Hu,
Anderson, & Patek, 2018). Nevertheless, the scale of the
biomechanics-form-ecology interaction on macroevolution-
ary trajectories requires further study.

4.1 | Scaling of biomechanical and
shape data

Our results reflect the role of size on vertebrate morpho-
logical diversification as a most-parsimonious evolution-
ary pathway (Friedman, Martinez, Price, &
Wainwright, 2019; Marroig & Cheverud, 2005). Foraging
behavior also explained a significant portion of trait vari-
ability, following similar trends found between the mor-
phological evolution of the chiropteran skull and diet
(Arbour et al., 2019; Rossoni et al., 2019). Similar patterns
of allometry-corrected and size-dependent differences
between shape and biomechanical data suggest foraging
and roosting behavior repatterned humeral morpho-
biomechanical variation and its scaling. Foraging behav-
ior has also been reported to shape modular patterns of
humeral morphological variation in bats (López-Aguirre
et al., 2020). Similar results have been reported for femo-
ral morphology bats, varying based on size and linking
biomechanical aspects of long bones (i.e., increase in
robusticity) with increases in body mass (Louzada,
Nogueira, & Pessôa, 2019). Our results strongly support
this finding, as size was highly associated with almost all
biomechanical properties, CircMaxR being the only
exception with species grouping together instead of dis-
persing across HL, possibly due to all taxa having highly
circular midshafts, resulting in little variation. Body size
evolution in bats is thought to have been constrained
mainly by echolocation and flight (Giannini, 2012;
Jones, 1999; Moyers Arévalo et al., 2018; Norberg &
Norberg, 2012). Echolocation appears to have imposed
the strongest constraint, greatly limiting size increases in
insectivorous bats, whereas non-echolocating bats

TABLE 6 Pairwise comparisons of differences in cross-

sectional shape disparity across foraging and roosting guilds.

p Values above the diagonal and absolute differences between

variances below the diagonal

C F G H T TL UR

C 0.404 0.361 0.705 0.210 0.376 0.338

F 0.219 0.089 0.116 0.402 0.168 0.157

G 0.242 0.460 0.507 0.065 0.972 0.937

H 0.096 0.315 0.146 0.095 0.578 0.465

T 0.443 0.224 0.685 0.539 0.138 0.119

TL 0.249 0.468 0.007 0.153 0.692 0.883

UR 0.273 0.492 0.017 0.184 0.716 0.024

Note: Values in bold indicate significance values of at least P < 0.1.

FIGURE 6 Phenotypic disparity based on shape variance for

humeral cross-sectional shape. Shape disparity was deconstructed

based on foraging guild categories: carnivore (C), frugivore (F),

gleaning (G), hawking (H), trawling (T), and terrestrial locomotor

(TL). Brown data points represent species with upstand

roosting (UR)

10 LÓPEZ-AGUIRRE ET AL.



(e.g., frugivorous pteropodids) evolved larger body sizes
(Moyers Arévalo et al., 2018). Flight acted as a posteriori
secondary constraint, limiting maximum body size in
larger-than-average non-echolocating bats
(e.g., pteropodids) (Amador, Almeida, & Giannini, 2019;
Giannini, 2012; Moyers Arévalo et al., 2018). This pattern
can be found in our sample, where larger species were
either frugivorous or omnivorous, and animalivorous
species were smaller. Nevertheless, ecological opportu-
nity fostered adaptive radiation and morphological diver-
sification in bats, leading to the colonization of highly
specialized niches, including the convergent evolution of
larger size in animalivorous bats (Santana &
Cheung, 2016). Future studies should focus on increasing
sampling to better capture intraguild morphological
variability.

4.2 | Ecological differences in shape and
biomechanical properties

Diet-related morphological differences have been found
both in closely-related mammal taxa as well as in sym-
patric taxa, indicating that these differences can have
ecological and evolutionary drivers (Adams &
Rohlf, 2000; Marcé-Nogué, Püschel, & Kaiser, 2017). Die-
tary diversification is thought to have been a major driver
of cladogenesis and morphological specialization in bats,
resulting in multiple cases of convergent evolution of cra-
nial phenotypes (Datzmann, von Helversen, &
Mayer, 2010; Santana, Dumont, & Davis, 2010; Santana,
Grosse, & Dumont, 2012). Correspondence between pre-
vious results of cranial morphological disparity and ours
of humeral shape disparity suggests that diet and foraging
behavior may have shaped evolution of the cranium and
postcranium along similar adaptive pathways.

Morphospace across allometry- and phylogeny-allom-
etry-corrected shape data showed common general pat-
terns of species dispersion based on foraging and roosting
behavior, with frugivore, carnivore, and upstand roosting
species occupying non-overlapping subspaces distant
from a cluster of mostly gleaning and hawking species.
Frugivore taxa tended to have more elliptical cross-
sections (R. bidens), whereas carnivore taxa showed a
mediolateral constriction in cross-sectional shape
(e.g., P. hastatus). Similar patterns of variation in both
types of shape data indicate the overarching importance
of foraging and roosting behavior to explain differences
in shape data, and that humeral cross-sectional shape
variance is not explained by phylogeny. New approaches
to comparative analyses of multidimensional phenotypic
data have found support for more complex models of
morphological disparity in mammals than traditional

models based on a priori assumptions (Arbour
et al., 2019; Maestri et al., 2017; Rossoni et al., 2019;
Thiagavel et al., 2018). Moreover, in our study shape
showed a decrease in dispersion of species with rare
behavioral ecologies, such as terrestrial locomotion in
vampire bats and mystacinids and upstand roosting in
thyropterids and myzopodids, providing evidence for
functionally canalized humeral phenotypes not associ-
ated with flight. Contrastingly, trawling species showed
the highest morphospace dispersion and shape disparity,
indicating diverging phenotypes successfully adapted to
this behavior. Similar to our morphospace results, shape
disparity showed dissimilarity between foraging and
roosting behaviors. Differences in shape disparity based
on behavior underscore the importance of dietary and
roosting strategies in similar patterns of cranial and post-
cranial morphological variation in bats. Changes in cra-
nial morphology have been linked to the convergent
evolution of foraging strategies in Myotis, showcasing the
interplay between diet, foraging, and cranial and postcra-
nial morphology (Morales, Ruedi, Field, &
Carstens, 2019). Nevertheless, differences in disparity
require further investigation to assess how these may
related to intraguild variation in foraging patterns and
habitat location. Further species-specific ecological stud-
ies could also help inform a refined foraging category
classification, as some species commonly fluctuate
between foraging strategies (e.g., Mystacina is a terrestrial
locomotor as well as an aerial insectivore, frugivore, and
nectarivore).

Mineralization of the wing bones in bats shows a
decreasing trend along the proximo-distal axis, with the
humerus showing the highest levels of mineralization
(Papadimitriou, Swartz, & Kunz, 1996; Swartz &
Middleton, 2008; Watts et al., 2001). That pattern corre-
sponds to the characterization of the armwing as the
place of insertion of primary flight muscles of the wing
(i.e., production of most of the force that powers up- and
downstroke), whereas the handwing conferred higher
maneuverability during bat flight evolution (Amador,
Almeida, & Giannini, 2019; Swartz et al., 1992). Consid-
ering that flight can potentially limit body size
evolvability in bats (Amador, Almeida, & Giannini, 2019;
Giannini, 2012; Moyers Arévalo et al., 2018), variation in
biomechanical allometry in the humerus suggests that
higher kinematic demands in some guilds could have
played a role in biomechanical diversification, optimizing
functional performance (Barak, Lieberman, &
Hublin, 2011; Meers, 2002; Ruff, et al., 2006; Wolff, 1986).
Similar patterns of foraging- and roosting-dependent
allometry across different biomechanical traits suggests
that biomechanical variation is homogeneous at the sam-
pled midshaft, indicating highly similar patterns of cross-
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sectional variation across species (Cubo & Casinos, 1998).
Our results seem to support Wolff's law of bone func-
tional adaptation, with shape and biomechanical varia-
tion and scaling both correlated with behavioral
differences across taxa (Kivell, 2016; Barak, et al., 2011;
Ruff, et al. 2006; Wolff, 1986).

In contrast, behavior-based differences in shape dis-
parity suggest that trawling and a frugivorous diet seem
to be associated with more variability, whereas terrestrial
locomotion, gleaning and upstand roosting with less vari-
ability. Less maneuverable flight (long, thin wings and
restricted movement around elbow and shoulder) is gen-
erally correlated with fast flying aerial insectivory
(Norberg & Rayner, 1987), while more maneuverable
flight (short, wide wings, greater movement in elbow and
shoulder joints) is associated with gleaning insectivory
and non-insectivory (e.g., frugivory, carnivory,
sanguivory) (Norberg & Rayner, 1987). As such, we sug-
gest that aerial insectivory may have constrained shape
disparity.

Considering the importance that maneuverability has
had for the dietary diversification (i.e., foraging guilds) of
bats and how it is highly dependent on shoulder and
wrist joint mobility (Amador, Almeida, & Giannini, 2019;
Panyutina, Korzun, & Kuznetsov, 2015), our results sug-
gest that humeral shape is more functionally related to
foraging and dietary strategies than phylogenetically con-
strained. We suggest that biomechanical scaling of the
humerus is foraging-dependent, corresponding with the
evolutionary role that the armwing had for the early
acquisition of flight and how flight could have con-
strained body size evolution in bats (Amador, Simmons, &
Giannini, 2019; Moyers Arévalo et al., 2018). Moreover,
decreased shape disparity and dispersion in
morphospace in terrestrial locomotors indicates that this
adaptation could have canalized humeral phenotypes
despite the ecological differences between these taxa
(Desmodus is a highly specialized blood feeder, whereas
Mystacina is a dietary generalist). A similar pattern was
found for upstand roosting species, where despite their
phylogenetic distance and ecological differences (Thyr-
optera is a Neotropical gleaner and Myzopoda an
African-insular hawker), they showed low shape dispar-
ity and close clustering in morphospace. Our results pro-
vide evidence for the decoupled variation and scaling of
humeral shape and biomechanics across foraging and
roosting guilds, emphasizing the need to test not only
multivariate and ecologically-informed hypotheses, but
also to test them for different attributes (e.g., similar
pattern found in carnivorans' limb morphology and bio-
mechanics; (Kilbourne & Hutchinson, 2019). The results
presented in this study, although based on an ecologi-
cally comprehensive sample, are limited in their

taxonomic sampling. Future studies could focus on
exploring intra- and inter-guild variability by expanding
the number of sample genera and species. More detailed
species-specific ecological and behavioral descriptions
would also inform more complex mechanistic hypothe-
ses that can shed light on the phenotype-diet-
locomotion interaction. Moreover, further studies
should include information on other wing bone ele-
ments, as well as expanding the taxonomic sampling, to
explore more detailed evolutionary hypotheses of loco-
motory evolution in bats. The analyses presented in this
study could provide paleobiological insights into fossil
taxa, as they could be included within a broader study
of shape space in modern taxa.

5 | CONCLUSIONS

This study analyses the morpho-biomechanical disparity
and scaling in the humerus of modern bats. We quanti-
fied differences in cross-sectional geometry of the
humerus across bats with different foraging behaviors,
providing novel information about the ecomorphology of
locomotion in Chiroptera. We found support for differ-
ences in humeral morpho-biomechanical properties
based on foraging and roosting behavior in bats, in sup-
port of Wolff's law idea of bone functional remodeling.
This pattern does not appear to reflect phylogenetic struc-
turing, but rather an ecological signature associated
mainly with the evolution of divergent foraging and
roosting behaviors and larger body size. We provide evi-
dence for high correlation between humeral length and
cross-sectional shape and biomechanics, with variations
in allometric trajectories found across guilds. Our results
suggest a correspondence between the evolutionary tra-
jectories in cranial phenotypic diversification shown in
previous studies (Arbour et al., 2019; Rossoni
et al., 2019), and the evolutionary trajectories found in
humeral phenotypic variability in our study. We found
canalization in shape disparity associated with functional
demands that novel locomotory (e.g., terrestrial locomo-
tion) and roosting (e.g., upstand roosting) behaviors may
have imposed on the wing of bats, shaping the
ecomorphology of bat humeri beyond the evolution of
flight.
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