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Abstract

Bat wing membranes are composed of specialized skin that is covered with

small sensory hairs which are likely mechanosensory and have been suggested

to help bats sense airflow during flight. These sensory hairs have to date been

studied in only a few of the more than 1,400 bat species around the world. Lit-

tle is known about the diversity of the sensory hair network across the bat phy-

logeny. In this study, we use high-resolution photomicrographs of preserved

bat wings from 17 species in 12 families to characterize the distribution of sen-

sory hairs along the wing and among species. We identify general patterns of

sensory hair distribution across species, including the apparent relationships

of sensory hairs to intramembranous wing muscles, the network of connective

tissues in the wing membrane, and the bones of the forelimb. We also describe

distinctive clustering of these sensory structures in some species. We also

quantified sensory hair density in several regions of interest in the propata-

gium, plagiopatagium, and dactylopagatia, finding that sensory hair density

was higher proximally than distally. This examination of the anatomical orga-

nization of the sensory hair network in a comparative context provides a

framework for existing research on sensory hair function and highlights ave-

nues for further research.
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1 | INTRODUCTION

Bats are agile and highly maneuverable fliers. They
navigate complex aerial environments using modified
forelimbs as wings. Specialized skin that stretches
between the bones of the arm, forearm, hand, and hin-
dlimb comprises the aerodynamic surface of the wing
and is flexible in multiple ways. This wing membrane is

covered with small hairs that receive sensory innervation,
that likely serve a mechanosensory function, and that
have been proposed to sense airflow during flight
(Sterbing-D'Angelo & Moss, 2014). The anatomical orga-
nization of wing sensory structures suggests that informa-
tion from aerodynamically significant regions of the wing
may be involved in the neural control of the motor sys-
tem in insects and birds (Altshuler et al., 2015; Dickinson
et al., 1997; Jones, 2011). The hair-dome complexes con-
sist of fine hairs (�5–25 μm in diameter) which extend
from epidermally embedded mechanosensory Merkel
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cells (Crowley & Hall, 1994; Marshall et al., 2015;
Sterbing & Moss, 2018). Merkel cells are particularly sen-
sitive to pressure, enable interpretation of shapes and tex-
tures, and are known to respond to the expansion of
neighboring cells, as might be induced by stretching the
skin (Owens & Lumpkin, 2014). In bats, hair length
increases with body size and varies with wing region,
increasing distally and toward the trailing edge. Removal
of the small (<1 mm length) wing hairs resulted in
increased flight speed and wider turns compared to the
control condition in flight experiments with the species
Carollia perspicillata and Eptesicus fuscus, suggesting that
the hairs play a role in maneuvering (Sterbing &
Moss, 2018; Sterbing-D'Angelo et al., 2011, 2017).
To date, research concerning bat wing sensory hairs has
focused on species commonly studied in laboratory envi-
ronments (Sterbing-D'Angelo et al., 2011, 2016, 2017;
Sterbing-D'Angelo & Moss, 2014; Zook, 2005), leaving
much of the diversity of bats unexplored.

Descriptors of the wings such as aspect ratio or wing
loading have often been used to estimate maneuverability,
but provide limited information about flight performance
capabilities for animals with numerous wing joints and
sophisticated motor control. The distribution of sensors
over the wings has the potential to convey additional perti-
nent information about the sensory pathways that provide
data to the central nervous system that may then influence
muscle activation patterns to fine-tune a bat's wing shape.
For example, camber, controlled at least in part by activity
of intramembranous muscles and by handwing joint flex-
ion/extension, varies along the wingspan and over the
time course of the wingbeat cycle (Cheney et al., 2022;
Fan et al., 2022; Stockwell, 2001). Because of this spatial
and temporal variation, along with wing membrane skin
anisotropy, the information conveyed to the CNS from
wing skin sensors may be strongly influenced by the place-
ment of sensory structures. Previous studies provide
insight into sensory hair function, and raise many more
questions about the function, morphological diversity, dis-
tribution, and evolution of these structures. Among the
most basic, we ask: how are sensory hairs distributed in
the wing, and is sensory hair distribution functionally sig-
nificant? Is the distribution of sensory hairs in the wing
comparable in diverse species? To address these questions,
in this study we characterize wing sensory hair distribu-
tion in 17 bat species from 12 families, a sample that rep-
resents a broad range of habitats and feeding ecologies.
We address two main hypotheses: (a) sensory hair density
(hairs/cm2) varies among regions of the wing and
(b) sensory hair density varies among species. We describe
qualitatively the distribution and patterning of sensory
hairs across the wing, and quantify sensory hair density
(hair number/surface area) in several specific wing regions

of interest (ROIs). This analysis provides a framework for
understanding the morphological diversity and functional
significance of an important sensory system in bats, the
only mammals capable of flapping flight.

2 | METHODS

2.1 | Study sample

We imaged 72 bat specimens from 17 species and 12 fami-
lies. Sixty-three specimens were loaned from the Ameri-
can Museum of Natural History, and nine were collected
by the Swartz Lab from the Lamanai Archeological Pre-
serve in Orange Walk, Belize (Belize Forestry Department
Scientific Research and Collecting Permits CD/60/3/15
(14) and WL/2/1/17(16), Table S1). We selected one or
more species within each family represented in the sample
for in-depth study based on specimen quality and avail-
ability, as well as body size appropriate for the size con-
straints of the microscopy method. All specimens had
been previously formalin-fixed and stored in ethanol. Each
species' dietary preferences were obtained by literature
review (Figure 1 and Table S2).

2.2 | Imaging

To lay each wing as flat as possible for imaging, we fully
extended the right or left wing, ventral surface up, and

FIGURE 1 Phylogenetic relationships of all species used in

this study, and their predominant diet category.
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gently pinned it along the wing bones to a soft and nearly
transparent gelatin base, taking care to avoid or minimize
damage to the wing membrane. If necessary, the wing
was dissected from the body of the specimen to ensure it
lay flat against the gelatin. We viewed and captured
images from these extended-wing specimens with a
Nikon SMZ800 dissecting scope outfitted with a Nikon
DXM1200C digital camera. We illuminated specimens
with a 400–460 nm wavelength lamp, and a filter mount
attached to the microscope eliminated light wavelengths
above 500 nm. Elastin and collagen autofluoresce in the
near ultraviolet and into the visible range (Bachmann
et al., 2006; Monici, 2005). Thus, structures composed of
these proteins appeared bright green against a dark back-
ground. Each wing was photographed with an approxi-
mately 10 by 8 mm linear scale within the field of view.
We collected multiple overlapping digital photomicro-
graphs of each specimen and then stitched them in
Adobe Photoshop to create a photo composite of the
whole wing. We analyzed the composites in ImageJ (see
Appendix S1 for photo composites of each study species).

2.3 | Sensory hair analysis and
quantification

We identified patterns in sensory hair arrangement and
density variation within and among species by focusing
on apparent associations of the sensory hairs with other
wing structures, such as intramembranous muscles in the
plagiopatagium (Figure 2), elastin bundles, and the wing
skeleton, especially the bones of the handwing. We identi-
fied relevant qualitative descriptive categories, for exam-
ple, “clustering,” “morphology association,” and “density,”
and sorted both species and wing regions accordingly. In
addition to this descriptive survey, we counted sensory
hairs using ImageJ. We sampled ROIs in each membrane
region along the wing's proximodistal axis, from the

proximal plagiopatagium and propatagium to the dactylo-
patagium medius (Figure 3). The hairs were associated
with dome-like receptors in the wing membrane
(Crowley & Hall, 1994; Sterbing-D'Angelo et al., 2016).
The domes, which also fluoresce, were more clearly distin-
guishable for the purpose of counting than the finer hairs,
and we assumed that the presence of a dome indicated at
least one associated sensory hair, although individual
domes can be associated with multiple hairs. We identified
hairs or the domes associated with them by their contrast
with the background skin, marked each with the point
tool and counted the marked points in each sample area.

Most ROIs were circular samples of the wing mem-
brane scaled to forearm length; the diameter of each ROI
was set to a quarter of the distance from the tip of the
olecranon process (proximal forearm) to the proximal
end of metacarpal III (distal wrist) (Figure 3). We estab-
lished one cranially and one caudally located ROI in each
of the following wing membrane regions: proximal plagi-
opatagium, distal plagiopatagium, dactylopatagium
major, and dactylopatagium medius (Figure 3). The ROIs
were selected to give good coverage of the full wing sur-
face, and to provide additional focus on wing regions
hypothesized to play a particularly large role in sensing
airflow or wing strain. We counted all hairs in the propa-
tagium because its area is relatively small and it is likely
to play a key role in flight dynamics. Presence, absence,
and density of hairs within an ROI were indicative of the
distribution of hairs within a wing region overall, how-
ever, these measurements do not represent a comprehen-
sive assessment of sensory hair distribution across the
entirety of the wing region. For example, hairs may be

FIGURE 2 The locations of the intramembranous muscles in

the bat wing. Source: Modified from Cheney et al. (2017).

FIGURE 3 Labeled regions of interest (ROIs). Cranial and

caudal wing regions are shown in lighter and darker colors,

respectively. Armwing and handwing regions are shown in red and

blue. The distance used to calculate the area of the regions of

interest is indicated by the black line along the forearm.
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completely absent within an ROI but present elsewhere
in the region it samples. Although the uropatagium is
likely important in flight and prey capture, the quality of
the tail membranes and ease of imaging varied greatly
among specimens so we could not reliably describe or
quantify sensory hairs in this wing region. To allow com-
parisons among bats of greatly varying size, we report
areal densities as hair count per cm2.

2.4 | Statistical analysis

We analyzed sensory hair data in R (R Core Team, 2021).
Samples came from 17 species from 12 families, so we
tested for phylogenetic signal in our data using the phylo-
sig function in the phytools package (Revell, 2012), using
a pruned tree from the time-calibrated phylogeny con-
structed by Shi and Rabosky (2015) (Figure 1). Lavia
frons was not included in this published phylogeny, so
we assigned it to the phylogenetic position of a closely
related species also within the family Megadermatidae
that was included in the phylogeny, Megaderma spasma.

We evaluated the relationship between wing region,
species, and density with a non-phylogenetic linear
regression. Because we found significant phylogenetic
signal and a significant species effect, we then examined
variation among wing regions while accounting for phy-
logeny. To compare hair density between regions, we per-
formed pairwise comparisons for all regions using
phylogenetic t-tests and the Bonferroni correction for
multiple comparisons. We also evaluated overall differ-
ences in proximal and distal densities and cranial and
caudal densities by grouping ROIs to explore general
trends in sensory hair density in the wing. To compare
proximal versus distal, we took the mean values for all
ROIs in the plagiopatagium and the handwing, respec-
tively (excluding the propatagium) and to compare cra-
nial versus caudal, we took the mean values of all the
cranial (excluding the propatagium) and caudal ROIs
(Figure 3 and Table 1). We then performed non-phyloge-
netic and phylogenetic t-tests (Revell, 2012). Because the
molossids were outliers, responsible for much of the total
sample variance, we repeated the phylogenetic analysis
described above after removing Tadarida brasiliensis and
Molossus rufus from the sample; this did not change the
results, so we present only results with all species
included here.

We used a phylogenetic generalized least squares
(PGLS) regression (using the pgls function in the package
caper, Orme et al., 2018) to assess significant relation-
ships between hair density and ecological categories.
PGLS allows for only one data point per species, so we
used phylogenetic principal component analysis (phyl.

pca) to reduce the nine wing region variables into one
summary variable (phytools package, Revell, 2012). PC1
explained 70% of total variance, so we used PC1 as the
response variable in phylogenetic regressions with feed-
ing guild and prey mobility as predictor variables.

3 | RESULTS

3.1 | Density

The arrangement, distribution, and areal density of sen-
sory hairs on the ventral surface of bat wings varied sub-
stantially across species. Generally, patterns of sensory
hair distribution were similar among individuals within a
species (see Appendix S1 for images of multiple Lasiurus
cinereus and Centurio senex specimens). Overall, the den-
sity of hairs was higher proximally and decreased distally
along the wing. Qualitatively, we observed the highest
density in the plagiopatagium. In some species, there was
an increase in the density of domes and concentration of
elastin fibers along the trailing edge, often accompanied
by a decrease in the size of the domes (e.g., Thyroptera
tricolor, Figure 4). In other cases, as in Pteronotus davyi
and Saccopteryx bilineata, dome density was lower near
the trailing edge.

In our non-phylogenetic analysis, wing region, spe-
cies, and their interaction were significant predictors of
sensory hair density (linear regression, F152,491 = 10.74,
R2 = 0.70, p < .001). The means of pooled proximal and
distal regions (see Section 2) were significantly different,
with sensory hair density being higher in the proximal
half of the wing (paired t test, p = .009; mean proximal
density = 284 hairs per cm2, mean distal density = 138
hairs per cm2); there was no significant difference
between the pooled cranial and caudal regions (paired

FIGURE 4 The wing of Thyroptera tricolor with inset showing

high density of sensory hairs along trailing edge.
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t test, p = .67). When taking phylogenetic relatedness
into account, the density of domes was not significantly
different between the pooled proximal and distal regions
or the pooled cranial and caudal regions. When we evalu-
ated all pairwise comparisons of wing regions within a
phylogenetic framework, after Bonferroni correction only
the difference in mean density of the propatagium and
the cranial dactylopatagium major was significant (phylo-
genetic t test, adjusted p = .039), with a higher density in
the propatagium. There was no significant relationship
between PC1 and feeding guild or prey type (phyloge-
netic PCA and PGLS).

3.2 | Grouping/clustering

The hairs occur singly, in clusters of a few hairs, or in
rosette-like clusters of eight or more hairs (e.g., in the
plagiopatagium of molossids, clusters have central domes
encircled by additional domes, Figure 5, left inset). Clus-
ters can also be strip-like, comprising many domes and
associated hairs in elongated clusters, often oriented cra-
niocaudally (Figure 5, right inset). Clusters were present
in a majority of our study species in at least one wing
region (excluding C. senex, Cynopterus brachyotis, Hippo-
sideros bicolor, Lavia frons, Micronyceteris schmidtorum,
and T. tricolor). Clustering patterns and cluster size often
varied across the wing, within even a single specimen
(e.g., Figure 5). For example, in the Noctilio leporinus pro-
patagium, clusters consist of 3–5 domes, with domes per
cluster increasing caudally. In Natalus tumidorostris and
Rhinopoma hardwickii, clusters usually consist of 3 or
4 domes, and in the Syconycteris australis propagatium,

clusters are tightly grouped and vary in dome density
from 3 to 10 domes per cluster. In the proximal plagiopa-
tagium of Desmodus rotundus, clusters generally follow
muscles with a proximodistal orientation, and remain
associated with these muscles as they take on a more cra-
niocaudal orientation near the elbow. By contrast, clus-
ters in T. brasiliensis are spread out with no apparent
connection to either collagen-elastin bundles or any
muscles.

Several species (L. cinereus, M. rufus, and
T. brasiliensis) exhibited high densities of domes arranged
in strips. In all three species, strips of domes were present
in all wing regions studied. The strips run craniocaudally
(chordwise) and are often, but not uniformly, near other
anatomically significant structures, including intramem-
branous wing muscles or bones of the forearm and/or
digits (e.g., Figures 5 and 6). C. senex also had distinct
strips of domes in the plagiopatagium and dactylopata-
gium major that differed in morphology from those
observed in molossids and L. cinereus. C. senex possessed
regular rows of closely spaced domes lining the unique
unpigmented “window” structures in the wing mem-
brane (Figure 7).

3.3 | Association with intramembranous
structures

We observed an association of sensory hair distribution
with the intramembranous muscles and collagen-elastin
bundles (Cheney et al., 2017). The intramembranous
wing muscles are lined with sensory hair domes in all
species studied. Domes were situated along the plagiopa-
tagiales muscles in all species in our sample. Plagiopata-
giales are variable in number, size, and location in the
plagiopatagium among species, leading to corresponding

FIGURE 5 The wing of Tadarida brasiliensis. Sensory hairs are

arranged in different configurations in different regions of the

wing. Left inset: rosette-like clusters of sensory hairs. Right inset:

elongated clusters, or strips, of domes.

FIGURE 6 The wing of Lasiurus cinereus. The close

correspondence of sensory hairs with the bones of the digits is

readily apparent, especially along digits III and IV (short orange

arrows), and with the plagiopatagiales muscles (long blue arrow).
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variation in associated sensory structures (Cheney
et al., 2017). Domes also lie along the dorsopatagiales mus-
cles which run latero-caudally from the thorax and abdo-
men to the plagiopatagium (Figure 2) (e.g., in L. frons,
L. cinereus, and M. schmidtorum, and others) and cubito-
patagiales muscles which run a short distance laterally
from origins near the elbow (Figure 2) (e.g., in M. keaysi,
P. davyi, L. frons, and others). R. hardwickii has particu-
larly robust dorsopatagiales muscles, which appear to pos-
sess large sensory hair domes; smaller domes, similar to
those seen in other species, are found along its conspicu-
ous cubitopatagiales and plagiopatagiales muscles
(e.g., Figure 8).

An apparent association of the sensory hairs with
collagen-elastin bundles was observed in all but the two
molossid species in our sample. Domes were arranged var-
iously along discrete tracts of connective tissue bundles in
the wing (i.e., C. brachyotis, C. senex, and others); at the
intersections of bundles (i.e., H. bicolor, N. tumidorostris,
Figure 9); and/or ran in proximodistally-oriented bundles
at the wing's leading (M. schmidtorum, M. keaysi,

N. tumidorostris, N. leporinus, P. davyi, S. bilineata,
S. australis, and T. tricolor) and trailing edges
(N. leporinus, P. davyi, and R. hardwickii). In some species,
the collagen-elastin bundles are arranged in a grid-like
pattern, while in others their architecture is less regularly
structured and more branching (see also Cheney
et al., 2017). In some cases, collagen-elastin bundle pat-
terning seemed to dictate the arrangement of domes; for
example, H. bicolor and N. tumidorostris have grid-like
bands of collagen-wrapped elastin in the plagiopatagium,
with domes occurring only at the intersections of the
bands. However, some species have domes situated
between bundles of connective tissue, in “bare” wing
membrane skin where there are no apparent features
(i.e., P. davyi), as well as domes associated with the
collagen-elastin bundles.

FIGURE 8 The wing of Rhinopoma hardwickii. Thick ridges of

intramembranous wing muscles (primarily dorsopatagiales, blue

arrow, and plagiopatagiales, orange arrow) are visible in the

proximal plagiopatagium and are lined by sensory hairs.

FIGURE 9 The wing of Hipposideros bicolor. Sensory hairs are

situated at the intersections of bands of collagen and elastin (one

example indicated by blue arrow).

FIGURE 7 The wing of Centurio senex (a). The unique

translucent, window-like structures are present in the

plagiopatagium distal to the plagiopatagiales muscles (blue arrow),

as well as in the entire dactylopatagium major (a, b). The windows

are oriented in parallel strips running span-wise along the wing

(narrow pink arrows), and parallel lines of sensory hairs run

between them (wide orange arrows) (b). The inset (b) shows

portions of the distal plagiopatagium, dactylopatagium major,

digit V, and digit IV.
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3.4 | Association with bony morphology

A subset of domes is closely associated with bones and
joints of the arm- and handwing. The densities of domes
immediately adjacent to joints and/or bones are elevated
in at least one wing region in C. senex, D. rotundus,
L. cinereus, M. rufus, R. hardwickii, S. australis, and
T. brasiliensis (e.g., Figure 6). For example, in S. australis,
the density of domes in the propatagium is greatest near
the elbow joint. In D. rotundus, domes in the dactylopata-
gium major and minor are concentrated towards the
digits, especially digit III. In L. cinereus domes follow
digits IV and V closely, and in M. rufus strips of domes
line digit IV. The density of domes near the digits in
D. rotundus is higher on the distal side than the proximal
side of the bones. In C. senex, domes are concentrated
toward the digits and digital joints, especially the distal
interphalangeal joint of digit IV. In L. cinereus, strips run
parallel to digit III in the plagiopatagium; on the handw-
ing side of the digit, in the datylopatagium major, domes
and clusters run parallel to the digit. Digits III and IV are
closely associated with domes in S. australis and strips ori-
ented parallel to the bones inM. rufus and T. brasiliensis.

4 | DISCUSSION

Our study shows that there is substantial variation across
species in the arrangement and density of the sensory
hair network in bat wing membranes, which could have
meaningful functional implications. In our sample, mea-
surements of hair density ranged from fewer than 10 hairs
per cm2 in the distal regions of the wing of some species
to thousands of hairs per cm2 in some wing regions in
the molossid species. Overall, our measured densities are
the on same order of magnitude as densities reported in
previous work for the plagio- and dactylopatagium (1–3
hairs per mm2, Sterbing & Moss, 2018). We noted several
trends in the variation in hair distribution and density
among species and between wing regions. For example,
sensory hair densities are higher proximally than distally,
and hairs can occur singly but also in clusters or strips.
Sensory hairs are often more densely concentrated near
other structures in the wing, particularly the intramem-
branous muscles, the bones of the arm- and handwing
and the collagen-elastin bundles.

4.1 | Functional implications of sensory
hair organization

The density of wing sensory hairs, their overall distribu-
tion, and the specific anatomical locations of sensory

hairs on the wing shapes the information communicated
from the wing to the central nervous system. It is there-
fore reasonable to infer that the arrangement of hairs
relates to their function. Previous research has proposed
that the bat wing hair system serves primarily to sense
airflow; that is, the hairs function as levers deflected by
local airflow on the wing surface, which in turn stimulate
associated sensory nerve endings in the skin (Sterbing-
D'Angelo et al., 2011, 2017; Sterbing-D'Angelo &
Moss, 2014). Among several types of sensory structures in
bat wing membranes, diffuse endings, distinct from sen-
sory hairs, as well as Merkel cells found near hair bases,
may sense stretch (Marshall et al., 2015). We propose that
sensory structures associated with hairs may additionally
or alternatively function as stretch sensors, thereby serv-
ing a proprioceptive function, based on similarities with
the distribution of strain-sensing structures like campani-
form sensilla (CS) in the wings of most insect species
(Aiello et al., 2021; Fabian et al., 2022), as well as the
close association of sensory hairs and their associated
domes in bat wings with intramembranous muscles.

The intramembranous wing muscles in bats originate
and insert into the dermis (Cheney et al., 2017). The plagi-
opatagiales proprii muscles run in a craniocaudal or
chordwise direction in the plagiopatagium, the membrane
of the armwing, and modify camber and wing conforma-
tion during flight by altering wing stiffness, which in turn
may help optimize lift and minimize drag (Cheney
et al., 2014, 2022). However, the plagiopatagiales do not
appear to possess the proprioceptive muscle spindles
observed in virtually all mammalian skeletal muscles,
with the exception of muscles of facial expression (Cobo
et al., 2017; Proske & Gandevia, 2012, Swartz, unpublished
data). Sensory hairs, if they function as stretch sensors that
are positioned on or near intramembranous wing muscles,
may transmit sensory information that would otherwise
be conveyed via spindles in a typical skeletal muscle. We
observed a clear association of domes with intramembra-
nous wing muscles in all species in our study. This sug-
gests that sensory hairs are important elements in
intramembranous muscle sensorimotor pathways and
may sense essential information about the state of muscle
strain, which can then be relayed to the spinal cord, and
up to higher levels of motor control.

Our observations also indicate a close association of
sensory hairs with collagen-elastin bundles. In all but two
species (molossids M. rufus and T. brasiliensis), we observed
sensory hairs in proximity to collagen-elastin bundles, or
situated at bundle intersections. Given its ubiquity, this
association may be functionally significant. We hypothesize
that sensation from connective tissue junctures may be
important for the detection of strain in the wing membrane.
In this conceptual framework, it may be useful to view the
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sensory hair network as a sparse sensor network (Mohren
et al., 2018); sensor distributions can be defined as sparse
when few locations are sampled compared to the total pop-
ulation of locations that are not sampled. Sparse sensing
theory has recently been applied with success to gain
understanding of complex biological systems. Relatively
complex signals can be reconstructed or classified from rel-
atively simple patterns generated by a small subset of all
possible sensors, such as whole wing strain from relatively
few CS along the wing blade to sense deformation
(Dickinson & Palka, 1987). Application of similar analytical
approaches could reveal a potential for the bat nervous sys-
tem to reconstruct load-dependent strain distributions
throughout the wing from the information gained by hair
sensors located along intramembranous muscles and
collagen-elastin bundles.

4.2 | Sensory hairs as mechanoreceptors

The sensory hair system in bats bears superficial resem-
blance to the system of CS in the wings of insects in
terms of their widespread distribution and arrangement
along structural elements such as wing veins (Aiello
et al., 2021). CS are dense in structurally significant
regions, for example, near the wing hinge joint or wing
base in insects, where detection of strain is helpful in
overcoming inertia (Aiello et al., 2021; Ennos, 1988). Iso-
lated CS likely convey wing strain information to the cen-
tral nervous system, each firing once per wingbeat cycle
at different preferred phases, to communicate wing defor-
mations during flight (Dickinson & Palka, 1987; Mohren
et al., 2018, Aiello et al., 2021). Evidence of such phase-
delays in activation between individual CS suggests that
these mechanosensors further provide proprioceptive
information to the CNS about relative limb positioning
through time (Aiello et al., 2021). Herbst corpuscles are
similarly proposed as functionally important for flight
control (Hörster, 1990); these specialized mechanorecep-
tors, which are morphologically similar to Pacinian cor-
puscles in mammals, are found in the wings of birds and
are sensitive to rapid deformation or vibration .

We hypothesize that areas of the wing in which hair
density is higher, such as the trailing edge, or areas in
which sensory hairs are organized into strips or clusters,
may play a relatively greater role in sensorimotor feed-
back than others, necessitating higher sensory bandwidth
or resolution compared to wing regions with lower hair
density. If noise is associated with sensory information
transfer from those regions, clusters and strips may build
redundancy into sensory input, or increase sensory band-
width (Dickerson et al., 2021; Dickinson, 1990; Moran
et al., 1976). Neurons that supply insect CS can fire only

once per wingbeat, hence strain values from a specific
sensor location provide averages over the wingbeat cycle
(Fabian et al., 2022). Increasing hair density therefore
may increase not only the spatial resolution of wing
strain, but due to offsets in firing among neurons, may
result in greater temporal resolution of the forces that
influence wing deformations as well (Aiello et al., 2021).
The organization of multiple sensory hairs into closely
packed clusters or strips could also potentially allow the
nervous system to increase the sensory resolution of aver-
age strain or flow values from a given region by increas-
ing the density of nerve fibers throughout the wing
(More et al., 2010). The presence of clusters varied among
individuals and species, but several species in our sample
exhibited clusters in every wing region.

4.3 | Linking sensory hair organization
to flight ecology

We hypothesized that sensory hair organization would be
correlated with flight ecology, but we found no signifi-
cant associations of sensory hair density with feeding
guild in our study. The strong relationship between wing
region, species, and sensory hair density in the non-
phylogenetic analysis, taken together with the mostly
non-significant phylogenetic pairwise comparisons and
associations with ecological proxies suggest that the data
are highly structured phylogenetically. In our sample,
with species drawn from across the bat phylogeny but rel-
atively sparse sampling of specific ecologies within spe-
cific clades, phylogenetic signal may overwhelm
functional or ecological signals. In addition to seeking
patterns of correlation between hair distribution and den-
sity and overall ecological characterization, future work
could aim to link patterning in the hair sensory network
more specifically to its mechanistic function. Hypotheses
that link arrangement of hairs directly to aeromechanical
demands—for example, that the density of hair sensors
should be higher in regions of the wing that more fre-
quently experience detached and more turbulent airflow,
or that bats whose flight repertoire incorporates a broader
range of flight speeds would benefit from a greater scope
of information and thus higher density in the hair
network—could be tested robustly by detailed, carefully
constructed interspecific comparisons. For example, of
the three species that possess the most numerous and
pronounced clusters and strips, T. brasiliensis, M. rufus,
and L. cinereus, two are known to fly long distances dur-
ing annual migrations. The fact that L. cinereus, a migra-
tory vespertilionid, has similar sensory hair morphology
to the molossids may indicate an aspect of shared func-
tionality. All three are known for exhibiting faster, less
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maneuverable flight styles than other species and for
hunting mobile insect prey (McCracken et al., 2016;
Shump Jr. & Shump, 1982).

There may be relationships between the distribution
of wing sensory hairs and flight ecology, that is, flight
behavior (foraging strategy, flight style) and morphology
(wing structure) that will only become clear with larger
samples and greater statistical power. Fluorescence imag-
ing and photographic reconstruction of wing hair net-
works is time-intensive, resulting in a study sample of
relatively few individuals of each of only 17 of over 1,400
total species of bats (Simmons & Cirranello, 2022). More
robust sampling of taxa and feeding ecologies could
uncover as yet hidden relationships between density, dis-
tribution, and aspects of flight ecology. Furthermore, our
analysis used an approach involving ROI for averaging
hair counts as a starting point, but a more intensive data
collection methodology may yield further patterns. Mea-
sures of count density may also be influenced to some
extent by variation in the quality of the specimens,
whether or not the rigidity of fixed wings allowed for full
extension of the membrane, damage to the membrane
skin, and image quality. Evaluating hair density in ROI
from photographs was appropriate to assess our broad
hypothesis that sensory hair distribution would vary
along the length of the wing and among species. Our pre-
sent findings suggest that more detailed analysis will
likely yield further results.

5 | CONCLUSIONS

Maneuverability and agility are hallmarks of bat flight,
but difficult to quantify; the complexity of both bat
flight and the distribution of sensory hairs across the
wings makes it difficult to relate one to the other. This
examination of the anatomical organization of the sen-
sory hair network in a comparative context provides
context for existing research on sensory hair function
and highlights fruitful avenues for further research.
Detailed mechanistic studies that fully map the func-
tional performance of this component of the bat periph-
eral sensory system are crucial. More detailed
quantification of sensory hairs across the whole surface
of the wing, a comparison between dorsal and ventral
hair distribution, more detailed histology and neuro-
physiology, and the inclusion of more functionally and
phylogenetically diverse taxa would allow for a more
robust analysis of sensory hair function. Understanding
the functional and evolutionary significance of the com-
plex bat wing hair sensory network will require multi-
level, integrative approaches, but will provide insights
that will richly repay our efforts.
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