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Abstract

Comparing the hearing abilities of echolocating and non-echolocating bats can provide insight into the effect of echolocation on
more basic hearing abilities. Toward this end, we determined the audiograms of two species of non-echolocating bats, the straw-col-
ored fruit bat (Eidolon helvum), a large (230–350 g) African fruit bat, and the dog-faced fruit bat (Cynopterus brachyotis), a small (30–
45 g) bat native to India and Southeast Asia. A conditioned suppression/avoidance procedure with a fruit juice reward was used for
testing. At 60 dB SPL, the hearing range of E. helvum extends from 1.38 to 41 kHz with best sensitivity at 8 kHz; the hearing range of
C. brachyotis extends from 2.63 to 70 kHz with best sensitivity at 10 kHz. As with all other bats tested so far, neither species was able
to hear below 500 Hz, suggesting that they may not use a time code for perceiving pitch. Comparison of the high-frequency hearing
abilities of echolocating and non-echolocating bats suggests that the use of laryngeal echolocation has resulted in additional selective
pressure to hear high frequencies. However, the typical high-frequency sensitivity of small non-echolocating mammals would have
been sufficient to support initial echolocation in the early evolution of bats, a finding that supports the possibility of multiple origins
of echolocation.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In bats, we are presented with an opportunity to directly
compare the hearing abilities of echolocating and non-
echolocating species within a taxonomic order to provide
insight to auditory adaptations that might be unique to
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The first issue involves the high-frequency hearing of
bats. Mammals are unique among vertebrates in that virtu-
ally all mammals hear higher than 10 kHz (



the bat. (For specifics of cage construction see Heffner
et al., 2003; Koay et al., 1998a.) Fruit juice was used as



in a consecutive block of 6–10 warning trials (with approx-



3.4 dB and the majority of points within 2 dB of each
other. (Note that Bat B was tested at fewer different fre-
quencies than Bat A due to time constraints; it was used
to help define the upper and lower limits of hearing and
the inflection points in the midrange of the audiogram.)
Responses were obtained for C. brachyotis at frequencies
as low as 1.4 kHz. Thresholds improved with frequency,
from an average of 81.5 dB at 1.4 kHz to their best sensitiv-
ity of 6.5 dB at 10 kHz (Fig. 3). Thresholds remained below
25 dB up to 40 kHz, with a region of slightly diminished
sensitivity around 20 kHz. Above 40 kHz, sensitivity
declined rapidly to an average threshold of 85 dB at
80 kHz. At an intensity of 60 dB SPL, the hearing range
of this species extends from 2.63 to 70 kHz, a range of
4.73 octaves.

3.3. Features of E. helvum and C. brachyotis hearing

The audiograms of E. helvum and C. brachyotis are
shown together in Fig. 4. Both have relatively steep slopes
at the upper and lower ends of their audible range, and
both show a mid-frequency region of slightly diminished



4.1. High-frequency hearing

By hearing frequencies high enough to be shadowed by
the head and amplified or attenuated by the pinnae, mam-
mals gain access to spectral cues for sound-localization
(Heffner and Heffner, 2003; Masterton et al., 1969). The
smaller an animal’s head and pinnae, the higher it must
hear to obtain useable binaural spectral-difference cues
and pinna cues. The relationship between head size (specif-
ically functional head size, the time it takes sound to travel
around the head from one auditory meatus to the other)
and high-frequency hearing is illustrated in Fig. 5. This fig-
ure shows that the ability to hear high frequencies increases
as functional head size decreases, with a correlation of
r = �0.79 (
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4.2. Low-frequency hearing

Fig. 61 shows the distribution of low-frequency hearing
limits in behaviorally tested mammals. The ability of E.

helvum to hear down to 1.38 kHz at 60 dB gives it the dis-
tinction of having the best low-frequency hearing so far of
any bat with a behaviorally determined audiogram.
[Although it has been suggested that at least one species
of bat, Trachops cirrhosus, can detect lower frequencies
using tape recorded sounds under field conditions (Ryan
Fig. 6. Distribution among terrestrial mammals of the lowest frequency
audible at 60 dB SPL (referred to as the low-frequency hearing limit). Each
bar represents 2/3 octave; bats are indicated by dark shading with the non-
echolocating bats falling into bins J and L (the names of the individual
species can be found in footnote 1), other mammals are indicated by light
shading.

1 A, 16–25 Hz: Indian elephant Elephas maximus1, Domestic cow Bos

taurus2. B, 26–40 Hz: Japanese macaque Macaca fuscata3, Black-tailed
prairie dog Cynomys ludovicianus4, Human Homo sapiens5, Gerbil
Meriones unguiculatus6, Ferret Mustela putorius7, Eastern chipmunk
Tamias striatus8, Woodchuck Marmota monax8. C, 41–63 Hz: Kangaroo
rat Dipodomys merriami9,10, Domestic pig Sus scrofa11, White-tailed
prairie dog Cynomys leucurus4, Rhesus macaque Macaca mulatta12,
Yellow Baboon Papio cynocephalus13, Blue monkey Cercopithecus mitis14,
Guinea pig Cavia porcellus15, Chinchilla Chinchilla laniger16, Least weasel
Mustela nivalis17, Gray-cheeked mangabey Cercopithecus mitis (extrapo-
lated value)18, Blind mole rat Spalax ehrenbergi19, Domestic cat Felis

domesticus20, Domestic horse Equus caballus2, DeBrazza monkey Cerco-

pithecus neglectus21. D, 64–100 Hz: Naked mole rat Heterocephalus

glaber22, Ring-tailed lemur Lemus catta23, Domestic dog Canis famili-

aris24, Vervet Cercopithecus aethiops21, Reindeer Rangifer tarandus23,
Brown lemur Lemur fulvus26, Domestic goat Capra hircus11, Slow loris
Nyctecebus coucang27, Lesser bushbaby Galago senegalensis28, Domestic
rabbit Oryctolagus cuniculus10, Golden hamster Mesocricetus auritus8,
Tree shrew Tupaia glis29, Squirrel monkey Saimiri sciureus30. E, 101–

160 Hz: Fox squirrel Sciureus niger31, Potto Perodicticus potto27, Domestic
Sheep Ovis aries32. F, 161–250 Hz: Northern fur seal Callorhinus ursinus,
tested in air33. G, 251–400 Hz: Pocket gopher Geomys bursarius, vestigial
hearing34. H, 401–630 Hz: Hedgehog Hemiechinus auritus35, Norway
hooded rat Rattus norvegicus36. I, 631–1000 Hz: Wood rat Neotoma

floridana37, Cotton rat Sigmodon hispidus10. J, 1–1.6 kHz: Virginia
opossum Didelphis virginia38, Straw-colored fruit bat Eidolon helvum,
Darwin’s mouse Phylotus darwini8. K, 1.6–2.5 kHz: Indian false vampire
bat Megaderma lyra39, Greater spear-nosed bat Phylostomus hastatus40,
Grasshopper mouse Onychomys leucogaster37, Domestic mouse Mus

musculus41, Egyptian fruit bat Rousettus aegyptiacus42, Spiny mouse
Acomys cahirinus8, wild House mouse Mus musculus10. L, 2.5–4 kHz: Dog-

faced fruit bat Cynopterus brachyotis, Jamaican fruit bat Artibeus

jamaicensis43, Gray short-tailed opossum Monodelphis domestica44, Llaca
Marmosa elegans45, Big brown bat Eptesicus fuscus46. M, 4–6.3 kHz:
Greater horseshoe bat Rhinolophus ferrumequinum47, Short-tailed fruit bat
Carollia perspicillata48. N, 6.3–10 kHz: Fish-eating bat Noctilio lepori-

nus49. O, 10–16 kHz: Little brown bat Myotis lucifugus50.
1Heffner and Heffner, 1982; 2Heffner and Heffner, 1983; 3Jackson et al.,

1999; 4Heffner et al., 1994; 5Jackson et al., 1999; Sivian and White, 1933;
6Ryan, 1976; 7Kelly et al., 1986; 8Heffner et al., 2001; 9Webster and
Webster, 1972; 10Heffner and Masterton, 1980; 11Heffner and Heffner,
1990; 12Pfingst et al., 1975; 13Hienz et al., 1982; 14Brown and Waser, 1984;
15Heffner et al., 1971; 16Heffner and Heffner, 1991; 17Heffner and Heffner,
1985a; 18Wendt, 1934; 19Heffner and Heffner, 1992; 20Heffner and Heffner,
1985b; 21Owren et al., 1988; 22Heffner and Heffner, 1993; 23Gillette et al.,
1973; 24Heffner, 1983; 25Flydal et al., 2001; 26 Sutherland et al., 1988;
27Heffner and Masterton, 1970; 28Heffner et al., 1969a; 29Heffner et al.,
1969b; 30Beecher, 1974; Green, 1975; 31Jackson et al., 1997; 32Wollack,
1963; 33Babushina et al., 1991; 34Heffner and Heffner, 1990; 35Ravizza
et al., 1969b; 36Heffner et al., 1994; 37Heffner and Heffner, 1985c;
38Ravizza et al., 1969a; 39Schmidt et al., 1983; 40Koay et al., 2002; 41Koay
et al., 2002; 42Koay et al., 1998; 43Heffner et al., 2003; 44Frost and
Masterton, 1994; Reimer and Bauman, 1995; 45Frost and Masterton,
1994; 46Koay et al., 1997; 47Long and Schnitzler, 1975.
et al., 1983), this possibility awaits confirmation in con-
trolled acoustic conditions.] Yet, even the 1.38 kHz hearing
of E. helvum is still quite limited when compared to the
low-frequency hearing of other mammals, most of which
can hear frequencies below 125 Hz (Heffner et al., 2001a,
2003). Even among small species, such as most rodents
and small primates, good low-frequency hearing is com-
mon, as can be seen in Fig. 6.

The inability of bats and several other species to hear
frequencies below about 500 Hz may have implications
for their auditory processing. Specifically, these species
may not use a temporal code for pitch and instead rely only
on place coding on the basilar membrane (Heffner et al.,
2001a, 2003). It may be worth emphasizing that, at least
based on the species tested so far, non-echolocating and
echolocating bats appear to be similar in their limited
low-frequency hearing, in contrast to their difference in
high-frequency hearing. Thus, it is quite likely that high-
and low-frequency hearing evolve independently, presum-
ably under different selective pressures.

Acknowledgements

Supported by NIH R01 DC02960. We thank the Lubee
Bat Conservancy for allowing us to use these bats in behav-
ioral experiments. This report is Lubee Bat Conservancy
Publication #114.

References

Babushina, Ye.S., Zaslavskii, G.L., Yurkevich, L.I., 1991. Air and
underwater hearing characteristics of the northern fur seal: audio-
grams, frequency and differential thresholds. Biophysics 36, 909–913.

Beecher, M., 1974. Pure tone thresholds of the squirrel monkey (Saimiri

sciureus). J. Acous. Soc. Am. 55, 196–198.
Brown, C.H., Waser, P.M., 1984. Hearing and communication in blue

monkeys (Cercopithecus mitis). Animal Behav. 32, 66–75.
Butler, R.A., 1975. The influence of the external and middle ear on

auditory discriminations. In: Keidel, W.D., Neff, W.D. (Eds.), Hand-
book of Sensory Physiology, Auditory System, vol. V/2. Springer, New
York, pp. 247–260.



Calford, M.B., McAnally, K.I., 1987. Hearing in flying-foxes (Chiroptera:
Pteropodidae). Aust. Mammal. 10, 97–100.

Calford, M.B., Wise, L.Z., Pettigrew, J.D., 1985. Audiogram of the grey-
headded flying-fox, Pteropus poliocephalus (Megachiroptera: Pteropo-
didae). Aust. Mammal. 8, 309–312.

Dalland, J.I., 1965. Hearing sensitivity in bats. Science 150, 1185–1186.
Eick, G.N., Jacobs, D.S., Matthee, C.A., 2005. A nuclear DNA

phylogenetic perspective on the evolution of echolocation and histor-
ical biogeography of extant bats (Chiroptera). Mol. Biol. Evol. 22,
1869–1886.

Flydal, K., Hermansen, A., Enger, P.S., Reimers, E., 2001. Hearing in
reindeer (Rangifer tarandus). J. Comp. Physiol. A 187, 265–269.



Popper, A.N., Plachta, D.T.T., Mann, D.A., Higgs, D., 2004. Response of
clupeid fish to ultrasound: A review. ICES J. Marine Sci. 61, 1057–
1061.

Ravizza, R.J., Heffner, H.E., Masterton, B., 1969a. Hearing in primitive
mammals: I, Opossum (Didelphis virginiana). J. Aud. Res. 9, 1–7.

Ravizza, R.J., Heffner, H.E., Masterton, B., 1969b. Hearing in primitive
mammals: II, Hedgehog (Hemiechinus auritus). J. Aud. Res. 9, 8–
11.

Reimer, K., Bauman, S., 1995. Behavioral audiogram of the Brazilian grey
short tailed opossum, Monodelphis domestica (Metatheria, Didelphi-
dae). Zoology 99, 121–127.

Ryan, A., 1976. Hearing sensitivity of the Mongolian gerbil, Meriones

unguiculatis. J. Acous. Soc. Am. 59, 1222–1226.
Ryan, M.J., Tuttle, M.D., Barclay, R.M.R., 1983. Behavioral responses of

the frog-eating bat, Trachops cirrhosus, to sonic frequencies. J. Comp.
Physiol. 150, 413–418.

Schmidt, S., Turke, B., Vogler, B., 1983. Behavioural audiogram from the
bat, Megaderma lyra. Myotis (21/22), 62–66.

Sivian, L.J., White, S.D., 1933. On minimum audible sound fields. J.
Acous. Soc. Am. 4, 288–321.
Sutherland, D., Granger, E.M., Masterton, R.B., 1988. Evolution of
primate hearing. Assoc. Res Otolaryngol. Abstr. 11, 232–233.

Teeling, E.C., Springer, M.S., Madsen, O., Bates, P., O’Brien, S.J.,
Murphy, W.J., 2005. A molecular phylogeny for bats illuminates
biogeography and the fossil record. Science 307, 580–584.

Waters, D.A., Vollrath, C., 2003. Echolocation performance and call
structure in the megachiropteran fruit-bat Rousettus aegyptiacus. Acta
Chiropterol. 5, 209–219.

Webster, D.B., Webster, M., 1972. Kangaroo rat auditory thresholds
before and after middle ear reduction. Brain, Behav. Evol. 5, 41–
53.

Wendt, G.R., 1934. Auditory acuity of monkeys. Comp. Psychol.
Monogr. 10, 1–51.

Wenstrup, J.J., 1984. Auditory sensitivity in the fish-catching bat, Noctilio

leporinus. J. Comp. Physiol. A 155, 91–101.
Wollack, C.H., 1963. The auditory acuity of the sheep (Ovis aries). J. Aud.

Res. 3, 121–132.


	Hearing in large (Eidolon helvum) and small (Cynopterus brachyotis) non-echolocating fruit bats
	Introduction
	Methods
	Subjects
	Behavioral apparatus
	Acoustical apparatus
	Sound level measurement
	Behavioral procedure

	Results
	Eidolon helvum
	Cynopterus brachyotis
	Features of E. helvum and C. brachyotis hearing

	Discussion
	High-frequency hearing
	Low-frequency hearing

	Acknowledgements
	References


