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Abstract

Dedicated nectarivory is a derived feeding habit that requires specialized

cranial and soft-tissue morphologies to extract nectar from flowers. Nectariv-

ory has evolved many times in terrestrial vertebrates, and in four bat families

(Pteropodidae, Phyllostomidae, Vespertilionidae, and Mystacinidae). Within

phyllostomids, specializations to nectarivory have been well documented in

two subfamilies, Glossophaginae and Lonchophyllinae. However, nectarivory

has also evolved independently in the genus Phyllostomus (subfamily Phyllos-

tominae). Since Phyllostomus species have an omnivorous diet with a high con-

sumption of nectar, they can be used to explore the basic morphological

modifications linked to evolving a nectarivorous habit. Here, we focused on

describing and comparing the morphological features potentially associated

with nectarivory in Phyllostomus discolor. We present the first detailed tongue

and palate morphological descriptions for P. discolor and perform skull mor-

phometric analysis including 10 species. We found hair-like papillae on the

tongue of P. discolor, a convergent feature with Glossophaginae and nectari-

vorous Pteropodids; these papillae likely confer an advantage when feeding on

nectar. P. discolor does not show skull morphological features characteristic of

nectarivorous bats, such as a long and narrow snout. We pose that the con-

sumption of a variety of food, such as hard insects and fruits, and the large size

of P. discolor relative to specialized nectarivores may create trade-offs against

morphological specialization of the skull towards nectarivory. In contrast, a

long and mobile tongue with hair-like papillae may be an evolutionary

solution for nectar extraction that does not have a major impact on this

species' ability to feed on other resources.
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1 | INTRODUCTION

How is morphology shaped by pollinator–plant relation-
ships? Many angiosperms have evolved adaptations for
animal pollination, including supplying nectar as reward,
conspicuously colored petals and bracts, aromas, and

other traits that attract pollinators; likewise, many
animals have evolved adaptations for the exploitation of
floral nectar (Altringham, 2011; Hewes et al., 2022;
Pellmyr, 2002). This has led to impressive cases of coevo-
lution, such as that seen between Darwin's orchid and
the sphinx moth that pollinates it while feeding on its

Received: 12 October 2022 Revised: 3 December 2022 Accepted: 5 December 2022

DOI: 10.1002/ar.25147

Anat Rec. 2022;1–12. wileyonlinelibrary.com/journal/ar © 2022 American Association for Anatomy. 1

https://orcid.org/0000-0001-9315-3417
https://orcid.org/0000-0001-6463-3569
https://orcid.org/0000-0003-4067-5312
mailto:lauraquinche7@gmail.com
http://wileyonlinelibrary.com/journal/ar


nectar (Wasserthal, 1997). Nectarivory is a habit that has
evolved in numerous groups of arthropods, especially in
insects, and in many groups of vertebrates with different
degrees of specialization. In bats (order Chiroptera), we can
find species with marked morphological, biomechanical, and
physiological specializations to nectarivory, and species with-
out evident specializations but with a substantial portion of
their diet composed of nectar. Nectarivorous habits evolved
independently in Old World fruit bats (Pteropodidae), in
New World leaf-nosed bats (Pyllostomidae) (Fleming
et al., 2009), and in two species of the primarily insectivorous
families Vespertilionidae (i.e., Antrozous pallidus, Frick
et al., 2014), and Mystacinidae (i.e., Mystacina tuberculata,
Arkins et al., 1999).

Specialized nectarivory is thought to have evolved twice
within Phyllostomidae, in the lineages Glossophaginae and
Lonchophyllinae (Datzmann et al., 2010). Specialized
nectar-feeders show morphological, physiological, and
behavioral adaptations that aid in efficient nectar feeding
(Gonzalez-Terrazas et al., 2012). Characteristics such as a
narrow and elongated rostrum, small teeth, a long and pro-
trusible tongue, filiform papillae or longitudinal grooves in
the tongue, and hovering flight, represent some of the
adaptations to nectarivory found in Glossophaginae and
Lonchophyllinae (Datzmann et al., 2010). Within Phyllos-
tomidae, there are also omnivorous species that can oppor-
tunistically visit flowers or be highly nectarivorous. Among
these, species within the genus Phyllostomus are recognized
as the third lineage in which nectarivory evolved indepen-
dently (Rojas et al., 2011). Previous studies have pointed
out the importance of nectarivory in this genus, especially
in Phyllostomus discolor, with 82.1% pollen and nectar
(Kalko et al., 1996), and 70.4% of pollen (Giannini &
Kalko, 2004) in the diet. P. discolor also presents an inter-
mediate foraging behavior between specialized nectarivor-
ous (hovering) and omnivorous phyllostomids (prolonged
landing), performing repeated and brief landings and take-
offs on flowers (Giannini & Brenes, 2001). The foraging
behavior of P. discolor gives it an advantage over other
omnivorous species, expanding the spectrum of flowers it
can visit. This is a consequence of, first, their greater
maneuverability, which allows them to access flowers that
are less exposed; and second, the shorter visits in which
they do not support their weight for a long time on the
flower, which allows accessing smaller flowers (Giannini &
Brenes, 2001). Like P. discolor, the specialized nectarivor-
ous pteropodids do not hover over the flowers, but land on
them (Fleming et al., 2009), showing that specialized nec-
tarivory in bats is not necessarily linked to hover-feeding.

Beyond its foraging behavior when visiting flowers,
there have been few studies on the potential morphological
adaptations related to P. discolor's high degree of nectariv-
ory. An important feature that has been recognized in this

species is its highly mobile and extensible tongue (23.5 mm
of maximum tongue protrusion), a morphological charac-
teristic shared with other specialized nectarivorous species
(Nicolay, 2001; Nicolay & Winter, 2006).

Previous studies have described specialized features of
the tongue morphology in Glossophaginae and Loncho-
phyllinae. These studies have shown how the challenges
of a nectarivorous habit have led to convergent or alterna-
tive solutions in each lineage. For example, Glossophaga
soricina (Glosophaginae) has a tongue that functions as a
hemodynamic nectar mop, with hair-like papillae that
become erect through blood flow, increasing surface area
and trapping nectar between them (Harper et al., 2013;
Tschapka et al., 2015). Meanwhile, Lonchophylla robusta
(Lonchophyllinae) exhibits lateral grooves in the tongue
through which the nectar is pumped to the mouth
(Tschapka et al., 2015). The tongue morphology of the
genus Phyllostomus remains undescribed.

Several comparative studies of cranial morphology have
sought to establish morphological differences among spe-
cialized nectarivorous bats, opportunistic flower-visiting
bats, and bats with other feeding habits. These studies have
found that specialized nectarivorous species have smaller,
more elongated, and narrower skulls (Dumont, 2004;
Freeman, 1995; Nicolay, 2001; Solmsen, 1998). Even in
omnivorous species that consume a lot of floral nectar (such
as P. discolor), cranial morphology shows remarkable differ-
ences from that of nectar-specialized species, as the biome-
chanical demands imposed on their skulls are different
(Cogan, 2002; Freeman, 1995). Additionally, the morphol-
ogy of the hard palate differs markedly among species with
different diets; palatine ridges vary in number and shape
and may form a wide or narrow groove. According to Park
and Hall (1951), the width of this palatal groove is related
to feeding habits; in nectarivorous species, the palatal
groove is wider and deeper, while in insectivorous and fru-
givorous species it is narrower and shallower. The func-
tional importance of palatal morphological features for
feeding has been recognized as aiding in ingestion and
helping squeeze juice from fruit pulp (Morrison, 1980;
Sreeranjini et al., 2010). Although a comparative cranial
study including other nectarivorous bat species and
P. discolor was carried out by Nicolay (2001), this skull anal-
ysis remains unpublished (not-peer reviewed), its cranial
morphology was not related to the high level of nectarivory
observed in this species. Also, no morphological description
of the surface tongue and palate of P. discolor or other
Phyllostominae species has been made before.

Clarifying how aspects of the morphology could be
associated with nectarivory is important for understanding
convergence and adaptation; the latter can help determine
the biophysical relationships coupling the evolution of
plants and pollinators. As a first approach to investigating
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morphological adaptations to nectarivory in the genus
Phyllostomus, and with the purpose of exploring potential
adaptations required to attain a nectarivorous diet, we pre-
sent detailed descriptions and comparisons of the cranial
and soft tissue components of the feeding apparatus of
P. discolor. We: (a) describe and compare tongue morphol-
ogy, including the papillae of the dorsal lingual surface
(b) describe the morphology of the hard palate and,
(c) perform a skull morphometric analysis comparing spe-
cialized nectarivorous, omnivorous, and carnivorous phyl-
lostomid species. We contrast the information on the diet
of P. discolor, reportedly as a highly nectarivorous species,
with information on the morphology potentially associ-
ated with the acquisition and ingestion of nectar.

2 | MATERIALS AND METHODS

2.1 | Specimen collection

We collected an adult, non-pregnant, non-lactating
female individual of Phyllostomus discolor at Hacienda La
Cabaña (Sede Cabaña) in the municipality of Cumaral, in
the foothills of the department of Meta, Colombia. This
individual was captured with mist nets, euthanized with
a lidocaine overdose, injected with ethanol and formalin,
and preserved in 70% ethanol. Prior to preservation, we
placed cotton wool in the mouth of the individual to keep
its mouth open and allow photographs and dissections.
The specimen was collected under the institutional Uni-
versidad Nacional de Colombia collection permit
(Number 0255, March 2014). We followed the IACUC
guidelines recommended by the American Society of
Mammalogists (Sikes & Animal Care and Use Committee
of the American Society of Mammalogists, 2016).

2.2 | Tongue morphology

To examine the tongue's surface and make a description and
identification of the papillae, we followed two procedures
after the tongue was dissected out from the specimen. First,
we photographed the tongue with an Olympus TG-4
(Olympus America Inc., New York, NY) camera using the
function of multiplane fusion in macro mode. Subsequently,
we prepared the tongue to perform scanning electron
microscopy. We fixed the tongue in 4% formaldehyde, dehy-
drated it in a critical point dryer, and gave it a metallic
coating of gold. Then, we obtained electronic scanning
microscopy images in the Laboratorio de Microscopía
Electr�onica de Barrido at the Universidad Nacional de
Colombia with an FEI Quanta 200 (FEI Company, Eindho-
ven, the Netherlands) scanning electron microscope operated

at an accelerating voltage of 30 kV and at direct magnifi-
cations up to 1,000�.

2.3 | Palate morphology

To evaluate whether there are features in the palate
that might play a role in the nectar-feeding process of
P. discolor, we observed the palate of the specimen
through a stereo microscope [NSZ-405] and took photo-
graphs with an Olympus TG-4 camera using a multiplane
fusion function in macro mode. From these observations,
we determined the number and position of ridges on the
hard palate.

2.4 | Cranial morphology

Morphological data collection. Our dataset was collected
from 210 skulls of 10 different species of the family Phyllos-
tomidae from the Colecci�on de Mamíferos “Alberto Cadena
García” at the Instituto de Ciencias Naturales—Universidad
Nacional de Colombia. Five species are specialized nectar-
feeding bats of the Glossophaginae (Anoura geoffroyi,
Choeroniscus godmani, and Glossophaga soricina) and
Lonchophyllinae (Lionycteris spurrelli and Lonchophylla
robusta) subfamilies. The other five species belong to the
Phyllostominae subfamily and are omnivorous (Phylloderma
stenops, Phyllostomus discolor, Phyllostomus elongatus, and
Phyllostomus hastatus) or predominantly carnivorous
(Chrotopterus auritus). The latter five species consume nec-
tar, at least occasionally, with this behavior being more pre-
dominant in the genus Phyllostomus (Munin et al., 2012;
Rojas et al., 2011). Most of the measured specimens were
collected in the departments of Meta and Casanare,
Colombia (A. geoffroyi, G. soricina, P. discolor, P. elongatus,
and P. hastatus); however, in those species where there were
only a few specimens, we measured specimens from other
localities to increase the sample size (C. godmani, C. auritus,
L. robusta, L. spurrelli, and P. stenops).

We took photos of the cranium in superior, lateral,
and ventral views, and mandible in superior and lateral
views of male and female adult individuals. Using ImageJ
(Schneider et al., 2012), we took 17 linear measurements
that capture the major morphological features of the
cranium and mandible (Figure 1), following standard
measuring criteria and landmarks (Solmsen, 1998).

Statistical analysis of morphological data. To explore
major patterns of variation in the morphometric data and
identify outliers, we calculated the mean and standard
deviation of each measurement by species and sex, and
the coefficient of variation (CV) for each variable follow-
ing Nicolay (2001). Given that sexual dimorphism has
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been reported in P. discolor (Power & Tamsitt, 1973;
Rodríguez-Posada & S�anchez-Palomino, 2009), and in
other phyllostomids (Nicolay, 2001), we also calculated
the geometric mean of all measurements for each individ-
ual and used this value to perform a t test to evaluate
sexual dimorphism in each species.

To control for unequal sample sizes among species, we
randomly subsampled the individuals per species to match
the one with the smallest sample size (n = 7). We then
used the morphometric data from these individuals in
principal component analyses (PCAs), which allowed us
to summarize morphological variables into fewer axes
and visualize morphological trends. Since body size is an
important trait in specialized nectarivorous bats (see
Section 3), we first conducted a PCA without size correc-
tion on the log-transformed data. We then conducted a
second PCA with size-corrected data; following Dumont
(2004), we divided the raw measurements of each individ-
ual by the geometric mean of all the skull measurements
for that individual, applied a logarithmic transformation,
and used these data in the PCA. Calculations were run
in Excel and statistical tests were performed in PAST
(Paleontological Statistics), version 4.08.

3 | RESULTS

3.1 | Tongue morphology

We found that the dorsal surface of the tongue of
Phyllostomus discolor is covered by different kinds of

FIGURE 1 Linear measurements used in this study: BL (basal length), CBL (condylobasal length), CC (width over incisors), CCL

(condylo-canine length), CH (height of coronoid process), GL (palate length), HSB (width of the braincase), HSH (height of braincase), IOB

(interorbital width), MB (mastoid width), MM (width over third upper molars), OZR (upper tooth row C-M3), POB (postorbital width), SGL

(total skull length), UZR (lower tooth row C-M3), UKL (mandible length), and ZB (zygomatic width) (Solmsen, 1998). Cranium and

mandible photos of a Phyllostomus discolor specimen from the Alberto Cadena mammal collection of the National University of Colombia.

Diagram modified from Solmsen (1998)

FIGURE 2 Schematic drawing of the dorsal surface of the

tongue of Phyllostomus discolor, based on gross morphology and

detailed micrographs. The tongue can be divided in three regions:

The lingual apex, the lingual body, and the lingual prominence.

Brf, branched filiform papillae; Hn, horny papillae; hl, hair-like

papillae; Fg, fungiform papillae; Fmf, filamentous filiform papillae
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papillae, each one found along different lingual regions
(Figure S1). We identified two types of papillae in the
macro photographs (Figure S1): (a) horny papillae
which are large and clumped near the tongue tip; and
(b) extremely elongated hair-like papillae, which are abun-
dant and protrude from the lingual edge. In contrast, five
types of papillae can be distinguished with scanning
electron micrographs (Figures 2 and 3): horny papillae,
filamentous filiform papillae, branched filiform papillae,
hair-like papillae, and fungiform papillae, all of which
exhibited different distributions across the lingual surface.

The dorsal surface of the tongue of P. discolor can be
divided in three regions: the apex, the body, and the prom-
inence. The lingual apex is covered by branched filiform
papillae, which are smaller and more densely packed at
the tongue tip than in the lingual body (Figures 2 and 3b).
In this region, the most apical branched filiform papillae
are flatter (lie more leveled with the tongue's surface) than
the ones found in the lingual body. In the medio-dorsal
apical region, there is a group of horny papillae (Figures 2
and 3a); anteriorly, there are three small horny papillae
(which are still larger than the branched filiform ones),
followed by a row of three larger horny papillae located
next to each other with a small papilla on each side, and
just behind, there is a row of other four horny papillae.
Both the branched filiform and the horny papillae are
directed caudally. It is important to note that from the

posterior portion of the apex, small hair-like papillae start
to appear laterally (Figure 2).

Hair-like papillae are present laterally throughout the
body of the tongue and become larger and more abun-
dant toward the middle region of the lingual body
(Figures 2 and 3c). These extremely elongated hair-like
papillae are flat dorsoventrally and end in an elongated,
flexible, and thin projection. At the base, they are ori-
ented towards the lingual apex, and their tips project out-
wardly and posteriorly from the surface. Other types of
papillae present in the lingual body are the branched fili-
form papillae on the medial portion and the filamentous
filiform papillae, distributed in the lateral and posterior
portions of the tongue (Figures 2, 3b,d). The filamentous
filiform papillae are conical and caudally directed. These
are longer and thinner than the branched filiform papil-
lae and consist of larger main papillae surrounded by
smaller pseudo-papillae, with little projections emerging
from the surface of the main papillae. Anteriorly, the fila-
mentous filiform papillae are shorter and fewer than
posteriorly. Surrounded by these filamentous filiform
papillae and by hair-like papillae, we find the fungiform
papillae distributed scattered along the lingual body
(Figures 2 and 3d). Finally, the lingual prominence is
covered by more densely distributed filamentous filiform
papillae, and by hair-like papillae just in the lateral
portion (Figure 2).

FIGURE 3 Scanning electron

micrograph of the dorsal tongue

papillae of Phyllostomus discolor. The

red arrowheads point to the anterior

part of the tongue. (a) Horny papillae

(Hn). Bar: 500 μm. (b) Branched filiform

papillae (Brf). Bar: 300 μm. (c) Hair-like

papillae (hl). Bar: 500 μm.

(d) Fungiform papillae (Fg) (arrow),

surrounded by filamentous filiform

papillae (Fmf). Bar: 100 μm
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3.2 | Palate morphology

The hard palate of P. discolor is slightly narrower rostrally
than caudally (Figure 4). There are six palatine ridges that
are thick and very pronounced. Ridges 1 and 6 are continu-
ous, while the others (2, 3, 4, and 5) are divided centrally.
Wart-like projections can be observed on ridges 1, 2, 3, and
4 (Figure 4). The inner portion of each half of ridges 2–5 is
attenuated and curved posteriorly. This morphology forms
a narrow and shallow groove in the middle of the palate.

3.3 | Cranial morphology

The number of individuals, the mean and SD for each
morphological variable per species and sex are shown in
Table S1. No measurement had a CV value greater than
10, so no measurement was eliminated from subsequent
analyses (Table S2). We only found significant differences
between sexes in Phyllostomus hastatus (t[29] = 5.795,
p < .001), the largest of the species sampled.

To visualize the size differences among all the species
studied, we generated box plots of the geometric mean cal-
culated for each individual. Box plots show a discernible
trend in size across diet categories (Figure 5). Specialized
nectarivorous species are significantly smaller than the
omnivorous and carnivorous species of the Phyllostominae
subfamily (t[208] = 27.951, p < .001). P. elongatus and
P. discolor are at the smaller end of omnivores, and both

species have been reported to include nectar in their diet
(Gardner, 1977), although there are fewer studies on the
diet of P. elongatus compared to P. discolor.

In the PCA conducted with the random sample of
seven individuals per species (including both males and
females) with a size adjustment using their geometric
means, we find that principal components (PC) 1 and
2 explain 66.904 and 18.807% of the total variation in the
samples, respectively. For PC1, the variables CH (height of
coronoid process) and MM (width over third upper molars)
have a strong positive loading, whereas GL (length of the
palate) have a strong negative loading. For PC2, the vari-
ables POB (postorbital width) and IOB (interorbital width)
have a strong positive loading (Table S3). Regarding the
distribution of the species in cranial morphospace, nectari-
vorous (negative scores; Glossophaginae and Lonchophylli-
nae) and omnivorous + carnivorous (positive scores;
Phyllostominae) species plot separately along PC1 (Figure
6). Along PC2, nectarivorous species and P. discolor plot
toward the zero point of the y-axis, whereas C. auritus,
P. hastatus, and P. elongatus plot further toward the nega-
tive side of this axis. P. stenops is the species most distant
from the others on the positive end of PC2 (Figure 6).
Higher scores on PC1 are related to shorter snouts, a taller
coronoid process, and a wider maxilla at the molar level;
meanwhile, higher scores on PC2, are related to wider

FIGURE 4 Hard palate of Phyllostomus discolor. Palatine

ridges are numbered in a rostral-caudal direction. Bar scale

of 5 mm

FIGURE 5 Box plots showing the geometric mean calculated

for each species. Skull size relationship between specialized

nectarivorous species and omnivorous and carnivorous species.

Number of individuals per species is shown above each box plot.

Dots above and below boxes represent outliers (points beyond

1.5 times the interquartile range)
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snouts at post and interorbital regions of the cranium. The
results obtained in the PCA of the data without size correc-
tion were very similar; we observed the same pattern of
separation of nectarivorous and omnivorous + carnivorous
species (Figure S2; Table S4).

4 | DISCUSSION

Previous studies have identified morphological adapta-
tions to nectarivory in bats that influence their nectar
extraction efficiency (Gonzalez-Terrazas et al., 2012;
Tschapka et al., 2015). However, specialized nectarivor-
ous species are not the only ones that feed on flowers;
there are other species that include floral nectar in their
diet in different proportions (Kalko et al., 1996). This
raises the question: what would the morphology of a gen-
eralist yet highly nectarivorous species such as P. discolor
look like? In this study, as a first approach, we examined
potential adaptations to nectarivory in Phyllostomus
discolor by means of morphological descriptions and
comparative morphometric analyses. In particular, we
were able to describe the presence of hair-like filiform
papillae on the tongue of P. discolor (Figure 3c). These
papillae may confer an advantage when extracting nectar
and therefore may be an adaptation to nectarivory in this
omnivorous species (Birt et al., 1997; Harper et al., 2013).

4.1 | Functional correlates of tongue
morphology

The tongue plays a crucial role in food intake and proces-
sing in vertebrates, exhibits tremendous morphological

and functional diversity and presents adaptations to environ-
mental conditions and the functional role it plays in each
stage of the feeding process (Iwasaki, 2002; Schwenk, 2000).
Mammals have two main classes of papillae according to
their function, some are involved in gustation and others ful-
fill mechanical functions such as food manipulation and
grooming (Pastor et al., 2008). In nectarivorous and hema-
tophagous bats, the tongue becomes the protagonist, as it is
the primary organ in food acquisition (Iwasaki et al., 2019).
Similar to P. discolor, species of the closely related subfamily
Glossophaginae such as L. yerbabuenae and G. soricina, have
horny papillae on the apical region of the tongue, bifid fili-
form papillae on the medial portion of the tongue, and hair-
like papillae on the lateral regions (Greenbaum & Phillips,
1974; Harper et al., 2013). These have been classified as
mechanical papillae that help with food manipulation
(Iwasaki, 2002). In G. soricina, the hair-like papillae are
arranged differently than in P. discolor, they are directed
toward the tongue's posterior part from the papillary base.
However, although the arrangement and shape of these
papillae differ from the ones in P. discolor—they are conical
in G. soricina (Harper et al., 2013) versus dorsoventrally flat-
tened in P. discolor—their architectural similarity suggests
that they fulfill the same role during nectar extraction.
Among phyllostomid nectar bats, elongated hair-like papil-
lae had only been observed in species belonging to the sub-
family Glossophaginae (Griffiths, 1982). These papillae are
essential for nectar collection by increasing the lingual
surface area and thus contributing to the adhesion of
more nectar than could be attained by viscous dipping of a
bare lingual body (Harper et al., 2013; Nasto et al., 2018).
Hair-like papillae have not been reported in other species of
hematophagous, insectivorous, or frugivorous bats (Griffiths,
1982; Park & Hall, 1951).

FIGURE 6 Morphospace of

the skulls of phyllostomid

species included in the analyses.

Plot shows the first two

principal component (PC) axes

based on size-adjusted skull

morphometric data (N = 7

individuals/species). Filled

symbols: Females; empty

symbols: Males; circles:

Nectarivores; triangles:

Omnivores and carnivores.

Photographs of the cranium and

mandible show the trends

across each axis. Taxa: PC1

(+Phyllostomus hastatus,

�Choeroniscus godmani), PC2

(+Phylloderma stenops,

�Chrotopterus auritus)
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The hair-like papillae in the tongue of P. discolor
(Figure 3c) are similar to those found in some nectar-
feeding species of the Pteropodidae bat family (Birt et al.,
1997). Birt et al. (1997) referred to these papillae as tip
filiform papillae because of their location in the tongue.
The tip filiform papillae are semi-rigid, elongated, and
often highly fringed papillae. These papillae are present in
opportunistic flower-visiting pteropodids (Pteropus
scapulatus, P. alecto, P. poliocephalus, and P. conspicillatus)
and one specialized nectarivorous pteropodid (Syconycteris
australis), being denser, elongated, and highly fringed in
the latter. The function of these papillae in the nectar-
feeding pteropodids seems to be increasing the surface area
and consequently collecting more nectar (Birt et al., 1997).
Although in those pteropodid bats the location of these
papillae differs from that seen in P. discolor, characteristics
such as orientation, length, thickness, and overall shape of
the papillae are very similar, especially in Syconycteris (the
specialized nectarivorous species). Previous studies have
carried out morphological studies of the lingual papillae of
other Old World fruit bats, without recognizing filiform
papillae morphologically similar to the tip-filiform papillae
mentioned above (Abumandour & El-Bakary, 2013; Emura
et al., 2001; Gunawan et al., 2020; Igbokwe et al., 2021).
The great morphological similarity between these two types
of papillae and their relationship with the nectarivorous
habit suggests ecomorphological convergence between
some pteropodidae species and P. discolor.

There are also similarities in the lingual surface
morphology of P. discolor compared to opportunistic,
flower-visiting species such as Artibeus jamaicensis and
Carollia perspicillata. These facultatively nectarivorous
species share with P. discolor some types of papillae, such
as the fungiform, bifid, and horny papillae (Figures 2 and
3) (Griffiths, 1982; Park & Hall, 1951). However, these
opportunistic flower-visiting species do not have the tip
filiform papillae, or the hair-like papillae found in nectar-
ivorous species and described here for P. discolor. These
opportunistic nectarivores also lack elongated and thin
papillae that extend beyond the edge of the tongue,
which could aid in nectar extraction and potentially
improve the efficiency of nectar consumption like the
ones found in Glossophaginae. Overall, our findings
highlight the potential functional role of the tongue for
nectar feeding in P. discolor. Although its morphology is
not highly specialized compared to other dedicated nec-
tarivorous phyllostomids, as it cannot extend its tongue
proportionally as far as glossophagines (Nicolay, 2001;
Nicolay & Winter, 2006), and its hair-like papillae are not
as long as those of G. soricina when comparing with
Harper et al. (2013). The morphology of P. discolor likely
confers higher efficiency in extracting nectar when com-
pared to opportunistic flower-visiting bats.

4.2 | Palate morphology

The hard palate is involved in food processing in different
ways and in most mammals the palate surface is cover by
ridges (Hiiemae, 2000). It participates in the retention of
food inside the mouth—preventing spillage of liquid or
semisolid foods—(Hiiemae, 2000), it is also involved in
squeezing small pieces of food—e.g., fruit—and liquids
from the tongue (Morrison, 1980; Richardson et al., 1986);
and passing the ingesta backwards to be swallowed
(Sreeranjini et al., 2010). The morphology of the palate
surface differs markedly among species of bats, and it is
considered to be related to their particular diets (Park &
Hall, 1951). Park and Hall (1951), described the morphol-
ogy of the hard palate of several bat species, highlighting
that the width of the groove formed between the palatine
ridges may be related to feeding habit; specialized nectari-
vorous species have a broader and deeper central groove
than both insectivorous and frugivorous species. We
hypothesize that this larger groove in nectarivorous spe-
cies may help collect nectar as it is wrung out from the
tongue surface and then direct the liquid toward the
throat. However, studies on how the nectar is extracted
from the tongue once inside the mouth are needed. It is
also essential to establish whether the features of the hard
palate, that Park and Hall (1951) identified for some nec-
tarivorous bats, are observed in other specialized nectari-
vores. We find that P. discolor does not have a deep palatal
groove as is described in specialized nectarivorous species
(Figure 4). This indicates that in P. discolor the nectar may
be directed to the throat in another way.

Palatal ridges are important in the feeding process of
some fruit bats, as they squeeze the fruit pulp with their
tongue against the hard palate to extract the energy-rich
juices from indigestible plant matter (Morrison, 1980). In
P. discolor, the palatal ridges are pronounced; hypotheti-
cally, these ridges could help squeeze nectar from the lat-
eral hair-like papillae in the tongue surface while the
tongue is extended for the next lick. As seen in other
mammals drinking, where by pressing the tongue against
the palate, the grooves help to squeeze the liquid from
the tongue surface and retain the liquid inside the mouth
before it is directed down the throat (Crompton &
Musinsky, 2011; Richardson et al., 1986). These ridges
may be also involved in the processing of fruit in
P. discolor, as has been reported in frugivorous bats
(Morrison, 1980; Mqokeli & Downs, 2013).

4.3 | Skull morphology

Diet is a highly relevant factor in shaping cranial mor-
phology in bats and other vertebrates (Santana et al.,
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2012; Van Cakenberghe et al., 2002), as well as other
aspects of behavioral or sensory ecology, such as echoloca-
tion (Giacomini et al., 2022; Jacobs et al., 2014; Thiagavel
et al., 2017). Both the morphology and biomechanics asso-
ciated with feeding are influenced by the physical proper-
ties of food items and the acquisition and processing
behaviors used by each species (Santana et al., 2012;
Villalobos-Chaves & Santana, 2022). The family Phyllosto-
midae exhibits an extraordinary diversity of diets among
mammals, spanning from liquid foods such as nectar and
blood to solid and hard foods such as insects, hard fruits,
and other vertebrates. Diet has strongly selected for spe-
cific morphological characteristics in the skull (Santana
et al., 2012). For example, a nectarivorous diet is associated
with long and narrow snouts (Freeman, 1995), and the
converse is true for species that feed on diets consisting of
tough items. However, not all nectarivorous bats have
similar morphologies; as described by Cogan (2002) for
Pteropodidae bats, the presence of certain traits may
depend on other factors such as body size and the inclusion
of hard food items in the diet.

In our comparative morphometric analyses of skulls,
especially in the size-adjusted PCA, we observe a pattern
of separation between nectarivorous and omnivorous
+ carnivorous species (along PC1, Figure 6), in which
nectarivorous species show longer palates, narrower
snouts at the molars, and shorter coronoid processes.
Additionally, P. discolor and specialized nectarivores have
a similar distribution, showing intermediate inter- and
postorbital distances when compared to the rest of the
species (PC2, Figure 6). Previous studies have shown that
nectarivorous species have long and narrow palates that
accommodate the long tongue used in nectar feeding
(Freeman, 1998), and may correspond to slender snouts
that fit deeper inside floral corollas. Conversely, omnivo-
rous species show an intermediate palate morphology
between the long and narrow palates of nectarivorous
species, and the short and broad palates of frugivorous
species—which are related to high bite forces—(Dumont,
1997, 2004, 2007; Santana et al., 2010). P. discolor has a
long, protrusible tongue (Nicolay, 2001; Nicolay & Win-
ter, 2006), and a long and narrow snout/palate could also
be beneficial for nectarivory. However, this species also
maintains a diet rich in fruits and insects, and even small
vertebrates such as frogs (Howell & Burch, 1973; Uieda &
Hayashi, 1996). This could place selective pressures to
maintain a bite force capable of processing the range of
items in its diet, potentially preventing the evolution of
more slender snouts. Similarly, P discolor and the other
omnivorous + carnivorous species possess a taller coro-
noid process compared to that of more specialized nectar-
ivorous species. A taller coronoid process is associated
with the production of higher bite force, as it provides

greater attachment area for the temporalis muscle (Dumont,
2004). Therefore, this feature potentially gives these species
the bite force needed to access a greater diversity of food
resources. Altogether, the skull morphology of P. discolor
may exemplify a balance between morphological specializa-
tion for nectarivory without compromising its ability to
switch to other food items.

Our comparative morphometric analysis of skulls
without size adjustment also highlights a separation
between nectarivorous species, which are all smaller than
the omnivorous (including P. discolor) and carnivorous
ones (PC1, Figure S2). Size may be as important in terms
of morphological specialization to nectarivory as the
elongation and narrowing of the snout (Dumont, 2004;
Nicolay, 2001). Smaller plant-visiting phyllostomids tend
to show more specialized cranial morphology than larger
plant-visiting pteropodids, which has been related to the
different selection pressures they might be subjected to
-due to their smaller body size (Dumont, 2004). Phyllosto-
mus discolor is a relatively large species with a propor-
tionally higher bite force than specialized nectarivorous
phyllostomids (Aguirre et al., 2002) since bite force is sig-
nificantly correlated with body size. Therefore, it can
potentially access a greater diversity of food resources.
Like nectarivorous pteropodids, P. discolor may not be
under the same selective pressure regime as smaller spe-
cies to develop cranial morphological specializations to
optimize nectar consumption.

Lastly, it is important to consider, for the interpreta-
tion of the results, the possible non-independence of the
data points in the PCAs due to phylogenetic inertia
(Hansen & Orzack, 2005). Since omnivorous and nectari-
vorous species belong to different subfamilies, the mor-
phological differences of the skull that we found between
those guilds may be due to their evolutionary history and
not only to adaptation to different diets. Therefore, future
analyses incorporating more species and larger dietary
diversity, under the scope of phylogenetic comparative
methods are warranted.

4.4 | Conclusions and future directions

Previously, the genus Phyllostomus has been recognized as
one of the bat lineages in which nectarivory evolved inde-
pendently as a main feeding habit, yet still remaining largely
omnivorous (Rojas et al., 2011). Although P. discolor is not
considered to be an ecologically specialized nectarivore, here
we demonstrate that it has morphological adaptations
potentially related to nectarivory that are convergent with
those found in specialized nectarivorous bats, including fea-
tures in its tongue morphology, and subtle modifications of
the cranium. Certainly, the surface morphology of the
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tongue of P. discolor, with the presence of hair-like papil-
lae, would make P. discolor more efficient at nectar-
feeding compared to species that lack this morphology,
and have been reported to only exploit nectar opportunis-
tically (Howell & Hodgkin, 1976). Although the morpho-
logical description of one individual here appears to be
sufficient to describe the structures observed in the tongue
and palate of P. discolor, it would be important to know if
there is morphological variation between populations
associated with diet differences in this species. Future
studies should examine this idea, along with the actual
function of the elongated hair-like papillae in nectar col-
lection and the role of the palatal ridges during the feeding
process. In addition, it would be essential to study the ton-
gue and hard palate morphology in the other species of
the genus Phyllostomus, since floral nectar is recognized
as an important dietary item for the entire genus, with
various degrees of dependence (Rojas et al., 2011).
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