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Introduction

Phyllostomid bats are known for their spectacular radiation into distinct dietary
niches. But not all phyllostomids are specialists; many phyllostomid species have
quite generalized diets. Historically, the generalist phyllostomids fell within the
subfamily Phyllostominae, a diverse group that primarily hunts insects and small
vertebrates such as frogs, lizards, birds, rodents, and other species of bats. This now
paraphyletic group consists of over 30 species. While this group is characterized by
predators with broad, generalized diets, many of these species have distinct, spe-
cialized foraging strategies. In this chapter, we will discuss the apparent paradox of
these generalist predators: bats that can be classified as dietary generalists, broadly
overlapping with one another in the prey they consume, but often possessing quite
specialized foraging adaptations and distinct behavioral strategies for prey finding. To
untangle the puzzle of this understudied and historically elusive group of generalist
predators, we examine the influences of diet breadth on hunting behavior, spatial dis-
tribution, conservation concern, and morphology.

Phyllostomids are the most ecologically diverse of any of the mammalian families
(Freeman 2000; Gould 1976). Their diets range from insects to fish, frogs, lizards, ro-
dents, bats, birds, fruits, pollen, nectar, and blood (Kalko et al. 1996). Phyllostomids
offer stunning examples of extreme specialization, including the nectar-feeding bat,
Anoura fistulata, with a tongue 150% the length of its body, perfectly matched to the
Centropogon nigricans flowers it pollinates (Muchhala 2006; Muchhala and Tschapka,
chap. 16, this vol.), or the vampire bat, Desmodus rotundus, an obligate blood feeder
with heat-sensing pit organs on its face, which allow it to localize blood vessels from
which to feed (Gracheva et al. 2011; Hermanson and Carter, chap. 15, this vol,;
Kurten and Schmidt 1982).

But within phyllostomids, beyond the broad categories of frugivore, nectarivore,
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and sanguivore, finer-scale categorization becomes difficult. The remaining phyllosto-
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mid bats form a group we refer to as the “animalivorous
phyllostomids.” These are predators that consume a
wide array of animal prey, from small insects to large
vertebrates. This group includes a wide array of body
sizes, from Vampyrum spectrum, the largest bat (~175 g)
in the New World, that hunts birds as large as motmots
(Vehrencamp et al. 1977), to Micronycteris microtis
(~6 g), a tiny bat that consumes well-defended katydids
as long as itself (Kalka and Kalko 2006). Despite these
differences, there are clear characteristics that unite
this group. A large portion of the diet of animalivorous
phyllostomids consists of insects, small vertebrates,
or both, with a strong trend towards broad, generalist
diets. While no longer considered monophyletic, the
animalivorous phyllostomids are currently phylogenet-
ically clustered in three distinct clades, the subfamilies
Phyllostominae, Micronycterinae, and Lonchorhininae
(Rojas et al. 2016; plate 3).

A number of researchers have tried to make sense of
the diversity of this group by categorizing its members
into guilds, or functional groups of species sharing sim-
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ilar adaptations (Denzinger and Schnitzler 2013; Kalko
et al. 1996). Humphrey et al. (1983), for example,
suggested that the generalist, animal-eating phyllosto-
mids represent two distinct guilds, an insectivorous
group, primarily consuming insects, and a carnivo-
rous group, primarily consuming vertebrates. Currently,
however, it is agreed that the animal-eating phyllosto-
mids actually represent a single diverse guild that vary
in the proportion of their diet that is insectivorous ver-
sus carnivorous (Giannini and Kalko 2005). Giannini
and Kalko’s (2005) dietary-structure study of these bats
reveals a continuum, with carnivory gradually replacing
insectivory as bat body size, and correspondingly, prey
body size, increases (fig. 14.1). Indeed, Freeman (1984,
403) argues that “there is no distinct boundary where
insectivory ends and carnivory begins,” adding that
“flesh-eating bats are often bigger versions” of smaller
insectivorous bats.

Over the years, a wide range of names has been
applied to this group of generalist phyllostomids, with
different species included and excluded. Names for
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Figure 14.1. Scaling of predators and prey showing a trend for increased carnivory as a function of increased body size (Giannini and Kalko 2005).
While animalivorous phyllostomids follow this trend, they also show a great deal of flexibility and variation, with the smallest species in this group,
Micronycteris microtis, consuming reptiles such as anoles in addition to insects, and the largest species, Vampyrum spectrum, while almost completely
carnivorous, also consuming insects such as beetles. In general, we see broad generalist diets across the animalivorous phyllostomids, with the larger
bat species consuming larger prey items, and the proportion of carnivory increasing with increasing body size. Drawings by Damond Kyllo.
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this group and proposed subgroups have included car-
nivores (Freeman 1984; Santana and Cheung 2016),
gleaning carnivores (Bonaccorso 1979), insectivores
(Arita 1993; Freeman 1984), insectivore/carnivores
(Humpbhrey et al. 1983), omnivores (Garcia-Morales
et al. 2013), animalivores (Giannini and Kalko 2005),
or combinations thereof. In this chapter, we argue that
struggles to identify common characteristics of this
group and lack of consensus in classifying the group
as a single diverse guild have hindered attempts at
comprehensive study. A primary goal of this chapter,
therefore, is to unravel some of the puzzles associated
with this elusive group, identify common features unit-
ing it, and lay the groundwork for research to come.
For the remainder of this chapter, we will refer to this
continuum of generalist bats as a single, diverse guild:
the animalivorous phyllostomids.

The animalivorous phyllostomids present something
of a paradox. Most species in this group possess broad,
generalized diets (albeit some more extreme than oth-
ers) but highly derived, specialized hunting strategies.
For example, species such as Lophostoma silvicolum,
Tonatia saurophila, and Trachops cirrhosus (discussed
in one of our case studies below), eavesdrop on the
acoustic cues emitted by their prey (Falk et al. 2015).
While all three species exhibit this specialized hunting
strategy, the prey that they consume range from insects
to frogs to small mammals (Giannini and Kalko 2005).

The majority of the animalivorous phyllostomids
are substrate gleaners, picking their prey off of surfaces
such as vegetation. However, the group also includes
bats that hunt airborne prey and trawl prey from the
water, such as Macrophyllum macrophyllum, which has a
distinct foraging adaptation, specialized for its foraging
niche. Convergent with aerial insectivores that use short
echolocation calls at a high repetition rate at the final
stage of attack to gather information on prey location,
M. macrophyllum employs a “terminal buzz” to localize
small insect prey on the water surface (by trawling) or
just above the water surface (by aerial hawking) (Wein-
beer and Kalko 2007). Macrophyllum macrophyllum’s
specialized foraging technique has expanded the range
of prey items available to it. Thus, like other animalivo-
rous phyllostomids, M. macrophyllum has a relatively
generalized diet but a specialized foraging strategy.

Another example of wide diet breadth but special-
ized foraging strategy is M. microtis. While it may oc-

casionally use prey mating signals as its eavesdropping
relatives do (Falk et al. 2015), its primary mode of prey
localization is echolocation (Geipel, Jung et al. 2013).
Through a series of elegantly designed experiments,
Geipel, Jung, and colleagues (2013) discovered that
M. microtis can use echolocation alone to pinpoint
silent, motionless prey amidst the clutter of the forest
understory. This feat was previously considered im-
possible, given the echo overlap between prey and the
surrounding forest foliage (Neuweiler 1989; Schnitzler
and Kalko 1998). Micronycteris microtis uses a distinct
stereotypical hovering flight search behavior, coupled
with the production of short, multiharmonic, broad-
band echolocation calls (Geipel, Jung et al. 2013). As
with the examples outlined above, M. microtis’s special-
ized foraging behavior gives it access to a broad range of
prey species, from dragonflies to spiders to caterpillars
to anolis lizards (Santana et al. 2011). So while it is a
highly specialized bat with a unique foraging specializa-
tion, its diet is characteristically broad.

The examples above illustrate the feature that we
feel best characterizes the animalivorous phyllostomid
group: bats that have broad, overlapping diets but dis-
tinctly specialized foraging strategies. Diet breadth also
varies in this group (Giannini and Kalko 2005). Phyllo-
stomus hastatus is at one end, consuming an extremely
broad diet from pollen to insects to rodents (Gardner
1977; Santos et al. 2003); we will discuss this bat in de-
tail in a case study later in the chapter. In contrast, other
animalivorous phyllostomids have much narrower
diets: Lophostoma silvicolum, for example, consumes
exclusively insects, albeit from a diverse range of taxa
(Giannini and Kalko 2005).

In the remainder of the chapter we will identify
common attributes of animalivorous phyllostomid bats
that unite this group behaviorally, morphologically, and
ecologically. Our goal is to bring together key findings
across this eclectic guild and identify avenues for future
research.

Morphology
Body Size

In general, the larger the bat, the larger its prey (Nor-
berg and Fenton 1988). In the animalivorous phyl-
lostomids, large bats can subdue and consume large
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prey items such as birds and terrestrial vertebrates,
while smaller bats tend to eat smaller vertebrates and
more insects. The degree of carnivory in this family is
strongly correlated with body size (Giannini and Kalko
2005S). The largest of the Neotropical gleaners are
phyllostomids and are almost exclusively carnivorous:
V. spectrum and Chrotopterus auritus. Vampyrum spec-
trum weighs around 170 g and feeds primarily on ro-
dents, birds, and other bat species (Bonato et al. 2004;
Gardner 1977; Navarro and Wilson 1982). Chrotopterus
auritus is about 75 g and eats rodents, opossums, bats,
birds, lizards, and anurans (Medellin 1988). However,
in keeping with the wide diet breadth characteristic of
this animalivorous phyllostomid group, both V. spec-
trum and C. auritus also include insect prey in their
diets (Coleoptera: Bonato et al. 2004). The smaller
T. cirrhosus, approximately 30 g, has a diet consisting
of around 20-40% vertebrates and 60-80% insects
(Bonoto et al. 2004; Giannini and Kalko 2005).

There are also interesting deviations from this size-
diet trend within animalivorous phyllostomids. For
instance, P. hastatus is the one of the largest bat species
in the Neotropics, weighing approximately 105 g, but
it largely consumes fruits and insects, with only mi-
nor components of its diet consisting of vertebrates
(Santos et al. 2003). Similarly, L. silvicolum, which is
comparable in size to T. cirrhosus, is not known to con-
sume any vertebrate prey (Giannini and Kalko 2005).
Perhaps the most extreme example is M. microtis,
which weighs only ~6 g but consumes both vertebrate
and invertebrate prey, making it the world’s smallest
carnivorous bat (Santana et al. 2011). So while most
of the roughly 30 species in the animalivorous phyl-
lostomid guild exhibit increasing carnivory with in-
creasing body size, we see exceptions on both ends of
the spectrum: large bats that are largely insectivorous
(or omnivorous, also consuming fruit), and small bats
preying on vertebrates.

Functionally, body size in bats reflects at least one
strong trade-off, especially for predatory bats (Stock-
well 2001). Larger body sizes may increase dietary
niche breadth but can also significantly decrease
maneuverability (Fenton 1990; Giannini and Kalko
2005; Stockwell 2001). The costs of increased size on
flight performance may necessitate detection of prey at
greater distances (Rosenzweig 1968). Within the ani-
malivorous phyllostomids, other aspects of morphol-
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ogy, sensory ecology, and behavior may help to offset
these costs. We expand on each of these topics in the
sections that follow.

Ears

Ears are perhaps the most conspicuous and varied fea-
tures of bats (Obrist et al. 1993). Because all species of
Yangochiropteran bats (the suborder to which the phyl-
lostomid bats belong) interact with their environments
primarily via sound, ears can have a significant effect on
foraging performance in bats and often serve as reliable
predictors of adaptive trade-offs between foraging and
flying (Dechmann et al. 2006; Fenton and Bogdano-
wicz 2002; Gardiner et al. 2011).

For species that glean from substrates, echoacoustic
information about prey on surfaces is typically severely
degraded and difficult to detect due to echo clutter
from the surrounding vegetation (Neuweiler 1983).
Rather than relying on echolocation to locate prey,
many gleaners listen for the sounds that prey gener-
ate while moving (Coles et al. 1989; Fiedler 1979) or
signaling to mates (e.g., Tuttle and Ryan 1981). Large
pinnae (external ears) help facilitate this departure
from echolocation-based foraging by amplifying the
faint, low-frequency sounds emanating from moving
prey (Coles et al. 1989; Gardiner et al. 2011). Indeed,
gleaning animalivores from disparate families have
independently evolved spectacularly large ears. For
example, megadermatids (Megadermatidae), which
are more closely related to Old World fruit bats than to
phyllostomids, have the largest pinnae among bats and
look remarkably similar to the gleaning animalivorous
phyllostomids (Neuweiler et al. 1984; fig. 14.2).

Gleaning animalivorous phyllostomids tend to have
larger ears than their non-gleaning relatives (Gardiner
et al. 2011; fig. 14.2). Because gleaning animalivores
are not monophyletic within this family (plate 3), it
is likely that evolution has favored large ears among
the gleaning bats. For example, the common vampire
bat, Desmodus rotundus (a strict sanguivore and not
included in the animalivorous phyllostomid group),
has small ears in relation to body size and is considered
an outlier for ear size in a comparative study across 12
families and 98 species (Gardiner et al. 2011). Because
the genus Desmodus has evolved within the group of an-
imalivorous gleaners (plate 3), evidence suggests that
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Figure 14.2. Portraits illustrating the ear morphologies of non-gleaning phyllostomid bats, gleaning phyllostomid bats, and gleaning bats from other

families. Chrotopterus auritus, Lophostoma silvicolum, Micronycteris microtis (all Phyllostomidae), and Megaderma spasma, Nycteris tragata, and Hipposide-

ros pomona (from the phylogenetically distant families of Megadermatidae, Nycteridae, and Hipposideridae, respectively) all have large, rounded pinna,

ideal for eavesdropping on prey-emitted sounds. The physical likeness among these species is striking, despite differences in body size and, for the three

examples in the far right column, phylogenetic distance. As Freeman (1984) points out, the larger species of gleaning bats seem to simply be “bigger

versions” of the smaller species. In contrast, the three non-gleaning phyllostomids, exemplified here with a frugivore (Artibeus jamaicensis), a sanguivore

(Desmodus rotundus), and a nectarivore (Glossophaga soricina), though much more closely related to the gleaning phyllostomids, have very different

facial morphologies with much smaller ears. Approximate body weights are noted in parentheses. Photos by Marco Tschapka and Merlin Tuttle.

ear size is not a phylogenetically conserved trait within
this lineage but, rather, represents an adaptive feature
related to foraging behavior.

Large ears incur costs to flight stability and agility
(Gardiner et al. 2011); they increase drag during flight,
with the longest-eared bats incurring the greatest ear

aerodynamic cost, especially at higher flight speeds
(Fenton 1972; Norberg 1976). Because flight is ener-
getically costly and large ears impede flight, for glean-
ing phyllostomids this trade-off must pay off: large
ears must be an effective adaptation for detecting prey-
emitted sounds (Maina 2000).

The Omnivore’s Dilemma
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Bite Force

Bite force in bats is an important predictor of what is
included in the diets of different species and is largely
predicted by cranial morphology (Aguirre et al. 2003;
Freeman 1984 ). Increasing bite force has the potential
to broaden available prey types (Aguirre et al. 2003).
Bite force in bats is likely to be under extreme selection
pressure relative to other mammals, as most bats are
unable to manipulate and subdue prey items with their
forelimbs (Vandoros and Dumont 2004).

The evolution of bite force can be shaped by changes
in cranial shape that maximize mechanical advantage,
muscle anatomy modifications that result in high
force production, or both (Vandoros and Dumont
2004). Within phyllostomids, several key morpho-
logical changes have been shown to correspond with
bite force and dietary specialization (Dumont 1997).
For example, the false vampire bat (V. spectrum) has
an immense skull equipped with sharp canine teeth
and shearing molars, which aid with the crushing of
bones and cutting of flesh (Feldhamer et al. 2015). In
frugivores, the rostrum (or snout) has typically become
shorter, whereas in nectarivores, it has lengthened (Du-
mont 1997). Within the animalivorous phyllostomids,
skull morphology tends to be similar across animalivo-
rous diets (Arbour et al. 2019).

The maximum bite force that different phyllostomid
species can produce is correlated with the hardness
of food items in their diets, with harder items corre-
sponding to higher bite forces (Aguirre et al. 2003).
This is particularly important for bats that eat hard
insects and bony vertebrates. Bats that consume hard-
shelled arthropods and vertebrates typically have wider
skulls and stout jaws, which allow for more powerful
bite force (Freeman 1984). While there is a positive
correlation between bite force and shorter rostra in
insectivorous and frugivorous phyllostomids, most
animalivores have relatively long rostrums (Nogueria
et al. 2009). Conversely, Giannini and Kalko (2005)
have found that the gleaning insectivorous and carnivo-
rous bats in this family do not have cranial morphology
consistent with the consumption of hard-bodied prey,
even though most have a large portion of Coleoptera
in their diet (21-56%), which are among the hardest of
the prey consumed in this family (Giannini and Kalko
2005).

Chapter Fourteen

Most mammals are also able to modulate their bite
force through behavioral modifications, such as biting
with posterior or anterior teeth (Santana and Dumont
2009). This interaction between behavior and per-
formance may have played a large role in the diversity
within this order (Jones et al. 2005). It is possible that
variation in diet in animalivorous phyllostomids is due
to selection for behavioral traits that overcome mor-
phological limitations, allowing for further partitioning
of resources (Giannini and Kalko 200S; Santana and
Dumont 2009).

For example, M. microtis has an elevated bite force
and performance plasticity that seems to have allowed
it to expand its diet to include both invertebrates and
vertebrates of varying degrees of hardness (Santana
et al. 2011). Although it uses its molars when eating all
prey types, M. microtis changes its feeding behavior in
other ways, such as by changing the number of bites per
prey item depending on prey hardness (Santana et al.
2011). Other animalivorous phyllostomids with nar-
rower diets, such as T. saurophila and Gardnernycteris
crenulatum, have been found to have lower plasticity in
bite force (Santana et al. 2011).

Wing Size and Shape

One can tell a great deal about the types of environ-
ments that bats inhabit and the type of food that they
eat by examining their wings (Aldridge and Rauten-
back 1987; Norberg and Rayner 1987). Bat that forage
in highly cluttered habitats tend to have short, broad
wings with low aspect ratio (wing span®/wing area)
and low wing loading (weight/wing area) (Aldridge
and Rautenbach 1987; Norberg and Rayner 1987). Bats
that must achieve high flight speeds to forage on flying
insects typically have long, slender wings with high
aspect ratios and above-average wing loading (Norberg
and Rayner 1987).

Most phyllostomids, regardless of their foraging
guild, forage within the forest understory (Schnitzler
and Kalko 1998). Neotropical forests are character-
ized by a high density of obstacles such as trees, lianas,
branches, and other vegetation. As a result, most phyl-
lostomids have low wing loading and low wing aspect
ratios compared to other bat families (Norberg and
Rayner 1987).

Within Phyllostomidae are subtler differences in
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wing shape and loading that vary according to diet and
are more readily predicted based on foraging guild.
Animalivorous phyllostomids are characterized by
lower wing loading than most other phyllostomids and
have longer, pointed wing tips (Norberg and Fenton
1988; Norberg and Rayner 1987). This is especially
true for the larger phyllostomids, such as V. spectrum
and C. auritus, which need very slow and maneuverable
flight for foraging among clutter and flying with heavy
prey (Norberg and Fenton 1988; Norberg and Rayner
1987).

Gleaning insectivorous bats may also differ in wing
morphology based on whether they are hover-gleaners
that take prey items from vegetation in the understory
or ground-gleaners that take prey from the ground.
Hover-gleaning is common for most of the smaller
insectivorous phyllostomids and can be characterized
by longer wings with low wing loading and rounded
wingtips (Norberg and Rayner 1987). These features
help them to maneuver in dense foliage over vegetation
to find and capture their prey. Ground-gleaning bats
typically have the added challenge of needing to take off
from the ground with heavy prey in their mouths, and
low wing loading is necessary to assist in takeoff (Nor-
berg and Rayner 1987). For example, T. cirrhosus has
low wing loading and a low aspect ratio, which likely
aids in the slow and maneuverable flight necessary to
glean frogs and insects from water or foliage and then
take off with them (Barclay et al. 1981; Norberg and
Rayner 1987). This has also been shown experimentally
for Lophostoma silvicolum, which forages almost exclu-
sively on large orthopterans (Stockwell 2001).

Cognition and Behavior
Behavioral Flexibility versus Stereotypy

Reliance on learning can be costly. Energy and neural
space are needed to process and store memories. It
also may be risky to sample the environment in trial-
and-error learning or to rely on potentially unreliable
information in social learning (Burns et al. 2010; Dukas
1999; Safi and Dechmann 2005). Thus if a stereotyped,
innate behavior can evolve for catching food, it may
be less costly than reliance on learning (Dukas 1999).
Stereotypy may be favored if all prey items have similar
handling requirements and are consistently available

(Dukas 1998). Flexibility and learning, in contrast, are
thought to be advantageous in heterogeneous and vari-
able conditions, because animals can adapt to current
conditions more quickly (Dukas 1998).

Animalivorous phyllostomids eat a wide variety
of prey species and even within a prey type, such as
katydids, different species vary radically in size and
antipredator defenses (ter Hofstede et al. 2017). Given
diets that include food items that may vary seasonally
and involve very different handling approaches, we
predict that animalivorous phyllostomids are likely to
rely relatively more heavily on learning than on innate
foraging behaviors. There is little empirical research on
variation in propensity to learn in phyllostomids, but
the question has been addressed in vespertilionids of
the genus Myotis (Clarin et al. 2013). Clarin and col-
leagues (2013) found that species that forage in open
space areas learned a complex maze task more slowly
than species that hunt their prey by gleaning or foraging
in the cluttered forest understory. Within animalivorous
phyllostomids, we predict that species with more varied
diets (e.g., P. hastatus, T. cirrhosus, Mimon bennettii) rely
more on learning than those with narrower diets (e.g.,
M. macrophyllum, Lonchorina aurita) (fig. 14.1).

Another major factor that may affect the evolution of
learning is whether there is mutualistic or antagonistic
evolution between a consumer and its food. Many phy-
tophagous phyllostomids provide essential pollination
or seed dispersal services for their food plants, which
puts selection pressure on the plants to be more easily
found by bats (Chittka and Raine 2006; Kunz et al.
2011; Ross and Holderied 2013). Indeed, some plants
provide echoacoustically conspicuous “guides” to aid
detection and approach by their bat mutualists or even
alter their echoacoustic properties to indicate that a
flower has already been visited (Schéner et al. 2015;
von Helversen and von Helversen 1999).

In contrast, predatory bats impose strong negative
selection pressures on the species that they eat. Their
prey may respond with increased crypsis or antipreda-
tor defenses (ter Hofstede and Ratcliffe 2016). For ex-
ample, animalivorous phyllostomids such as M. microtis,
T. saurophila, L. silvicolum, and T. cirrhosus prey on Neo-
tropical katydids (Belwood and Morris 1987; Falk et al.
201S; Tuttle et al. 1985). In turn, katydids have evolved
a suite of physical and behavioral defenses, including
calling from protected perches, communicating with
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substrate-borne vibratory signals rather than calling,
ceasing to call when they hear bat echolocation calls,
and calling infrequently overall (see ter Hofstede et al.
2017 for review). Because animalivorous phyllostomids
are confronted with prey that do not “want” to be eaten,
they may be under strong selection for behavioral flex-
ibility, which may enable these predators to overcome
the many defenses of their prey.

Social Learning

Social learning may be more dictated by social structure
than by foraging strategy (see section on P. hastatus’s
vocal learning in the second case study in this chapter),
but the type of foraging may also influence the extent
to which species use social information (Lachmann
et al. 2000). Like other kinds of learning, social learn-
ing is more likely when trial-and-error learning is risky
and when prey is variable, difficult to detect, or hard
to handle (Thorten and Clutton-Brock 2011). There is
indirect evidence of vertical transmission of foraging in-
formation from mothers to their young in animalivorous
phyllostomids. As previously mentioned, M. microtis
has a complex foraging strategy wherein it gleans a wide
variety of silent and motionless prey from vegetation
(Geipel, Jung et al. 2013). These prey items are often
well-defended and large, relative to the size of the bat.
Mothers provision their young with pieces of food for
months, which may teach juveniles prey-handling skills
(Geipel, Kalko et al. 2013). Trachops cirrhosus juveniles
seem to forage close to their mothers after they are vo-
lant, which may also allow them to learn foraging skills
(Ripperger et al. 2016). It is unknown whether these
animals can learn to hunt on their own, or whether this
type of social learning is an essential element of growing
up for the species. Captive rearing studies will be neces-
sary to further understand these issues.

Horizontal transmission of information has also
been found in animalivorous phyllostomids: T. cirrhosus
learns a novel foraging task more quickly when exposed
to experienced conspecifics (Page and Ryan 2006)
but only attends to food cues from conspecifics when
its own individually acquired information about food
is unreliable (Jones et al. 2013). Animalivorous phyl-
lostomids can acquire foraging information from het-
erospecifics as well (Patriquin et al. 2018). Lophostoma
silvicolum and T. cirrhosus both attend to katydid calling
songs to detect and locate prey (Falk et al. 2015). In a
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flight cage setting, T cirrhosus learns novel acoustic cues
by observing the predatory behavior of L. silvicolum as
quickly as it learns from observing other T. cirrhosus
(Patriquin et al. 2018). Attending to the behavior of
heterospecifics may be advantageous when conspecifics
are not present or when heterospecifics have familiarity
with new prey types. How often such social learning
takes place in nature, however, requires further inves-
tigation.

Niche-Specific Cognitive Strategies

Stich and Winter (2006) proposed the niche-specific
cognitive strategies hypothesis to explain why nectar-
feeding bats (e.g., Glossophaga soricina) prefer to use
spatial cues over object cues in foraging experiments.
This hypothesis posits that animals should have cog-
nitive abilities associated with the senses that they
rely on most to detect their prey. Thus, animals from
the same ecological guild should have similar learning
abilities in a given sensory modality and related ani-
mals should vary along a cognitive continuum based
on their diets (Stich and Winter 2006). For example,
bird species that depend on stored food tend to have
stronger spatial memories in comparison to birds
that are less reliant on food caches (Balda and Kamil
2006). From this hypothesis, we can make predictions
about how animalivorous phyllostomids compare to
frugivores and nectarivores in their ability to make
associations with spatial, olfactory, visual, and acoustic
cues. Because their prey animals are mobile and often
unpredictable, it seems likely that most animalivorous
phyllostomids may rely relatively less on spatial mem-
ory than do other phyllostomids. Bats that key in on the
acoustic cues of their prey are likely to be relatively bet-
ter at learning sounds than bats in other foraging guilds.
There is currently some indirect evidence for this (Page
and Ryan 2005), but this hypothesis has never been
tested in a comparative framework. Bats that find prey
by echoacoustic shape, such as M. microtis, may be
relatively better at forming shape associations (Geipel,
Kalko et al. 2013). The niche-specific cognitive strate-
gies hypothesis has been tested with frugivorous and
nectarivorous phyllostomids (Carter et al. 2010; Stich
and Winter 2006), and in an Old World insectivore
(Myotis nattereri, Hulgard and Ratcliffe 2014), but has
not yet been tested comparatively with animalivorous
phyllostomids.
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Need for Comparative Studies

Many studies have demonstrated impressive rapid
learning in different bat species (e.g., Clarin et al. 2013;
O’Mara et al. 2014; Winter 2005), including a few
documenting learning or behavioral flexibility in ani-
malivorous phyllostomids (e.g., Page and Ryan 2005;
Weinbeer and Kalko 2007). These studies generally
hypothesize that the learning performance is due to
some element of the animal’s life history. To test these
types of questions experimentally, however, it is nec-
essary to directly compare the learning performance
of animals with different life histories, which can only
be done through comparative studies (Shettleworth
2013). Unfortunately, comparative cognition studies
are notoriously difficult to do (but for examples in bats,
see Ratcliffe et al. 2006 and Clarin et al. 2013).
Another difficulty is that comparative experiments
should be conducted across multiple species focused
on a putatively important trait, while taking phylogeny
into account. This can be problematic when there is a
high investment in time per animal in cognitive experi-
ments, making testing multiple species time consuming
and difficult. It can also be problematic to take phylo-
genetically independent contrasts into consideration,
as foraging strategies are often largely confounded by
clade (see Dévalos et al., chap. 7, this vol.; Felsenstein
1984; plate 3). Careful cross-species experiments need
to be designed to test how animalivorous phyllostomids
compare cognitively to other bats in the ways we out-

line above.

Case Studies

To characterize the attributes that define animalivorous
phyllostomids as a group and to illustrate the scope
of their diversity, in the case studies below we detail
two species that we feel represent this group well: the
fringe-lipped bat, T. cirrhosus, and the greater spear-
nosed bat, P. hastatus.

Case Study 1: Trachops cirrhosus

We have argued that many of the generalist species
in the animalivorous phyllostomid guild in fact have
fairly specialized foraging strategies. This paradoxical
relationship is exemplified in the fringe-lipped bat,
T. cirrhosus. This understory gleaner has both generalist

and specialist characteristics. While T. cirrhosus is well-
known for feeding on frogs and for using frog mating
calls to detect, locate, and assess its prey, it does not
exclusively feed on frogs (Page and Jones 2016; Tuttle
and Ryan 1981). Rather, it consumes a wide range of
prey items, from birds to lizards to smaller species of
bats (Bonato et al. 2004; Rodrigues et al. 2004 ). Small
amounts of fruits are also occasionally found in its diet,
but the bulk of what it feeds on is insects (Bonaccorso
1979; Bonato et al. 2004; Gardner 1977; Giannini and
Kalko 2004, 2005 ). What is curious is not the breadth
of T. cirrhosus’s diet, for as we have seen, broad diets
are common across the animalivorous phyllostomids
(plate 3 and fig. 14.1) and, indeed, can be found in
other phyllostomid clades as well (an excellent example
is the primarily nectarivorous G. soricina, that is known
to also sometimes feed on insects [Clare et al. 2014]).
What is striking about T. cirrhosus is that, despite its
broad generalist diet, it possesses a number of sensory
and cognitive adaptations that seem to make it highly
specialized for frog predation. We discuss a few of these
specializations below.

The first of these adaptations is its low-frequency
hearing. Trachops cirrhosus, like other echolocating bats,
is sensitive to the frequencies of its own echolocation
calls. The echolocation calls of T. cirrhosus consist of
multiharmonic downward frequency sweeps, ranging
from approximately 100 to 50 kHz, with the main en-
ergy at about 75 kHz (Barclay et al. 1981; Surlykke et al.
2013). Sensitivity at lower frequencies has rarely been
tested for in other bats, but what little work has been
done suggests that bats that attend to low-frequency
prey sounds actually have two peaks of auditory sensi-
tivity: one high, in the range of their own echolocation
calls, and one much lower, for attending to the lower
frequency sounds of their prey (Baron et al. 1996; Reep
and Bhatnagar 2000).

For T. cirrhosus, this second peak of auditory sensi-
tivity is below S kHz, encompassing frequencies that
coincide with the mating calls of its anuran prey (Ryan
et al. 1983). Histological analysis reveals anatomical
features consistent with its low-frequency hearing
(Bruns et al. 1989). Trachops cirrhosus has a long basilar
membrane and a large baso-apical stiffness difference,
indicating sensitivity to a broad range of frequencies
(Bruns et al. 1989). It also has both the highest number
of cochlear neurons and the second highest cochlear
neuron innervation reported for any mammal (Bruns
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et al. 1989). It has a peak of neural density in the api-
cal portion of the cochlea, the portion of the cochlea
sensitive to low-frequency sounds (Bruns et al. 1989;
von Békésy 1960). These anatomical adaptations, en-
abling the detection of low-frequency sounds in the
frequency range of frog mating calls, suggests that the
auditory system of T. cirrhosus is indeed specialized for
frog call detection.

For most of the over 1,300 extant bat species world-
wide, hearing sensitivities and auditory physiology are
still unknown. A thorough investigation of auditory
sensitivities across a broad range of frequencies and
wide number of eavesdropping predators would be
a fruitful avenue for research. We suspect that many
eavesdropping species, not just T. cirrhosus, have audi-
tory systems tuned to the sounds of their prey.

Another of T. cirrhosus’s apparent adaptations for
frog predation is its unusual submandibular salivary
glands (Tandler et al. 1997). Phillips et al. (1987) con-
ducted a study of the submandibular salivary glands of
38 genera of bats and found that only three bat species
possessed submandibular salivary glands characterized
by large, follicle-like structures: T. cirrhosus, Megaderma
lyra (the greater false vampire bat), and M. spasma
(the lesser false vampire bat). In a separate study, Car-
dioderma cor (the heart-nosed bat), was also found to
possess these glands (Tandler et al. 1996). These four
species are from three very different lineages on three
different continents (T. cirrhosus from Latin America,
M. lyra and M. spasma from Southeast Asia, and C. cor
from East Africa). What links them is that all are frog
eaters. The hypothesis is that these unusual subman-
dibular salivary glands serve to neutralize toxins found
in the skin of the frogs and toads eaten by these bats.
The authors argue that this is a strong case of conver-
gent evolution in the histology of these bats, enabling
them to feed on frogs (Tandler et al. 1996).

Another hypothesized adaptation for frog eating
in T. cirrhosus are the pronounced tubercles found
on its chin and lips that give it its common name, the
fringe-lipped bat. These tubercles may play a chemo-
sensory role, allowing T. cirrhosus to quickly assess the
palatability of its prey by lightly brushing the skin of a
frog or toad (Page et al. 2012). In the dense rainforest,
where numerous species of both palatable and highly
poisonous anurans call, the ability to rapidly discern
prey palatability would be advantageous. While behav-
ioral studies have shown that T. cirrhosus does indeed

Chapter Fourteen

use chemical cues to reject unpalatable prey upon ap-
proach, it is still unclear what role, if any, its tubercles
play in this process (Page et al. 2012).

In addition to these potential sensory and histolog-
ical specializations, T. cirrhosus has a number of cog-
nitive traits that seem to adapt it well to predation on
frogs. For example, it is highly flexible in its ability to
associate prey cues and prey quality, even to the point
of reversing preexisting associations (Page and Ryan
2005). It can rapidly learn new acoustic associations by
observing other bats, and it has long memories of up to
four years for prey cue—prey quality associations (Dixon
et al. in prep; Jones et al. 2013; Page and Ryan 2006;
Patriquin et al. 2018).

In sum, despite T. cirrhosus’s wide diet breadth, it
seems to have a number of specializations for frog pre-
dation. As such, T. cirrhosus exemplifies the enigma of
the animalivorous phyllostomids.

Case Study 2: Phyllostomus hastatus

The greater spear-nosed bat, P. hastatus, is perhaps one
of the best examples of a true phyllostomid generalist.
It provides an interesting case study because, despite
being one of the largest phyllostomids (>100 g), this
species is infrequently carnivorous but is instead rather
impressively omnivorous, feeding on a wide variety of
insects, small vertebrates, fruit, flowers, nectar, and pol-
len (Dunn 1933; Gardner 1977; Nowak 1991; Santos
etal. 2003). Diet analyses indicate that P, hastatus feeds
on at least 28 families of insects (Giannini and Kalko
2005; Willig et al. 1993). Among plants, it feeds on
over 20 tropical fruit species (Santos et al. 2003), and
among vertebrates, it hunts bats, mice, and birds (Dunn
1933; Emmons and Feer 1997; Oprea et al. 2014).

Phyllostomus hastatus also differs from the other
large animalivorous phyllostomids in terms of the
morphological features associated with its diet. For
instance, it does not have the large, rounded pinna that
are disproportionally large for its body size but instead
has curved, triangular ears that are allometrically pro-
portional to its body, suggesting that it does not rely
on prey-emitted sounds to find its food (Gardiner et al.
2011; Santos et al. 2003: fig. 14.2).

The extremity of P. hastatus’s generalist diet is also
reflected in its teeth. While the other carnivores, such
as V. spectrum, have molar patterns specialized for car-
nivory, P. hastatus’s dentition is not specialized (Free-
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man 1984). Additionally, P. hastatus has greater molar
areas, which aid in crushing insect exoskeletons, than
most of the primarily carnivorous phyllostomids (Free-
man 1984).

Phyllostomus hastatus also has a wing aspect ratio
much higher than most of the other phyllostomid
gleaners that forage within the understory, making it a
fast and agile flier (Norberg and Rayner 1987; Santos
et al. 2003). This may facilitate flying long distances in
foraging.

Cognitive adaptations associated with its diet are
still largely unexplored, and we argue that P. hastatus
provides an excellent opportunity to understand the
suite of cognitive adaptations associated with being a
broad dietary generalist. While dietary specialization
is often thought to be associated with cognitive spe-
cializations, being a generalist may also impose a high
cognitive demand on an animal (Dukas 1998; Stich and
Winter 2006). Generalists must be behaviorally flexible
to make decisions about the relative profitability of dif-
ferent possible food types (Dukas 1998). For example,
the diet of P. hastatus changes dramatically based on
season. In drier months (December to January), it eats
mainly pollen and fruits, whereas from April to June its
diet is characterized by insects and fruit (Wilkinson and
Boughman 1998). Thus, it likely has to frequently re-
vise its prey search image at different times of the year,
based on what is seasonally available, an ecological de-
mand that might require enhanced cognitive flexibility
(Shettleworth 2010).

Additionally, we know that P. hastatus’s hunting
strategy changes when eating plentiful resources that
cannot be monopolized, such as trees full of mature
balsa pollen and nectar. Female P. hastatus have been
shown to fly in large groups and to emit group-specific
screech calls to recruit roost mates to foraging sites
when feeding on plentiful, highly abundant balsa
flowers (Wilkinson and Boughman 1998). These calls
not only recruit and coordinate foraging among group
members, but they also allow feeding sites to be more
effectively defended (Wilkinson and Boughman 1998).
This behavior changes seasonally with diet; individuals
do not emit screech calls when eating prey such as small
vertebrates that are not usually shared (Boughman and
Wilkinson 1998; Wilkinson and Boughman 1998).

While little is known about the cognitive abilities
of P. hastatus in the context of foraging, we do have
insights in the context of social vocal learning. Groups

of unrelated females produce calls that are identical to
others within the group but different between groups
(Boughman 1997). When a new, unrelated adult with
a different call joins, the group’s calls converge until
they are unified, indicating that P. hastatus can flexibly
change its vocalizations (Boughman and Wilkinson
1998), which likely helps facilitate group foraging be-
havior. This form of vocal learning has rarely been seen
in other mammals (Knérnschild 2014).

In sum, P. hastatus is a broad generalist. While other
species in this group include small amounts of plant
matter in their diets (e.g., Lampronycteris brachyotis
[Weinbeer and Kalko 2004], Micronycteris megalotis
[Whitaker and Findley 1980], Tonatia bidens [Felix
et al. 2013], T. cirrhosus [Gardner 1977]; plate 3), the
diet of P. hastatus consists primarily of plants during
certain months of the year (Wilkinson and Boughman
1998). It has ear, wing, and teeth morphologies that
differ from those characteristic of most animalivorous
phyllostomids, reflecting differences in foraging be-
havior. While much work remains to be done to fully
understand P. hastatus, this species is well-studied in
comparison with the other Phyllostomus species: P. elon-
gatus, P. latifolius, and P. discolor. For these other species,
little is known beyond the most basic dietary records
(Gardner 1977). Like P. hastatus, other species of Phyl-
lostomus are broadly omnivorous, with diets that con-
sist of fruit, nectar, pollen, and insects (Gardner 1977;
plate 3). To fully understand the Phyllostomus species
group and how it fits into animalivorous phyllostomids
specifically, and the Neotropical bat community more
generally, detailed studies of the morphology, foraging
behavior, cognitive flexibility, and social structures of
this genus are needed.

Ecological Implications

All other aspects being equal, dietary generalists are
thought to have lower extinction risk than specialists in
response to habitat loss and climate change (Devictor
et al. 2008). Since specialist animals have a limited
number of food options, if these are disturbed, then
specialists will not have alternatives to fall back on.
Generalists, in contrast, can shift their diets adaptively
depending on what is available and are less likely to be
tied to the success of any one food source (Devictor
et al. 2008). Where animalivorous phyllostomids fall

on this continuum, however, is unclear.
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Predictions for other bat species have been mixed.
Boyles and Storm (2007) found evidence in temper-
ate vespertilionids in North America, Australia, and
Europe that a narrower dietary breadth is correlated
with higher IUCN concern levels. Conversely, Safi and
Kerth (2004) found that diet specialization (as de-
termined by fecal analysis) and extinction risk (as
determined by IUCN Red Listing) are not correlated in
temperate-zone bats. Instead, they found that extinction
risk is predicted by wing morphology, with bats with
rounder and broader wings more likely to be at risk. This
suggests that habitat specialization is more critical than
diet specialization, with bats that fly in and around foli-
age being at the most risk (Safi and Kerth 2004). Since
most phyllostomid bats fly within the forest, this high-
risk category is likely to be relevant to all phyllostomids
(Kalko et al. 1996).

Roost specialization may also be more critical than
diet specialization for determining extinction risks.
For animals that roost in trees, loss of roost trees in de-
graded habitats may impose severe limits on the num-
ber of bats or even number of species that can persist
in a patch of forest. Voss et al. (2016) argue that loss
of roosts may be more important than reduced food
for some bats, especially animalivores, during tropical
habitat degradation (see chap. 19, this vol.).

Diet specialization has also not been a major pre-
dictor of sensitivity in the few studies on habitat frag-
mentation in phyllostomids. One such study compared
the dispersal abilities and demographic response to
fragmentation between mainland phyllostomids (Uro-
derma bilobatum and Carollia perspicillata) to those
living in fragmented islands formed by the creation of
the Panama Canal and did not find that dietary spe-
cialization was important (Meyer et al. 2009). Rather,
decline in frequency in fragmented areas was linked to
sensitivity to edge effects and, to a lesser degree, to nat-
ural abundance and mobility. One reason why diet may
not be a good predictor of success in response to hab-
itat change is that even most chiropteran “specialists”
are more generalized than specialists in other orders
(Fleming 1986; Meyer et al. 2008). Most bats consid-
ered to be specialists actually consume multiple species,
which means that they may survive even if some of the
species that they consume decline.

Animalivorous bats, particularly those in the for-
mer Phyllostominae, tend to decline in abundance in
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response to habitat fragmentation (Fenton et al. 1992;
Gorresen and Willig 2004; Medellin et al. 2000; Meyer
et al. 2008; but see Klingbeil and Willig 2009). These
bats are more sensitive to deforestation than other
guilds, which often reach highest species richness
at intermediate levels of disturbance (Gorresen and
Willig 2004; Klingbeil and Willig 2009). The broad
wings that help these species maneuver in dense forests
and capture prey on surfaces may reduce long-range
mobility, especially across open spaces with higher
predation risk (Fenton 1990; Safi and Kerth 2004).
Thus, animalivorous phyllostomids may have a harder
time crossing fragmented landscapes. This is thought
to make gleaning animalivores highly edge sensitive
(Meyer et al. 2008). Additionally, most animalivorous
phyllostomids rely on tree cavities to roost in and are
therefore affected by deforestation (Voss et al. 2016).
Phyllostomine bats have been proposed to be good
indicator species for habitat disturbance and should be
the focus of conservation efforts (Fenton et al. 1992;
Medellin et al. 2000).

Conclusions

Animalivorous phyllostomids are a fascinating and
diverse group of bats. In some respects, this group
consists of the species that remain when all the other
phyllostomids are neatly categorized (e.g., this vol.:
sanguivores [chap. 15], nectarivores [chap. 16], frugi-
vores [chap. 17]). We argue that this eclectic group of
leftovers can be characterized as a single diverse guild
(following Giannini and Kalko 2005). The animalivo-
rous phyllostomids are united by their broad, generalist
diets, which reflect a continuum of increasing prey size
as bat body size increases (fig. 14.1). Likewise, there
is a trend across these species for carnivory gradually
replacing insectivory as body size increases (fig. 14.1).
Animalivorous phyllostomids are also united by the ap-
parent paradox of having broad generalist diets, on the
one hand, and often quite specialized foraging behav-
iors, on the other. As such, this group offers fascinating
avenues for research. Indeed, some of the most exciting
discoveries in bat biology have come from this group:
bats that hunt both birds and other bats, bats that learn
socially from conspecifics, bats that can perceive silent,
motionless prey from clutter, and predatory bats that
eavesdrop on prey mating signals (Boughman 1997;
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Geipel, Jung et al. 2013; Jones et al. 2013; Page and Ryan
2006; Tuttle and Ryan 1981; Vehrencamp et al. 1977).

Animalivorous phyllostomids consume a broad
range of animals, from moths to mammals, as well as
plant material, to varying degrees. While the width of
diet breadth across animalivorous phyllostomids is
striking, we also see this trend in other phyllostomid
guilds. The nectivorous bat, G. soricina, for example,
eats beetles, flies, and moths, along with nectar, pollen,
and fruit (Clare et al. 2014). This sort of opportunis-
tic omnivory may be common among phyllostomids.
There is likely to be a continuum of generalists and
specialists within every guild.

Historically, categorizing the animalivorous phyl-
lostomids has been difficult, and discrepancies among
categorization systems have led to conflicting analyses
on key behavioral and morphological characteristics,
such as brain size, bite force, and learning abilities (e.g,,
Giannini and Kalko 2005; Jones et al. 2004; Nogueira
etal. 2009; Rojas et al. 2013 ). While any generalization
for this group will have exceptions, we hope future
authors can agree upon a more consistent system to
avoid this conflict. Our recommendation, as argued
in this chapter, is that all animalivorous phyllostomids
be considered together as one broad guild (follow-
ing Giannini and Kalko 2005), which in turn can be
subdivided into multiple distinct foraging strategies,
such as passive gleaners (e.g., T. cirrhosus, L. silvicolum,
T. saurophila, C. auritus, V. spectrum), active gleaners
(e.g, M. microtis), “true” generalists (e.g., P. hastatus,
P discolor), and trawlers (M. macrophyllum). Crucially,
animalivorous phyllostomids should not be grouped
with aerial insectivores from other families (see chap.
2, this vol.). While both groups are technically ani-
malivorous, consuming vast quantities of insect prey,
animalivorous phyllostomids are distinct from aerial
insectivores in almost every component of their ecol-
ogy: behaviorally, morphologically, and otherwise.

The hallmark of phyllostomid bats is their dietary
diversity. While the diets of some phyllostomids
have been very well-studied (e.g., Artibeus jamaicensis
[Ortega and Carto-Arellano 2001], C. perspicillata
[Cloutier and Thomas 1992], D. rotundus [ Greenhall
and Schmidt 1988], and G. soricina [Clare et al. 2014]),
for many of the animalivorous phyllostomids we have
only the most basic dietary records (e.g., Lonchorhina
orinocensis, Lophostoma schulzi, Glyphonycteris daviesi,

Gardnernycteris cozumelae, Phylloderma stenops, P. latifo-
lius). The more we begin to fill in dietary information
about the animalivorous phyllostomids, the more the
trends of broad, generalist diets become apparent (e.g.,
T. bidens, which is now known to feed broadly across
prey categories, including insects, frogs, geckos, birds,
and bats [Esbérard and Bergallo 2004], plate 3). Foun-
dational knowledge of diet is critical to inform more
detailed studies to come. The next building blocks
toward robust understanding of these animals are stud-
ies of sensory ecology, social structure, and cognition,
which are currently sparse. Once the basic biology of
more species has been well-characterized we will be
able to conduct richer comparative studies. Currently,
only a tiny subset of the animalivorous phyllostomids,
such as the case studies we highlight here (T cirrhosus
and P. hastatus), have been studied thoroughly, and
even for these bats, we are missing important aspects
of their natural histories. Given the amount of diversity
uncovered with just a small amount of study, what more

might be out there to be discovered?
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