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echolocating Megachiroptera. P. hastatus is omnivo-
rous (Gardner, 1977), and, although it eats fruit and
insects, it prefers meat, preying on small vertebrates,
including other bats. Like many other bats that forage
for fruit amidst leaf clutter or detect live prey against a
solid surface (gleaners), it uses relatively low-intensity,
brief sonar pulses when foraging (Fenton et al., 1995;
Kalko and Condon, 1998; Neuweiler, 1984, 1989). It
may also listen passively for sounds generated by the
movements of its prey, a behavior thought to be com-
mon in bats that take large prey from substrates (Bel-
wood, 1986). As it has been suggested that such passive
listening may be associated with good low-frequency
sensitivity (Bell, 1982; Brown et al., 1984; Schmidt et
al., 1983/1984; Tuttle and Ryan, 1981), the question
arises whether P. hastatus hears lower frequencies
than bats that pursue aerial insects or that eat only
fruit.

Absolute thresholds of two P. hastatus were deter-
mined using a conditioned suppression/avoidance pro-
cedure. The resulting audiogram was then compared to
those of other Phyllostomidae and placed within the
context of mammalian hearing. We also compared the
behavioral audiogram to thresholds for neural re-
sponses to sound recorded in the inferior colliculus
(Grinnell, 1970).

2. Methods

The bats were tested using a conditioned suppression/
avoidance procedure in which a hungry animal was
trained to make continuous mouth contact with a re-
ward spout in order to receive a steady trickle of fruit



at the front of the cage and was attached via plastic
tubing to a 30 ml glass syringe. The fruit juice was
dispensed using a syringe pump enclosed in a high-den-
sity polyethylene box (64U



and He¡ner, 1995) according to the formula: perfor-
mance= hit rate3(false alarm rateUhit rate). This mea-
sure proportionately reduces the hit rate by the false
alarm rate associated with each intensity (i.e., each
block of trials) and varies from 0 (no hits) to 1 (100%
hit rate with no false alarms).

Auditory thresholds were determined by reducing the
intensity of the tone by 5 dB in successive blocks of 6^8
warning trials until the bat no longer responded to the
warning signal above chance (i.e., the hit and false
alarm rates did not di¡er signi¢cantly; Ps 0.01, bino-
mial distribution). Threshold was de¢ned as the inten-
sity at which the performance measure equaled 0.50,
which was usually obtained by interpolation. Testing
was carried out at each frequency until thresholds no
longer improved (asymptotic performance). For each
bat, testing was considered complete at that frequency
when the thresholds obtained in at least three di¡erent
sessions were within 3 dB of each other.

These experiments were approved by the Institutional
Animal Care and Use Committee of the University of
Toledo.

3. Results

The initial adaptation to the apparatus, learning to
respond to sound, and becoming a reliable observer
required approximately 2 months. Because P. hastatus
must eat large volumes of food when their diet consists
mainly of fruit, they worked best in two daily sessions,
one in the late afternoon and the other in the evening,
about 5 h apart. Each session lasted as long as 40 min,
during which time a bat consumed up to 15 ml of fruit

juice and received as many as 100 warning trials. Thus,
two thresholds could usually be determined daily.

The thresholds of the two P. hastatus (Fig. 2) show
good agreement. Beginning with a mean threshold of
83 dB at 1 kHz, sensitivity increased rapidly as fre-
quency increased, showing the best sensitivity at 20
kHz, where thresholds averaged 1 dB. Above 20 kHz,
hearing sensitivity gradually declined, reaching a mean
threshold of 15 dB at 50 kHz, followed by a slight
improvement to 9 dB at 64 kHz. Above 64 kHz, hear-
ing sensitivity rapidly declined, reaching a threshold
of 69 dB at 110 kHz, the highest frequency tested.
At a level of 60 dB SPL, the audiogram extends from
1.8 to 105 kHz, a range of 5.9 octaves. The mean
thresholds for each bat are available in tabular form
on the Internet (http://www.utoledo.edu/psychology/
animalhearing/).

4. Discussion
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tance established for other mammals (t=1.64, P=
0.112, two-tailed). Indeed, its conformity with the rela-
tionship is similar to that of humans (t=31.42,
P=0.161, two-tailed) and cats (t=1.8, P=0.076, two-
tailed). Moreover, all of the bats tested so far have
high-frequency hearing within the con¢dence limits pre-
dicted by their interaural distance (cf. Koay et al.,
1998). Hence, there is no basis to conclude that bats
are atypical in their high-frequency hearing. This con-
formity with other mammals in a relationship based on
passive sound localization supports the idea that bats
remain under selective pressure to localize sounds in
their environment, as suggested by the importance of
prey-generated sound to many species that capture in-
sects from a substrate (cf. Arlettaz et al., 2001; Fuzes-
sery et al., 1993). Furthermore, the ¢nding that high-
frequency hearing in bats is typically mammalian and
predictable (based on interaural distance) supports the
view that echolocation probably evolved as a neural,
rather than sensory, adaptation of the use of high fre-
quencies (Neuweiler, 1984). In other words, high fre-
quencies already useful in small mammals for passive
sound localization were probably co-opted by early bats
for use in echolocation, and high-frequency hearing was
not a sensory specialization in bats.

4.1.2. Low-frequency hearing
The low-frequency hearing limit of P. hastatus (de-

¢ned as the lowest frequency audible at 60 dB SPL) is
1.8 kHz, which is better than that of most bats and is
exceeded only by the 1.7-kHz low-frequency limit of
Megaderma lyra, a carnivorous bat (Schmidt et al.,
1983/1984). However, a low-frequency hearing limit of
1.8 kHz is still quite restricted when compared to mam-
mals in general, including species that are not carnivo-
rous (as many sounds made by predators and conspe-
ci¢cs also contain low frequencies).

Unlike mammalian high-frequency hearing, which is
approximately normally distributed, mammalian low-
frequency hearing falls into two distinct groups with
no apparent overlap (He¡ner et al., 2001). Of the
63 species of terrestrial mammals tested so far, approx-
imately two-thirds hear below 125 Hz, whereas the re-
maining species, including all of the bats, hear no lower
than 500 Hz (He¡ner et al., 2001). Nevertheless, high-
and low-frequency hearing limits are related in both
groups such that species with relatively good high-
frequency hearing usually have relatively poor low-
frequency hearing (He¡ner et al., 2001). Although
P. hastatus has relatively good low-frequency hear-



64 kHz) has been seen in other mammals and is evident
in most bats (e.g., Koay et al., 1997, 1998; Long and
Schnitzler, 1975; Schmidt et al., 1983/1984). Often char-
acterized as a secondary peak of sensitivity (at 64 kHz),
it may with equal justi¢cation be described as a slight
decrease in sensitivity (at 50 kHz). Regardless of
whether we attend to the increase or decrease in sensi-
tivity, in most species the irregularity appears to be due
to the directionality of the pinnae (Jen and Chen, 1988;
Koay et al., 1998). In other bats, such as Eptesicus
fuscus, the pinnae have been shown to induce spectral
notches in the sound reaching the ear (Wotton et al.,
1995). The selective ¢ltering of sound by the pinnae in
bats plays a major role in localization in the vertical
plane (Lawrence and Simmons, 1982; Wotton and Sim-
mons, 2000), and may also provide cues for azimuthal
localization as it does in non-echolocators (Huang and
May, 1996; Humanski and Butler, 1988; Middlebrooks
and Green, 1991).

4.2. Comparison with other Phyllostomidae

Estimates of hearing are available for two other spe-
cies of Phyllostomidae,
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