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ACOUSTIC QRIENTATION OF NEOTROPICAL BATS

DONALD R GTIFF.T.\' AND ALVIN NOVICK
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Previous iuvestigadions of dhe aeoustic ovientation of luis
hawve been confined for the most pard to Norih Amervican and
Furopean members of the family Vespertilionidae. These
bats feed almost exclusively upon flying insects which they
pursug and capture on the wing. They detect obsiaeles, and
probably also their insect prey, by the process known as
echoloeation, that is, by hearing echoes of the intense pulses
of high frequency sound which they emit at rates of 10 to
200 per second. The frequency of the sound making up these
pulses ranges from 20 to 120 kiloeyeles per second, and it
usually drops by about an octave between the beginning and
end of each pulse, even though the pulse duration is only one
to J milliseconds. But under some circumstances these bats
emit somewhat longer pulses with a nearly constant frequenacy,

nd during the pursuit of flying insects marked changes
oceur, both in the frequency pattern and the pulse repetition
rate (Griffin, '53a).

In the tropies, however, there are hats which mun on fruit,
the nectar and pollen of flowers, fish, or the blood of larzer
animals, In seeking such a variety of foods, these bats must
face problems, of orientation guite different from those con-
fronting insectivorous bats in temperate latitudes. We have,
therefore, analyzed the high frequency sounds of 16 species
of bats from Panama, and the resulting data reveal pro-
nounced differences between certain families and genera,
together with a significant correlation between the type of
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sound used for ovientation and the habits of the bats, in
partieular, their methods of obtaining food, The families
studied were: (1) the Emballonuridae, or sac-winged bats,
which are iusectivorous, (2) the Noctilionidae, which feed
on inseets or fish, (3) the very abundant leaf-nosed bats of
the family Plyllostomidae, most of which feed on fruit or
flowers, and (4) the Desmodontidae or vampire bats which.
feed on blood. A few species were studied in the field, and
the rest in the laboratory in Panama. Eight species iwed
sufficiently well in captivity that healthy individuals could
be brought back to the United States for more detailed study.

This work would not have been possible without the gen-
erous cooperation of the Office of Naval Research, both
through research eontracts with Cornell and Hmvard Uni-
verzities, and in arranging laboratory facilifies and trans-
portation in the Republic of Panama and the Canal Zone.
We wish to express our gratitude to many of the personnel
of the Fifteenth Naval Distriet, and in particular the lafe
Dr. Herbert Mundt, Diveclor of the Canal Zone Corrosion
Laboratory, where the first phase of the work was performed
by Griffin during 1953. We are equally indebted to the
Gorgas Memorial Laboraiory, and most especially to Dr.
Harold Trapide, for the use of laboratory and field siation
facilities, and for guidance in locating colonles of the less
abundant species of Dbals. Mr. Prentiee Bloedel assisfed in
the work in Panama during 1953 and will report elsewhere
his collateral siudies of the fish eating bat Nocfilic leporinus
and the life histories of other Panama bats. Finally, we wish
to acknowledge the ecoperation of the Woods Hole Oceano-
craphiec Institution and the Woods Hole Laboratory of the
U. 8. Fish and Wildlife Service, both of which provided
facilities cssentia]l for siudying the underwater sounds of
captive Noclilio during thelr fishing aclivities.

METHODS

Most of the bats used for these studies were caught at their
roosts in buildings, caves, trees, culverts, or under bridges.
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While some were also taken in 1953 in trammel nets, we used
only those removed from the nets quiekly before they counld
injure themselves. Like Van Tyne (33}, we caught frugi-
vorous bats more often, but we also caplured a few insecti-
vorous Myetis and RFLJHG}MS(:MSJ aithough these became less
firm!v entangled and often cseaped before they could be
removed from the nef. Not all speeies survived for long in
captivily, but records of the sounds emitted by the less
hardy speeies were obtained within a few hours of capture,
Measnrements made in the laboratory in Cambridge neces-
sarily involved bats that had been in captivity for some {ime,
but only thoze in good health were used. Some speeies such
as Carellia, Artibeus, Glossophaga, and Lonchophylle lived
for many weeks on a diet of bananas, eantaloupes, melons,
and mangoes; the semi-earnivorous Phyllestomus was fed
hath fruit and meat, while the vampire bat Desmodus thrives
indefinitely on defibrinated mammalian FJ]ﬂDd from a slanghter
house. ’

Specimens of all hats eollected in 1933 were identified by
P. Bloede]l and 8. Benson, Museum of Vertebrate Zoology,
University of California. General deseriptions of the various
species, together with DLrief notes resarding their habits,
mav he found in papers by Goldman (20} and Goodwin (’46),
While Simpson ('43) has suggested many changes in the
scientifie names of these bats there does not appear to be
unanimity regarding the changes among mammalian system-
atiztz, Since there arc no common names in sufliciently
general nse to gnide one through the shifting seientifie nomen-
elature we have followed Geodwin's terminelogy.

The apparatus employed in Panama by Griffin during
1933, and for most of the laboratory measurements deseribed
below, consisted of Western Ilectrie 61040 A condenser micro-
phones, cathode followers, voliage amplifiers, variable elee-
tronic fillers, cathode ray oscillographs, and camera similar
to thosze deseribed previously (Griffin, '50, '53a). Tor field
studies of Noctilio and Dirias a parabolie horn with a mouth
diameter of 21 em was used, but no horn was invelved in
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any of the olher records ebtained with the condenser micro-
phone. Power was supplied in the field by a portable 1200
watt a.e. generator driven by a gasoline engine; the noise was
reduced to tolerable levels by using an auiomobile type
muffler and by keeping the generator 200 feet or more~rom
the microphone. Time and intengity ealibrations were less
aceurate in the field than in the laboratory, hut, in all cases,
frequency and duration measurements were accurate to within
5% or at the very most 10%. Most of the records presenied
below are econtinuous ones — the camera shutter remained
open and the 35 mm film moved at constant speed so that
the motion of the sweep from left to right produced a
sloping baseline. In some of the more recent records a dual
beam oscilloscope was used in order te photograph simul-
tancously both unexpanded and expanded versions of the
same pulse. The expanded version shows only a part of the
pulse, but has a high enough sweep speed so that fre
quencies well above 100 ke can be resolved. One to 5 variable
clectronie filters were used, usually set at 15 or 20 ke high
pass and 120 to 200 ke low pass. The sensitivity of the 640AA
microphone deelines at approximately 12 db per octave above
10 ke, and hence when a bat’s sound contains two frequencies
at equal intensities the lower of the two appears at higher
amplitude in the records.

In some recent studies Rochelle salt erystal microphones
have also beon used with the samo eleetrical eyaters; in this
case the frequency response does not show the progressive
decline by a factor of £ per octave, but the crystals are
subject to uncontrolled variations in sensitivity. We ordin-
arily found it best to use the condenser microphone for all
intense sounds and for faint sounds below 60-70 ke, while
the erystal was preferable for low intensity sounds in which
most of the energy appeared to be above T0ke. Whenever
possible eondenser microphone records were also obtained of
the higher frequencies fo permit at least a rough intensity
measurement based on the manufacturer’s ealibration of the
640A A mierophone,
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A simpler, easily poriable apparatus was used by Novick
in Panama from May to July, 1954. I{ consisted of a
Rochelle salt ervaial mierophone ((45° X eutl slah 1.57 X 0.7%”
w (L257), a parabolic horn with 21 em mouth diameter, and
a compact, battery operated amplifier and pulse detecting
cirenit which produced in carphones an audible elick cor-
responding ronghly to the envelope of the hat’s high frequency
pulse. An estimate of frequency was possible by tuning for
a maximum audible eclick in the earphones, althoungh this
was often impracticable beeause of the varying amplitude
of the pulses. Most of the frequeney determinations with this
apparatus were therefore obtained by displaying the am-
plifier output {(before the deteeting stage) on a cathode ray
oseillograph and photographing these traces with a conven-
tional 16 mm motion picture camera. This portable pulse
detector, which was similar in purpose {o some of the instru-
ments uged by G, W, Plerce (Noyes and Pierce, '37; Pierce,
'48), was designed and construeted by Dr. S. Arnow, Depart-
ment ¢f DBiophysics, Massachuseits General Hospital, ex-
pressly for use with bat sounds. The pulse detector responds
to szounds containing frequencies from 10 fo 100 ke and
generates an aundible frequeney or click if the ulirasonie sound
is amplitude modulated or pulsed. It thus ““translates’ inte -
the range of human hearing all known bat sounds, which are
either pulses or have enough amplitude modulation to activate
the detector,

The portable pulse detector with itz crystal mierophone
proved io be more sensitive to frequencies abeove about
45 ke than the condenser microphone, 5o that Novick was able
to diseover many tyvpes'of low intensity pulses from species
of bats that had appeared to be virtually silent when studied
with the condenser microphone the wear before. Althoughs
the pulse detector could not be ealibrated, a direct comparison
of the two microphones showed that at frequencies from
45 to 05 ke the Rochelle salt erystal itself is two to three times
more sensifive than the condenser microphone, and that the
parabolic horn increases the sensitivity of either mierophone
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by roughly a factor of 4. The pulse detector also contains
ai amplifier that ean be tuned to fairly narrow freguency
hands, giving it an additional advantage. Neveriheless, all
speeles that could be adequately compared in the laboratory
showed virfually the same sound output whichever instru-
ment was used, cxcept that the condenser mierophone had
to be brought to within a few centimeters of the bat’s mouth
hefore some of the fainter sounds with frequencies above
70 ke could be detected. Ior ecertain speeies which did not
survive in captivity we can report only the resulis obtained
in Panama in 1954 with the pulse detector.

The general nofure of the high frequency
sounds of neotropical bals

Before deseribing the sounds emitted by each of the 16
‘species studied it is helpful to consider certain of their zeneral
propertics, as well as some of the problems ecucountered in
their analysis. Like all bats we have studied to date, these
neotropical species emit both audible eries of relatively long
duration, and very short pulses (generally inaudible) which
appear to be used for orientation, The audible eries have
a wide spectrum of frequencies including some in the range
of human hearing, but many other strong components are
above 20ke. Sinee their properiies are variable and since
they do not seem to be used for orientation, these audible
eries will not be eonsidered further here. The pulses, like
those described from other families of bats, have variable
envelope patterns, the amplitude of high frequensy sound
varving in an irregular fashion. But the significant and
characteristic properties which we have analyzed are: (1)
the pulse duration, (2) the intensity or sound pressure, (3)
the frequency and the manner in which it changes from pulse
to pulse or during a single pulse. Other important properties
conecerning which we can offer only limited evidence are the
pulse repetition rates under various conditions, and diree-
tional intensity paiterns.
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The species we have studied fall into two groups with
regard lo the pattern of frequency changes in their pulses,
the family Noctilionidae on the one hand, and the families
Fmballonuridae, Phvllostomidae, and Desmedontidae on the
other. The first group, discussed in Part T of this paper,
cumit sounds rather similar to those of the Vespertilionidae,
while those of the sceond group are distinguished by complex
and changing patterns of frequencies deseribed in Part 1L
There ave also striking differenees in infensity, the insceti-
vorous specics emitting maeh louder sounds.

Part L

The family Noctilionidae (including
a fish calching bat)

Karly observations of the fish eating bat Noctilio leporinus
mexicanys have been summarized by Gudger (45); and
Bloedel will deseribe elsewhere their feeding habits as re-
vealed by high speed photegraphy.  For present purposes,
it iz “suflicient to state (hat small fish are caught on the
darkest nights — somelimes in mist and fog — by Noelilio
which 8y for seme distanee just above the surface of the water
and occasionally dip their hind feet beneath the surface..
These bats weigh 30-40 gin and take fish one to three inches
in length. Since many Nocfilie stomachs have been found to
be filled with fish, theiv fishing efforts must be suceessful
a reazonable proportion of the time. On somne oceasions, how-
¢ver, insect remains have been found in their stomachs.

Records were obtained from Nocfilio fishing on the Chagres
River and alzo from captive bats which Bloedel had indueed
to fish from a shallow tank of water. The wild Nocfilio were
Found {0 be emitting pulses of high froquency sound whenever
they were within range of the microplone. These pulses
varied considerably in duration and may be divided for
convenienee info three types: (A) relatively short pulses

ik cortinaouzly dvopping frequeney much like those

cefivorons bats of temperate hditudes, (B) longer
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pulses without any obvious amplitude peak and with rather
less than an octave of frequency drop, and (C) a combination
of A and B into a single long pulse consisting of an initial
part with relatively low and eonstant amplitude and a terminal
peak during which the frequeney dropped more rapidly.
A few pulses were intermediate between these three types.
Duration and frequeney measurements from a large number
of records are summarized in lable 1, and typiecal oseillograph
records are shown in figures 2 to 5. The frequency drops
during all reecords, but the rate of frequency change varies
from about 1 ke/msee in type B pulses to 3 ke/msee or more
in scme of the short pulses and in the terminal peaks of
fvpe C. )

Three Noctilio which had been in eapfivity for some weeks
were brought to Weods Hole in August, 1953 and induced
to cateh fish from a shallow wooden tank located in a room 4 m
wide, 3m high, and 10m in length. They tended to emit
more of the shorter type A pulses than did wild bats studied
on the Chagres River. Often, as one of these bats would ap-
proaech the tank, it would emit type A pulses at a rate of about
60 per sccond (fig. 3). At other times, however, even these
captive Noctilio emitted type B and C pulses. Intensity
measurements were also made at Woods Hole with a cali-
brated 640AA condenser microphone, and at 50 em from the
bat's mouth typieal Noctilio pulses had peak-to-peak sound
pressures of 30 to 60 dynes/em?, compared to 60 dynes/em?
at 10 em (or about 12 dynes/em? at 50 em) in Myotis (Grif-
fin, *50).

It is of interest o inguire low these bats locate the fish
which they eatch by flving just above the water and dipping
their hind feet heneath the surface only a small fraction of
the time, Often, the water was perfeetly ealm when we -
observed this aetivity with the aid of powerful flashlight,
and from a distanee of 23 {0 30 feet no ripples or disturbance
of the water could he scen at a spot where, a moment later,
one of these bats would dip Hs feet into the water, Tt is
possible, as Bloodel i tnelined fo bolieve, that the fishing is a
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purely vandom process, the bat dreageing its gafflike elaws
just below the surface while flying over arcas where it has
learned to expeet good fishing, This method scems likely to be
vather incflicient, however, and since vision is of little use
on dark nighls we should zonsider the possibility that Noe-
tilio deteels [ish by eeholoeation, as some inscefiverous bats
appear to locate flying inscets (Qriffin, *53a).

This hypothesiz cncounters a formidable diffienlty in the
very ineflicient transfer of sound energy from air to water or
vice versa. As elearly sel forth, for example, by Olsen (47,

119), the energy of a sound wave penetrating from air
into water, at right angles to the surface, is reduced to
approximately 0.0012 of the incident energy. Oblique in-
cidence would eause even greater loss by reflection. Any
cchoes of Nocfilio pulses from a submerged fish would thus
be reduced 1 energy by a faclor of roughly 10° merely in
passing twice throungh the air-water interface, quite aside
from the further Josses due to the small proportion of the
underwater sound atenally reflected from the fish. A rough
determination of the sound energy present in the water
under a Noctilio fishing from the tank at Woods Ilole was
made with a type AXN.58 crystal hydrophone kindly loaned
Ly Dr. B. Hersey of the Woods Hole Oceanographie Institu-
tion. While not itself calibrated, this hydrophone and its
associated eathode follower unit were very similar in construe-
tion to units for which acenrate calibrations were available
over the frequeney range of Nocfilio sounds. With this
hydrophone whally sumerged in a wooden tank G0 em wide and
180 em long in water 28 em deep, the sounds of Noctilio were
readily observed either as the bat flew low over the water
or when it actually immersed its feet to eaplure small fish.
The maximum underwater sound pressure registered under
those econditions was 15-90 dynes/cm? (corresponding o
about § 107 watt/em?). This was rather less than the
theorctieal expeetations based on the known sound pressure
i the aie and the reduetion to 0.0012 of the ineident energy
on paszing vectiendly through the surface, There is thus no
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evidenee that Nocfilio have any efficient methad of weneraling
underwater sound,

Vet Noctilio do manage to eateh fish even on dark nights,
emitling pulses of high frequency sound as they do so,
These pulses might merely be used for orieniation with
respeet 1o the water or other objects in the air; or fish may
be detected through slight disturbances of the surfaee which
the bat eould detect acoustically although we could not see
thent while watching the tank from which fish were taken by
the eaptive Noefilio. If, on the olher hand, acoustic deteetion
of submerged fish does indeed oceeur, the diglance from bat
to fish may be quite short, possibly as little as 20 em. When
other bats deteet Aying insects in the air, both their oulgoing
sound and the returning echoes probably obey the inverse
square law over most of the distance separating the bat
from its prew, and there is evidencs that small fareets are
deteeted at about two m (Griffin, *53a). Let us thus ecompare
two hypolhetical cazes: a Nocfilio attempting to locate a -
submerged fish at 20 e and an Eptesicus attempling to locate
a flying inscct at 200em. Other factors being equal, this
differdnee in distance would eause the echo from the nearer
object to contain 10¢ fimes more sound encrgy. The insertion
of an air-waler interface between the bat and its target
causes a reduction by a faetor of 10% which leaves a factor
of 100 in favor of the insectivorous bat. A further problem
encountered by Noctilio would be the overlap in lime between
oulgoing pulse and any cchoes [rom a fish as elose as 20 em.
Yet the inseelivorous horseshoe bats disenssed below (page
256) seem able to overcome thi= difficulty in their acoustic
orvienlation based on 100 fmsee pulses (3Miohres, '53a). Another
consideration which may narrow this gap is the somewhat
greater intensity emitted Dy the fishing bat. . While the
evidence at hand is neither conclusive, nor eneonraging for
the hypothesizs of cchioloeation of submerged fizh by Noclilio,
further investigation of the matler is in order.

Another member of the fumily Noctilionidan is the sirietly
inzeclivorous Dirins alliventer minor which weighs 15-22
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am. OF 21 pulses reeorded as these bats flew over the Chagres
River in pursuit of numerous small inseets, the average
duration was 3.0msce (+.1-13.0). In the laboratory, fHiries
lended o cmit shorfer pulses, although we did net cbzerve
any differences in duration as great as in Fytesicus fuscus
and Lasiurus borealis (Qriffin, ’53a). There is a considerable
froquency drop n Diries pulses, as in those of the Vesper-
tilionidae. With the condenser microphone used in 1933, the
average of £ measurements near the start was 51 ke {44-59),
T in the middle of Dirigs pulses averaged 43ke (31-53),
and two measured near the end were 31 and 33 ke, This
small scrics includes both ficld and laboratory records, but
there was no apparent difference between the two. In 1954
with the pulse detector, the average of 16 measurements near
the berinning was 62 ke (46-69), 77 in the middle averaged
S6ke (37-72), and 21 at the end averaged 41ke (33—49).
While these measurements show elearly that the frequency
tended to drop, the change was very slight or absent in many
individnal reeords, a few even showing a slight rise in
frequency during a part of a pulse. But whenever an appreci-
able rate of change of frequeney was apparcnt the direction
of the change was downward. The peak-to-peak sound pres-
sures from a Dirigs which had Dbeen in captivity for some
weeks were 20-40 dynes/em?® at 30 em from the bat’s mouth.
No signifieant harmonies were noted with either the condenser
or crvsial microphone. In short, Dirics pulses ean be dis-
finguished only with difficulty from those of bats biclonging to
the Vespertilionidae.

Part II
“The familics Fmballonuridae, Phyllosiomidae,
and Dezsmodontidas

The bats of these three families emit pulzes of zound which
almost never show the progressive drop in frequeney that
s =0 charnetferislie of Dboth the Vespertilionidae of temperate
latitudes and the family Noctilionidae considered above. In
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some pulses the frequeney is essenlially constant; in others
there are two or more component frequencies which may all
be present at high amplitudes or may change rapidly in their
relative intensities. Often some of the major components
are multiples of the lowest freequency preosent, and it is {here-
[ore convenient to dezeribe such a mwixture as a fundamental
Cfrequency plus 2nd, 3rd or higher harmonics. Tnferpretation
of these sounds iz complicaied, however, by the fact that the
higher of two component frequencies is often much greater
in amnplitude than the lower. What will be called the “*funda-
mental’™ may thus be weaker than some of its “harmonies®,
or il may even become so faint as to be lost in the noise level
cof the apparatns.

Sounds of this degree of complexily are hest desoribed
in terms of their {requency speclrum, the list or graphie
representation of the several component frequencies together
with the relative amplitude of each. In many of the cases
deseribed below an oseillograph record does not clearly reveal
all of the major components of the frequeney speetrum that
are present at significant amplitudes. This diffienlty is most
clearly demonstrated by figure 11 which shows a series of
reasonably pure waves of about 100 ke that are varying in
amplitnde at a rate of approximately 20 ke, that is, the
amplitude is maximal about once every five of the 100 ke
waves, Such.a series of waves is similar to the amplitude
modulated radio waves of a standard broadeast transmitter;
and borrowing terminology fromn this wellknown case, we
conld eall the 100 ke of figure 11 the “‘earrier {requency®,
C, and 20Lke could be'ealled the modulatl .n frequency, M.
Ag explained in textbooks of radio engineering, the frequeney
spectrum in such a ease contains the frequencies ¢, O 4+ M,
and €= M, buf net the modulation frequency, M, ilself.
If, as is the caze in many hal pulses, the waveform of the
madulation frequency is other than sinusoldal, or if it is
ehanging, sl other frequencies will bhe prominent in the
spectrun.
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The example of amplitude modalated waves shown in
fiznre 11 thus warns us that all important components need
not be rvepresented by obvious peaks at regular intervals
acrogs the oscillograph reeord, In many cases it was not
feasible to obiain records as clear as figure 11; and with
a lower sweep speed only the highest peaks may be clearly
visible above the noise level. Baeh a record of the same pulse
shown i figure 11 might casily be interpreted as 20 ke mixad
with some of its harmonies, whereas 20 ke may not have been
present in the- frequeney speetrnm at all! Tn other words,
many of our records cannot be resolved in snfficient detail {o
Eli:.u,mgmsh with certainly belween two possible intorpreta-
fiong: (1} that a particular frequeney, F, iz mixed with one
of its harmonies, for example 3F, or (2} that frequency 3K
iz undergoing amplitnde modulation at frequency F, in which
eaze the freguency spectrum would contain 21* and 41" at
greater amplitudes than B Ooitself.

In view of these eomplications, and others introduced by
shifting phase relationships between the several components,
we zhall eall allenlion only to the more prominent components,
those having the highest amplilude, and those which the
records show elearly to have been actnal componenis of the
frequency spectrum. But it should be born in mind that other-
less obvious components may also have been present at
significant amplitudes, especially when there were sudden
shifts in the predominant frogueney, as for example in
figure &

Famidy Emballonuridae, the soc-winged bats

The ¥mballonuridae are consideved by Miller (°07) to be
relatively  primitive, having a shoulder joint less highly
specialized for light than many other families of the suborder
Microchivoptera. The distingnishing features of the family
are glandular saes in (he wing membranes (most prominent
in the males) and a tail which protrudes through the dorsal
surface of the tulerfomworal mowmbrane, There is no nose
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leaf. The two species we studied both roost during the day
i relatively better ighted retreats than other bats, and they
are more alert and diffieult te approach, Boih are inseceti-
vorous and eould only be fed in captivity with great diffienlty,
so that all records disenssed below were ohtained within a few
hours of capture from bats which =till gave every evidence of
zood health.

Rliynelhiscns nase. These very small bats (weight 3.5-4
f-m] emitfed high frequeney sounds that were casily deteeted
by the condenser microphone and azsociated apparatus used

1 Panama in 1953, Although infensily calibration of the
apparatus was not attempted in Panama, the sound pressare
levels were evidently much elozer {o those in pulses emitted
by the Vespertilionidae than to the low levels emitted by the
leaf-nozed bats dizenszzed below.  Aside from the audible
eries of relatively long duration that these bats emitted when
digturbed or exeited, we detected two distingt fypes of pulses
when REgnchizews were crawling aboul in small cages or
when they were held genlly in the hand in the same manner
that serves to elicit pulses from the Vespertilionidae, These
two types differed most obwiously in duration, hut the shorter
iype also contained higher frequenecies. Tilfer setfings of
20 ke high paszg, at 36 db per octave zlope, were used for
all the records obiained in 1933, o that the declining sen-
sitivity of the condenzer microphone redoced the relative
amplitude of ‘the higher frequeney components visible in the
photographs.

A tvpieal group of the short pulses of Rhynehizens is
Hlustrated in fzure 6, and it was characteristic of these
short pulses that they were emitied in bursts of 5 to 12
within 80 fo 130 msee. Nine ivpieal pulses averaged 5.0
mzee in duration, the extremes being 4.0 and 6.8, The funda-
mental frequency in 8 typieal Jur:ur[ pulzes averamed 45 ke
(41-47), and there wasz no apparvent ehange in fundamental
froqueney during the pulse; mensurements al the end did
not differ from those at the beginning of the pnlse or in the
middle, A zeeond harmonie, however, iz a predominant fen-
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fure of many of these pulses, such as thosze included in figare
6. The appeavance of the pulses shown In figures 6 and 7
results from the horizontal compression of a series of waves
of the type shown in figure 1. This is unavoldable in records
such as fgure 7 in orde? {o show a subsfantial part of the
pulse in one pieture and only the crests of the waves remain
clearly distinguizshable. Or, at still lower sweep speeds, as
in figare §, the individual crests fuse fo rive a series of lines.

Correcting for the deelining sensitivity of the condenser
microphone, the frue amplitude of the second harmonie is
4 times that shown in photographs such as figures 6 and 7.
As ean be seen in figare 7, the amplitude ratio of harmenie

1. r
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Fig, 1 Tho same srtifeially penerated waves havisg a strong sceond harmonie,
photographed st three diferent sweep speeds fo show the origin of oseillograph
patterns suel a3 thosse seen in figures 6 and 7. XNoie Low the peaks and inflections
form bright spots (owing to the lower veloelts of the eathode ray trace), and
Tiow gt the slowest sweep speed  (shown on the right) these spots fuse into
continuous  lnew,

to fundamental varies from pulse to pulse, and within single
pulses, from no discernible harmonie to eases such as figure
7 where the corrected amplitude of the harmonie is many
times that of the fundamental. Indeed the fundamental
almost disappears in some cases so that isolated "parts of
such pulses show only one comprwent of about 90 ke,

Pulses were also deteeted without difficully from the Rhyn-
chigens studied in 1954 with the portable pulse detector {uned
to approximately 100 ke. The duration ranged from 4 to 7
msee, and the [requencies of 18 pulses were 34 to 103 ke
These pulses picked up by the ervstal microphone did not
show the combination of fundamental and sceond harmonie
so siriking in figuve 7, bul appeaved instead to be nearly
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pure and constant frequencies averasing 34 ke, This difference
may be due cither to the different appavatus used, or to
a difference in the type of seund emitted by the partienlar
bats siudied in 1933 and 10954, Whichever explanation is
correct it is elear that strong ecomponents in the neighbor-
hood of 90 ke arve commonly cmitted in the ghort pulses of
{his speecies.

The Bhynclizeus studied in 1953 sometimes emitted much
longer pulses which were definitely lower in frequency than
the short pmlses. The average duration of 11 long pulses
was 90 msee (66-108), and the average of 13 frequency
measarements in varions parts of such pulses was 26 ke (21~
30). Again there was no consistent shift in frequency within
a single pulse, the frequency at the beginning and at the
end being the same within the accuracy of our measurements.
There were no appreciable harmonies. The Jong pulses were
observed far less often under laboratory conditions in 1953
than the short pulses, and they were not observed at all
in 19534, perhaps in part beeause of the type of eamera nsed
to photograph the cathode ray traces. It may be significant
that the average frequencies of the long pulses and of the two
components of the short pulses are separated by intervals
of roughly an octave (26, 45, and 90 ke). Further investiza-
tion would be required to determine which type predominates
nnder natural eonditions, or whether the two are used during
different types of flight as are the short and long pulses
of Eptesiens {Grifin, '53a). While the durations of the long
pulses emitted by Rlhinieliseus ave similar to those deseribed
by Mihres (’53a) as typieal for the Furopean horseshoe
bate, the short duration pulses seem fo predominate, so that
it seems unlikely that Rhynchiscus normally employs a type
of acoustic orientation similar to that of the horseshoe bats.

Saceopleryz bilineata. These bals, slightly larger than
fhynehiscus, appear to be similar in their general halits;
but neither in 1933 nov in 1954 did we obiain as satisfactory
records of their sounds. Most of those detected in 1953
(under the same eondilions prevailing for onr observalions of
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Ihyichiseus excopt that filters were set at 15 ke hizgh pass)
were relatively long in duration or consisted of long frains
of pulses, each Insting one or {wo msee and separated from
the next by about the snme interval. Oeecasional parts of such
sounds show froquencies as high as 40, 46, or 58 ke, but most
of the Tfrequencies measured wore muach lower — for example
one series of 7 measurements averaged 19 ke (14-23). Har-
monies were sometimes present, but not in se regular a patiern
as in Rhynchizews. The records obtained in 1954 with the
pulse deteetor showed definite pulses with durations of not
less than 2.5 nor more than 15 msee (this nneertainty vesnlt-
ing from the film and shuifer speeds employed with the 16 mm
camera). No shift in frequency during a single Saccoplerys
pulse was ohserved, and the highest frequencies measarable
in these pulses ranged from 20 lo 33 ke, Many were nearly
pure [requencies of 22 to 32 ke, while others appeared to
be frequencies of about 27 ke amplitude modulated at 9 ke.
Still others showed a fundamental frequency of 12 to 16 ke
plus a strong second harmonie. -

[t ig of interest o unote that under natural conditions
Saecopteryr was the only bat which produced readily andible
clicks during flight. These sounds were reminiscent of those
produced by a rachet type noize maker lieard at some distance,
The nature of this andible component is not evident, nor have
we oblained oscillograph recovds from flying Saccopteryz.
In view of the eazes deseribed below in which our first attempts
to study certain species did not dizsclose the pulses used for
orientation during flight, we suspeet that we may not have an
adequate sample of the sonnds emitted by Saccopteryr.

Family Phyllostomidae, the leaf-nosed bats

This iz by far the most abundant group of bats in the
Amerviean tropies, and, indeed, the bals of this family appear
Lo ondnumber all other native mammals. The family is charae-
tevized by a fleshy projection extending upwards from the
tip of the snont, just posterior to the cxternal naves. The
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nose Jeaf varies widely in size and shape, as can be clearly
ceen in the illustrations in Goodwin's paper (™6). This
structure resembles the “horseshoe® surrounding the external
nares of the Rhinolophidae studies by Mohres ('53a), and
similar struciures surrvounding the nostrils of {wo other
0ld World Tamilies of bals, the Hipposideridae and the
AMegadermidae. The nose leaf of the Phyllostomidae, however,
"1z the simplest of these structures. Furthermore it is lacking
allogether in one subfamily, the Chilonyeterinne, which also
show such eharacteristie differences in their high frequency
sounds that they will be disenssed in a separate seclion.

Sub-family Chilonycterinae

The best known member of this subfamily is Chilonycteris
r. rubiginosa, a gpecies of which hundreds were present in
cortain eaves in or near the Canal Zone, Bats of this species
weigh 18-22 gm and are ingectivorous. While they lived for
a few days in caplivity, they did not eat and were studied only
in Panama. Palsed sounds were as readily elicited from Chil-
snyeteris rubiginosa as from the Vespertilionidae. While ne
sound pressure measurements are available, Shilonycleris
pulses are not greatly different in intensity from those of
the Vespertilionidae. The records obtained in 1953 with the
condenszer mierophone showed widely varying pulse durations.
Two records showed peaks lasting 2.9 and 3.8msee rising
above a background of more continuous sound, and another
reeord shows a pulse lasting 1530 msee. But the great majority
of the pulses lasted 10-30 msee, the average of the 10 most
salisfactory duration measurements from the standpoint of
intensity reso.ation being 21 msee (13-29). Records were
obtained by Novick in 1954 with the porfable pulse detector
from one hat of this speeies and they showed durations of
S mzee and greater.

The frequencies measured in 13 condenser mierophone
recards of this species averaged 26 ke (21 -30) with filters
set at 20 ke high pass; and the pulse delector indiealed
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frequencies frem 22 o 22 ke, There was litile if any change
in frequeney during the pulses exeept for the infermittent
presence of very intense sceond havmonies. Interestingly
encugh, three records show pairs of pulses separated by
only 10-15 msee in which the first member of the pair con-
fained little or no second harmonie while the second pulse
showed a second harmonic exceeding the fundamental in
amplitude, when eorrceted for the declining sensitivity of the
microphone. Ceriain records obiained with the pulse detector
show frequencies of approximately 46 ke with no trace of the
usual 22-25ke eomponent. There are freguent examples,
in addition, of iranszitions from a elear Tundamental of 23
ke, with a *-:C'Lt_ill'ld harmonie, to an apparently pure frequeney
of 4Gke. Tn many respects the pulses of Chilonycleris rubi-
ginosa are similar to the short pulses of Rhynchisens, except
that the freguenecies are lower. While no progressive fre-
gHency maodulation oceurs during the pulse, 119 strong second
harmonie, when present, wonld provide another frequenc}r
an octave above the fnndmmnt‘tL

Chilonyeteris personata. This species Is the smallest of
the Chilonyeterinae siudied, being about one half the size
of Hplesicus fuscus. A large colony was found in 1954 sharing
a small eave in the vieinity of Penonemé, Panama with
Chilonyeteris rubiginesa, Pleronotus suapurensis, and Carol-
lia. perspicillata azteca. Chilonycteris personata, a vividly
colored bat believed fo be inzeetiverous, failed fo survive
in raphwfv, and henece was studied only with the pulse
detector in Panama. Its pulses are typically short in duration,
12 measurements averaging 2.4 msee (1.5-4.5) with cccasional
trains of three or four short pulses in m]m:mt continuons suc-
cession. Analysis of 306 pnlses shows that they contain a
fundamental frequency averaging 33 ke (30-36) invariably
accompanied by a second harmonie and, rarely, by a third
harmanic as well, The relative mnphfuc‘[ea of the harmonies
may shift gradually or abruptly, and the third harmonie
often dmpa out during the pulze. These pulses never con-
tained the fundamental alone or the second harmonie alone,

/
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as ocenrs in Chilonyeleris rubiginosa. The amplitudes of the
pulses of these {wo species are approximalely the same.

Dieronotus swapurensis. This bat, remarkable for having
its wings attached along the middle of its back, is inscelivorous
and very ecloscly related to Chilonycleris. In size, it falls
between the two speeies of Chilonyeferis studied. I {oe,
failed to eat in captivily and so was studied only in Panama
with the pulse deteetor. The pulses proved to be uniformly
short as in Chidongeferis personafa, 8 averaging 2.2 msec
(1.9-2.7} in duration. In frequeney, 31 pulses contained a
fundamental of abont 22 ke (20-25) invariably aceompanied
by a second, someiimes by a third, and occasionally a 4th or
even a Oth harmonie of significant amplitude. The hizhest
frequency noted was 125 ke in two pulses which also showed
components at 23, 50, 73, and 100 ke. There was no indication
of progressive frequency modulation, but the highest com-
ponent somelimes dropped out, resulting, for example, in
shifts of the predominant frequency from 63 to 45 ke, 70 to
H0%ke, and 70 fo 43 ke, This species thus produces sounds
sparming more than two octaves, with the strongest com-
ponents tending fo be separated by harmonie intervals. The
sound pressures are roughly the same as thoze of Chilonye-
teris.

Sub-fam:ly Carollitnae, Carollia
perspicillala azteca

These medium-sized leaf-nosed bats, which are perhaps
the most abondant wild mammals in Panama, were easily
maintained in captivity on a diet of bananas and other fruit.
Although they weigh 14-20 gm, they are elearly more adept
at flying in small spaces than 6-8 gm bats of the family
Vespertilionidae such as Myotis lucifugus. Carollia, for in-
stanee, can turn and fly back and forth in a eage 1 3 0.5 X 0.5
moin size without {ouching the walls. Sinee the sounds
and aecoustic orientation of these bafs were studied more
thoronghly than those of any other leafnosed bats, Carollia
will be discussed first, and other species briefly eonpared
with it in later sections.

\
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Our fivst impression, on attempting to deteet their gsounds
with the condenser mierophone, was that Carellia were re-
markably silent. An amount of time and effort which would
casily have indueed any of the Vespertilionidae to make
dozens of pmlses easily deteetible with the condenser miero-
phone vielded nothing but a few low frequency noises of
relatively long duration. To be sure, an occasional one to
two msee pulse was clicifed, and such pulses ranged in
frequeney from 18 to 31ke (Griffin, *53b). A few of these
pulses showed a gradually declining frequency szimilar to
ihe pattern characteristie of the Vespertilionidae (for ex-
ample 29 ke at the start and 18ke at the end of a 2.2 msee
prlse). But most of the time no sound whatsoever could
e deteeted, whether the hats were allowed to fly about in a
large cage or laboratory room or were gently held in the
hand in a manner known to elicit pulses from other speeies.

Vet blinding did not affect the ability of 4 Carollia to fiy
normally or avold obstaeles, and like other bats they became
quite helpless and disoriented when their cars were plugged.
Clearly they were dependent upon some type of sound for
their orientation, but thiz was very seldom deteetible either
by the unaided human car or by the condenser microphone
and associated apparatus used in Panama during 1953. Du-
ring the spring of 1953-54 a few live Carollia were shipped
to Cambridge. On sludying these in an Improved flight
chamber we first noted faint, but clear, audible elicks as a
hat flew past our ears at a distanee of a foot or two in a
quiet room. These audilble sounds conld be detected by the
G40AA microphone, which has its maximum sensitivity at
frequencies below 12 ke, Their frequeney was 1600-2100 e.p.s,
corresponding to wave lengths in air of about 20em. Yet
these hats avoided fine wires with such great skill that these
long wavelengths could searcely have been the basis of their
orieniation (sce table 2). ITence a more intensive search
was made for high frequencies, and, indeed, when the con-
denser microphone was within two or three inches of a
lying Carollia, shovt pulses of 30-100%ke sound were at last
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detecled. The audible elicks are presumably eomparable with
the low frequeney, low amplitude components which scem to
accompany the high frequeney pulses of other hats (Grif-
fin, '51).

The high frequency pulses of Carellia had been overlooked
previously not beeause of their frequency but beeause of their
intensity, which is very much lower than the levels to which
we had beecome acenstomed in the Vespertilionidae and other
bats, This experience demonstrales how easily we might have
Lbeen mizled if our aftempts to explain the orientation of
these hats had terminaied earlier. For example, it seemed
quite possible that Carellia was orienling itself visually, nntil
we blinded one individual and plogged the ears of another.
Later it scemed as though the few pulses we detected at
18 to 31 ke were typleal of the voeal repertoire of Carollia, but
more thorough study showed that these were exceptional and
probahly more analogous to the oceccasional low [requency
pulzes of the Vespevtilionidae, Onee we knew what to look
for, it has always been possible to deteet pulses from Carollia,
but only with the condenzer mierophone very cloze fo the
bat's mouth, either during ffight, before and during takeoff,
or with the bhat loosely held in the hand. It scems likely,
thongh not certain, that the sound is concentrated into the
forward direetion, but we have not secen evidence of zo
narrow a beam as Mohres describes in the Rhineolophidae.
Aceurate measurement of divecetional pattern must await
further investigations.

Sinee a microphone more sen=zilive above 30 ke than the
G10AA was clearly neeessary, we turned to Rochelle salt
crystals of the type used by Pierce in his original apparatus
for the study of high frequeney sounds in air. While far
from the ideal microphone for analyzing bat sonnds (which
would be highly and aniformly sensitive to all frequenecies
from 10 to 200 ke), these Rochelle salt erysials make it
possible to pick up the fainl high frequeney sounds of
Carollia and similar bats ot somewhat greater distances.
[ owas lavgely beesnze of this experience wilth Carellia that

=
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the portable pulse delector described above was developed
for Noviek's 1951 lrip to Panama,

Several long series of records were obtained from captive
Carollia that were in excellent condifion, using both the
condenser and erystal microphones with filter settings of
20 ke high pass; and we feel confident that these represent
the typieal pulses used for orientation during flight. The
average duration of a series of 24 such pulses was 1.4 msce
(.8-2.3). The sound pressure, measured with a calibrated
640A A microphone in 45 pulses from flying Carollia, averagred
3.6 dynes/em?® (1.0-11.7). These rocords were oblained by
having the bats fly past the microplione, the distance from
bat to mierophone varying widely. When the condenser
mierophone was held as much as 30 em from a Carolliz the
pulzes were only barely visible above the noise level of the
apparatus. Bince the photographs with the hest signal-to-
noise ratio were selected for the measurements, these values
represent sound pressure levels at a few centimeters from
the bat’s mouth.

The frequencies varied considerably in the pulses emitted
by Carollia. Out of a series of 40 satisfactory photographs
of short pulses defeeted by the condenser microphone from
Carellia that were in full fAight, or taking off, the measured
frequencies ranged from 15 to 101 ke. Frequencios below 60
ke were exceptional, however, and, in the typical pulses,
frequencies near the beginning ranged from 76 to 92 ke,
those in the middle from 63 to 101, and those near the end
from 70 to 92ke. When the erystal mierophone was used
with the same amplifiers and filters, somewhat higher fre-
quencies were recovded. Nine satisfactory recovds with the
erystal microphone ineluded frequencies of 86-128 ke near
the beginning, 114 119 ke in the middle, and 71-111 ke at
the end. Since the condenser micraphone favors lower fre-
fuencies, and, sinee only a few pulses could be detected with
cither microphone at hizh enough sizual-to-noise ratios to
permit satisfuctory measurements, it is not surprising that
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those achieving 1his stafns with the crystal mierophone shounld
range somewhat higher in frequency.

These neasuremenis show that there is no clear {rend for
the frequency to rise or fall during the pulse, and, henee,
there is no frequency modulation edinparable to that of the
Vespertilionidae. While individual bats show some differences
in frequency, there is at least as mueh variation among the
pulses emitted by a single bat within a fraction of ‘a second.
Eyven within an individual pulse there are often siriking
changes of frequency, in either direetion. Sometimes a reason-
ably pure frequency suddenly acquires a second or higher
harmonie which inereases rapidly in amplilude until it ap-
pears to be the only frequeney present. In other records
sudden shifts by less than an oectave can be seen. An
exeeptional, but not unique, ease of frequency shift within
a single pulse is shown in figure 8. The expanded porfion
of this record lasted about 0.7 mzee out of a total pulze
duration of approximately 1.8msee. The first 4 waves in
the expanded portion have a frequeney of 23ke, but the
distorted wave form ghows that harmonies are present, and
it should be recalled that their true amplitudes were several
times greater than indicated in the figure becanse of the
declining sensitivity of the mierophone. There is then an
abrupt shift to a frequency of THke for abouf 15 waves,
followed by an interval with irregular inflections in these
waves. Finally a frequency of 96 ke appear for the balance
of the record.

T certain records of Carollia pulses there is thus an
interval of fairly low frequeney (20-30ke) preceded or
followed in a very short time by multiples of this frequeney.
Mare often, only the higher frequencies are appavent, but
these often show shifts by 20-25 ke, For example, in one
record there was a sudden shift from 77 to 98 ke, and,
another, from 80 to 100. Other rceords show more g1 ‘uhml
changes such as 72 1o 92 ke and 93 {o 83 ke in about 3 maee,
Still other records of Carollia pulses show amplitude madula-
flon at 1 or occeasionally 1 the predominant freguency, hik
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TABLE 2

Sueeess of three species of leaf-nosed bats (v avoiding & row of vorticel wires spread aeroy
the center of @ £ % Tdm roen. The wives were S0 em apart for Arlibens, 38 cin for :;'ar.g.‘r;,m’
and S0 for Glossephaga [(except that for some of the todfs of Clossophaga with G175 my
wire one spoce was 67 ce), Wire digmeter Weled at the top of coek columi, Mozimiem wing.
spreads: Ariibeas 45 am, Carellis 30 cm, end Glossophags 25 em.

R LoSmm 050 mm 0275 mm 0175 mm
spects ol ek LR miw G i AR il
Carolia  No, 1 T RS — o~ =70 2%
Carollia No. 2 — — — WS - — 122 4655
Carollia Mo, 3 —_ .= -— -— e - 10 355
Carallia ~ No. 4 - = - — — = 82 6%
Cargilia Mo, & e .- - — — e 112 4GeT,
Carollia No. & — _, = — — — 70 0%
Carolia  No. 7 =& — = e Tom 59 30%
Carollia No, & e =z T o — 55 56% - —
Carollia No, 9 - — = — i3 679 — —
Carcllia Yo, 10 - - - - 43 615 — !
Average ; 243 G555 516 6%
Glossephaga No, 1 a4 E0 i — — e — i
Glossophaga Mo, 2 — — 54 G2 — — . Wl -
Gloszophaga Moo 3 il i 47 TECh T s L ey
Glossophars Mo, 4 — — — — 131 S4dh P =
Glozzophaga Mo, 5 s e L i 133 rliL=A Ly —a
Clessophaga No, 6 — e . e i o 104 Thh
Glozzophaga No. 7 - —- — — — —- 27 0T
Glossophaga No. 8 L e — - - 197 045h
Average a4 504, 91 G5CL 314 7566 56O 59TH
Artibens Wo. 1 a5 TR, a5 A i B E i
Artibens No.o % 39 670 47 5515 6 25tk 4 (A
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such amplilude modalation appears to be less common than
the mixture of a fundamental of 2030 ke with one or more
of ils harmonies. '

The avoidance of fine wires by Carollia, In view of the
pather different type of sound used for orientation by Carol-
lig, the ability of these bats to aveid small obstacles was
Ccompared with that of the Vespertilionidae studied some years
szo (Grifin and Galambos, *41). The Carellia were allowed
to iy baek and forth in a room 4 3 10m in gize, divided into
two 4 3 5 m areas by a row of vertical wires extending from
loor to eeiling (2.3 m). The spacing of the wires (30 em)
as woll as the method of seoring hits and misses was the same
as in the earlier experiments with Myotis, Beeause the actnal
wingspread and the angle of approach varies widely, it is
not possible to caleulate the precise pereenlage of misses fo
he expected if the bat were avolding wires by chance alone.
With Myofis lucifugus, having a maximum wingspread of
about 25 em, the actual chance score for wires 30 cm apart was
cloze to 35% misses. Since Carollic have a maximum wing-
spread of about 30 em, the chance score might be somewhat
lower. The resulis of these tests are shown in lable 2,
torether with the dafa for two other species of leafinosed
bats to be dizcussed below. It is clear that some of the
Carollia avolded even the amallest wire used {diameter 0.175
mm) far more often than could be explained by chance alone.
A camparison with the performance of Myotis shows that
Carollia avoided small wires cven better than this small
member of the family Vespertilionidae. The average scores
in several hundred {rials with Myofis Tucifugus were: 72%
mizges for wire 0.33mnin in dimmeter, 529% for 0.26 mm,
39% for 0.12 mm, and 36% for 0.07 mm (Curtis, '52).

The superior performance of Carcllie, despite the low
mtensity of their pulses, may be associated with their
habit of flying more slowly and often hovering in front of the
harrier hefore flying belween the wires. This mode ol flight
may also he related to their normal diet of frult, rather than
ving inzseets. Yet undee natural eonditions Cwarollia arve
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more offen eaught in trammel nets conslructed of fine linen
thread than ave the lnscelivorous bats or Noctilio. Perhaps
Carollic and other fruit eating hats are aceustomed fo brush-
ing against vegetation and fail o dislinguish the nels from
Lharmiess nalural obstacles. But it reaming a puzzling paradox
that under natural conditions Carollia failed to avoid these
nels far more often than Myotis, while the opposite was true
of the small wires used in our laboratory testa.

Fueperiments with mouth, nostrils, and
noge leaf of Carollia

Carollic and most other members of the family Phyllo-
stomidae resemble the horseshoe bats of the Old World in
having a nose leaf, although there are many differences
between the structure of the simple spear-shaped nose leaf
of the Phyllostomidae and the complicated “‘horseshoe’?
surrounding the nostrils of the Rhinolophidae. Méhres (*53a)
has recently shown that the ““horseshoe’® serves as a small
horn concentrating the emilled sound into the forward diree-
tion, but as far as we ean determine the feeble pulzes emitted
by the Phyllostomidae are not nearly so strongly concentrated
into a narrow beam as Mohres reports for the very intense
pulsez of the horseshoe bats, When the noze leaf of one
Carollia was amputated (a virtually bloodless procedure)
the hat showed no appreciable impairment of flying skill or
ability to avoid obslacles. Fonr other Carellia were used fo
study the relative importance of the mouth and nestrils in
the emission of the high frequeney pulses. When the mouths
cof three of these bats were tightly sealed the pulses were
either quite neemal or were slightly reduced in iniensity.
When their nostrils were sealed two of the bats emitted pulses
that conld not be distinguished from normal, and the other
two emitled a series of pulses that inclnded the whole range
of frequencies usually present, but an abnormally large
proportion eontained frequencies from 20 {o 60 ke rather than
frequencies above 80 ke,
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Carellin {and presumalbly other Phyllostomidae) thus re-
semble the horseshee bats in being able to emit sound through
the nostrils. Another similavity involves the habit of fre-
quently and rapidly turning the external ears from side to side
while invesligaling their surroundings. Tt iz tempting to
conelude that these movements represent a form of seanning,
and that the nose leaf of the Phyllostomidae serves either
to render the outgeing sound more directional, or to aid
in auditory localization of sounds reaching the bat’s cars

-ineluding perhaps echoes of ifs own pulses. But the low
imtensity of the pulses emilied by the Phyllostomidae places
formidable obslacles in the way of a detailed analysis of
the directional inlensity pattern of the emitted pulze, so
that testing of such hypotheses as these must await further
improvements in our technieal facilities.

Sub-family Phyllostominae

Lonchorhing aurifa. These bals are slightly smaller than
Carollia (10-16 gm), and they have a long, narrow nose leaf.
They did not survive for long in eaptivity even though pro-
vided with a variety of fruit. The records obtained in 1953
with the condenser microphone showed many short duration
pulses of relatively low frequency. In 28 measurements,
the average duration was 2.7 msee (1.0-5.4), and the average
of 15 measurements of the fundamental frequeney was 12ke
(11-13). There were no signs of frequeney modalation within
the pulses, but both seeond and third harmoenies were very
prominent, so that strong comiponents as high as 39 ke were
present in almoest all pulses recorded from this species. In-
deed some records show the 12 ke component dwindling to
an insignifleant amplitude, so that virtually pure waves of
2239 ke were left. Records oblained with the pulse delector
in 1054 showed similar valnes for pualse duration: and (he
Wighest froquency components ranged from 24 fo 46 ke, the
average of 13 measurements being 36 ke. Qhier appavent
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companents of 11-14 ke were also present in many records,
and in each ¢ase these were one third or one half of ihe highest
frequeney diseernible. Some of these lower frequencies may
have been frequencies of amplifude modulation.
Macrephplhon macroplhyllum. These bats are among the
smallest leaf-nosed bats studied, weighing 6 to 9 gm. They
did not eat fruit in eaptivity, and hence survived only a few
days. They vesembled Lonchorhine in emitfing short pulses
containing a fairly low frequeney fundamental plus strong
Larmonies. The condenser microphone records obtained in
14933 showed durations ranging from 0.9 to 1.9 msee {average
of 19 values 1.2 msce) and frequencies ranging from 21 to
30 ke, with no frequency modulation. No records of Weacro-
phylhn were obtained with the pulse detector in 1954
Phuyllostomus hastatus pawamensis. This is the largest
bat we have sindied; it weighs approximately 100 g, and
its food includes not only froits but inseets, smaller bats,
and small birds (Dunn, *33). Tt emits short pulses which are
mueh more easily detected with the condenser microphone
than those of Carellia. The sound pressures at 30 am are
about 1 dyne/em? in contrast with Carellia which produces
this order of szound pressure only at 10em or less. The
average duration of 30 Phyllostomus pulses was 1.6 msee
(1.0-3.1), and the frequencies measured with the condenser
microphone average 37 ke {30-45) with no signs of frequency
modulation like that of the Vespertilionidae. Nor do our
records show the sudden shifts of freguency that are common
in Carollic pulses. The erystal microphone tended, as usnal,
to plek up somewhat higher frequencies; 22 records ranging
from 42 to 55ke averaged 48ke. Some records show fre-
quencies of 45-50 ke plus a component at 90-100 ke, and others
show amplitude modalation at abont one third the principal
frequency. S611 other records, some of which are longer

n]l::z';ltzrm pulses, contained waves of 10-15 ke plus sccond or
thivd harmonies,
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Sulbi-family Stenoderminags

Uroderima bilobatwm.  These medium sized, leaf-nosed bats
(weight 13-21 gms) have the unusual habit of construeting
their own reost by cutting pactly through the middle portion
of large, broad palm leaves, so that the leaves bend down
info a tent-like shelter in which the bats voost by day (Allen,
30). Tm 1933, when the condenser mierophone was used,
very few pulses were deteeted from Uroderma, but in 1954
the pulse detector registered many pulses of 1 to 2 msce
duration having frequencies ranging from 69 to 33 ke. These
were apparently of the same low level of intensity as those
of Carollia, and there was an equally pronounced tendency
for the frequencies to be multiples of some frequency in
the vicinity of 20-25ke. The frequency alzo commeonly changed
within a single pulse by velatively small amounts, for cxample,
during LD msee of one recovd the frequeney fell from 73 to
69, and then rose to 87 ke. '

Avtibens jamaicensis palmarwm. These moderately large
leaf-nosed bals weighing 55-70 gm ave commonly found roost-
ing in unoceupied buildings. They survived for long periods
in captivity on a diet of fruit. As with Carollia, the eondenser
microphone used in 1953 revealed only a few pulses with
frequencies in the mneighborhood of 20ke, but use of the
pulse detector in 1954 showed that short pulses of higher
frequency were common. Pulses recorded in Panama with the
pulse deteetor ranged from 0.9 to 1.8 msee in duration, and
from 68 to 77 ke in frequency. All contained at least traces
of a fundamental frequency of about 24 ke plus a second and
third harmonie. A more thorough analysis of the pulses
emilted by captive Arfibens that had heen shipped to Cam-
bridge (but were still in exeellent health) showed acoustie
Properties rather similar to those described ahave for Carol-
fia. Tt was difficult to deteet Artibeus pulzes with the
condenser microphone, hut seeasionally an iutensity az high as
10 dynes/sem? at 80 ke could be vegistercd as the hat took
off within a few centimetors of the microphone, The average
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of 24 duralion meas=urements was 2.2 mzee (1.4-39). Eleven
records with the condenser microphone (filters set af 20 ke
high pass) showed frequencies from 64 to 86 ke, with an
average of T2ke. There was no indieation of any differcnee
between the beginning, middle and end of the pulse. The
crystal mnicrophene indicaled a slightly higher range of fre-
quencies, the average of 21 measurements being 81 ke (40-94),
and there was again no sign of a progressive shift in frequency
from beginning to end. _

As with Carollia some vecords showed pulses having a
fundamental frequency considerably lower than the figures
listed above, together with strong harmonies. Tndeed a wide
varicly of conditions appeared in individual records, ranging
from 14-15 ke with only traces of harmonies through instances
where a fundamental of about 20 ke showed very prominent
second and third harmonies, to cases in which the record
seemed te be a mearly pure frequeney of 70-90 ke, Other
records showed frequencies of 75-90 ke undergoine amplitude
modulation at § of the predominant frequeney. Artibeus thus
has at its disposal a wide range of frequencies with a strong
tendeney for these to occur as multiples of 15-25 ke.

Fxperimental impairment of the heaving of Artibeus gave
results similar to those deseribed above for Carolliz, One
Artibeus with its ears plugged collided with all obstacles
it encountered and appeared completely dizoriented as any
other deafened bat. The ability of two healthy Artibeus
o avoid small wires was tested in the same manner as
dezeribed above for Carollia except that the wires were
spaced 60 em apart, and the resulting date are ineluded in
table 2. To our surprise there was no significant difference
in their suceess at avoiding wires ranging in diamefer from
0.175 to 1.05mm, and even at the smallost wire size these

lirge bats were remarkably skillfal,

Sub-family Qloscophaginae

These small leaf-nosed bats have an clongated roshrium and
leng tongues nsed o oblain pollen and neetar from Towors,
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sgme of which bleom at night appavently to facilitate cross
pollination by these bats (Porseh, '32; Allen, '39; Wille, *54).
The two specles sladied were apparenlly Lypleal of the
sub-family, although other genera have a more exireme
lengthening of the rostrum and may depend more heavily
on [lowers rather than fruit and insects for their food supply.
TBoth speeies discuszsed below were maintained in eaplivity
on a diet of fruit, Lonchophylla for a few weeks and Glos-
saphaga for several monthas,

(Gloszaphaga soricing leachi, This species scemed even
more nearly silent than Carollia when studied in Panama
with the condenser microphone. Some pulses ranging up to
28 ke in frequency were detected, but it remained for the
pulze deteclor to show that short duration, high frequency
pulses were as characteriztic of thiz species as the others
sludied. Thesze bats are smaller than Carollia {weight about 10
s}, and the frequencies are characteristically higher. When
healthy captive Glossophaga were studied in the laboratory
with the G40AA microphone 1t was neeessary to use [filler
scttings of 50 or 70 ke high pass in order to obtain satisfactory
records. The pulse durations were 0.3 fo 0.6 msee (average
of 7, 046 msee), and the frequencies ranged from 73 to 126
ke, the average of 18 measurements being 98 ke, The 8 highest
amplitude pulses averaged 2.6 dynes/em? at abont 5em from
the bat’s mouth, the maximum pressure in the serics heing
6 dynes/em? at 121 ke. This value is based on an extra-
polation bevond 100 ke of the manufacturer®s calibration curve
of the GA10AA mierophone, and it shonld be reealled that
thiz microphone was not designed lor use above about 20 ke.
Mence the actual sound pressures may be hizher or lower
than 6 dynes/em?®, but these measnrements show that Glos-
sophaga emils much of the energy in its pulses at wavelengths
of 2.5 to 4 mm.

With (he erystal microphone betfer signal-lo-noise ratios
were obinined, and it was proetieable to nsze fAller settings
nf 20 ke high pass, With this selfing 20 frequeney measure-
nentz averaged 102 ke (73 115), and, when the cryslal micro-
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phone was used with filler settings of 80ke high pass, the
average of 26 measurcments was 106 ke (01-128). As with
Carollia there were often shifts in frequeney within a single
pulse, and two pulses emitted within 1,/10th second sometimes
contained quite different frequencies. But there was no sign
of the progressive shift of frequency characteristic of the
Vespertilionidae. A typieal shift within a single pulse is
iMusirated in figure 10, oblained with the condenser micro-
phone, and this figure also shows the very short duration
characteristie of Glossophaga pulses. The frequency of the
first 10 waves elearly visible in the expanded sweep is 79 ke;
that in the next 14 waves is 109 ke; and the higher frequency
¢an be seen to commence as a small inflection on the lower
frequency waves.

One Glossophaga set free with its ecars plagged was com-
pletely disoriented and eollided with all obstacles in its path.
Tests of the skill of this species at avolding small wires are
included in table 2, and it is clear that these bats avoided the
0.175 mm wire without difficulty, even though the wave length
of the highest frequencey detected in Glossophaga pulses was
2.7 mm, or 15 times the diameter of the wire.

Lowchophylla robusia. This species is quite similar to
CGloscophaga in size and probably in ils feeding habits. It
was net taken in 1953, but in 1954 one of (hese hats was
brought to Cambridge in apparent good health and a few
records were obtained with both the condenser and erystal
microphones. The pulses were low in intensity, like those of
CGlossophaga, a lypleal sound pressure measurement being
27 dynes/em® at 80ke. The durations were short (0.5 to
2.7 msee, the average of 14 being 1.2 msee). With filters at
20ke high pass the condenser microphone picked up a few
pulses with frequencies from 25 to 45 ke together with obvious
harmonies. When the fillers were set at 80 ke high pass ten
records showed frequeneies ranging from 65 to 91 ke (average
82 ke}, with the same type of shift in froqueney that has been
deseribed above for Glossophage and Carellia, A typieal
cxample of such pulses is shown in figure 11 The crystal
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microphione gave a belter signal-to-noise ratio in records of
Lonchophylla pulses, and the average of 16 measurements
was 108 ke (95-119). There was no counsistent lendency for
the frequeney to rise or fall from beginning te end of the
pulse. The Lonchophylle pulses tended to show amplitude
modulation moere conspicuously than thoze of the other speeies
studied, many records heing similar to figure 11 in this
respeet, The modulation frequency may be 1 of the pre-
Jominant frequency, as in figure 11, or in other records § or
L. In such eases a considerable part of the sound energy
was presumably present in the ““side bands’ and little or
none at the modulation frequencies of 20 to 25 ke.

Family Dezmodontidae, Desinodus rofundus
murtiug, the vaompire bat

These hats, which feed exclusively on the blood of living
animals, are confined to the American tropies. General de-
seriptions of their habits and the manner in which they
attack sleeping men and domestic animals such as horses
and goats are given by Ditmars and Greenhall ('33). It
has recently been reported by Malaga-Alba ('54) that vampire
hats scldom bite dogs because the dogs are awakened at the
hat®s approach, This is of interest inazmuch as dogs seem
able fo hear higher frequencies than larger mammals (see
for example Bekesy and Rosenblith, '51). Several vampire
lats weve studied in Panama in 1933, and, while they often
emitted faivly long duration audible cvies when handled or
otherwize excited, pulsed sounds were as rare in our records
as in tho - of leaf-nesed hals, and apparently for the =ame
reason. With the condenser microphone, with filters set at
20 ke high pass, short pulses have now been deteeted with
fregneneies r:m}__gin;_;' from 15 to 92 ke and two lypieal pulses
arve shown in figure 90 Out of this 10 fold vange in frequency
the most connmmon {vpe of pulse coutained Frequencies from
0-70 ke, or less commonly, Trom 30 to 90 ke, When fre-
quencies below 30 ke were recorded they were abways ae-
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companicd by prominent harmonies, and in many records the
Frequency shifted by roughly 20-25 ke or mulliples thercof, as
in Carollie. In many vecords having a fundamental of G065
ke there was alse a significant component at twice this
frequency, so that appreciable energy is emitted by the vam-
pire hat above 100 ke, One record <hows 138 ke at an indicated
sound pressure of 2 dynes/em?, hased on an extrapolation of
the manufaciurer’s ealibration of the G10AA mierophone.
The eryvstal and condenser micropliones did not show any
1)1'011011;1@1_! differences in frequencies recorded from Des-
modus, and frequeney ehanges duving the individoal pulses
were less commion than with Caroliia. The average of 67
Desmodus pulses recorded with hoth mierophones was 73 ke
and the average of 12 duration measurements was 2.2 msee
(0.64-4.0).
DISCUSSION

The original demonstration that hats use sound to detect
obstacles, as well as most of the subzequent investigations of
aconstic orientation in bats, have involved a single family
— the inzectivorous Vespertilionidae. DBut enough of the
other families have now been studied so that we can begin
to judge the validity for other kinds of bats of the concept
of echolocation originally derived from studies of the Vesper-
tilionidae. A species of Myetiz =tudied in Panama showed
no differences in its sound from the Myofis of temperate
latitudes, A second insectivorous family, the Molossidae or
froe-tailed bats, appear from our Inboratory experience with
the genus Taderida to emit pulses of zound very similar to
those of the Vesperfilionidue, and Part T of this paper presents
data demonstrating that the Noctilienidae, which feed on
mseets or fish, ainploy sonnds which are very similar to those
of the Vespertilionidae in intensity, duration, and frequeney
pattern, St another inscetivorous family, the horseshoe
bats (Tamily Rhinolophidae) produce sounds which Méhres
("33a) hax shown to differ from the=e of the Vespertilionidae
i two Important respeets: the fregquency is constant at about
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80 to 100 ke instead of dropping an octave or more during
cach pulse, and the pulses ave Jonger in duration — abiout 100
msee instead of one to 153 msee. Mohres also presents evidence
(hat the sound is mueh more coucentrated into the forward
diveetion, in part hecause the “horseshoe’ acts as a small
horn, Dijkgraaf (48) had demonstrated that Rhinclophus
cmit sound only through e nostrils, in contrast lo the
Vespertilionidae, most of which emit through the mouth
(Griffin, *46). The horseshoe hats thus employ aconstie
procedures in their echolacation which differ from those used
by the other three inscetivarous families discussed above.
Objeets closer than about 15 m must relurn echoes which
i}\'u].‘tp the cutgoing pulse in time, and Mohres helieves that
the more c.mu_c-,m.ltml Leam, together with specializations of
ihe external ear, enable the horseshoe bats to diseriminate
between sound returncd from abjeels lving in different diree-
Hons, IMarther disenssion of these intriguing problems s
Beyond the scope of this paper, however, and the important L
point for the present discussion is that three widespread and
suceesstul families of inscelivorous bats, together with the
Noetilionidae which eatel either inscets or fish, all emit intense
pulzes of sound for purpeses of echolocation.

Of the bats which feed on fruit, the sub- order Megachir-
optera (the “flying foxes™ and other Old World fruit hats)
has not vet been studied adequately, although Mohres ('33b)
has reported briefly that Rousettus employs ccholocation,
but that Pleropus relies on vision for its orientation. The
other major group of bats that feed on fruit are the leaf-
nosed bats of the Tamily Phyllostomidae diseussed in Part 11
of this paper. We have presented evidence that the pnlses
employed by these bats shave with the families Emballon-
wridae and Desmodontidae a hasie design which distinguishes
them from the other families dizcussed ahove, The pulses
einitted by the members of these three Lunilics contain one
or more predominant frequencies which appear to e cither
stnmltaneously or suceessively drawn [rom a harmonie series,
There are ofton =wdden changes in the frequency speelium,
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cither during a single pulse or from one pulse o the next,
hut such shifts Dbear litlle resemblance to the progressive
froguency madulation characteristic of the Vespertilionidae,
Volossidog, and Noctilionidae, in which ench pulse begins at
its highest frequency and gradually drops to its lowest fre-
queney at the end. The pulses emitted by these three neo-
trapieal families ean be divided into three sub-groups which
appear to he correlated with the feeding habits of the bals,

The first group includes the family Fmballonuridae and
e sub-family Chilonyeterinae. The pulses of thesc hats have
hizh sound pressures, comparable o those of the Vesper-
“tiMonidae, and their frequency speetra are relatively simple.
They unsually eonlain a fundamental frequency plus one or
vore harmonies of laurge amplitude. Variely in this group
appears limited to the addition or subiraction of one or move
harmonies. This may oceur within a pulze as well as from
one pulse to the next, but it does not oceur repeatedly within a
single pulse. Some members of this group also emit pulses
of relatively long duration. -

The seeond group, the leaf-nosed bats of the anb-family
Phyllostominae, is represented here by three species all of
which produce short pulses of relatively uniform design.
These pulses usually eontain only one frequency, but com-
ponents of one half or one third of this frequency ave found
in ather pulses, so that the higher frequency may bz a
cocond or third harmonie of a “fundamental”” which only
oreasionally appears at high amplitudes. Amplitade modula-
tion at a snbmultiple of the predominant frequency sometimes
seenrs. Shifts of frequeney within a pulse are rave, while
<hifts from one pulse to the next are of limited scope and
not striking., The sonnd pressare of the pulses of this group
are clearly interediate between those of the Fimballonuridae
and (hilonveterinae and the thivd group defined below.

The third distingnishable group eonsists of Carollia, the
(Nassophaginae, the Stenoderminae, and Oesisodes. These
G specios are characterized by the Towest wond pressarves

together with groat variety and spdden elnges i Phe Tres
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guencles ewitted, A any one in=tant during these short pulses
there may be a single frequency, a fundamental frequency
plus distinet harmonics, or a froquency undergoing amplitude
wodulation at a =mall sulmmulliple of itself. The frequencies
present, whether pure, .uwml]‘mwd Ly harmonies, amplitude
modnlaied, or complicated in =till other ways, usually scem
to be members of o harmonie family in which the fundamental
ov any harmonie from second to 6th may predominate, The
halz of this group share with the Phyllostominae the irait
of changing the relative amplitude of harmonies s0 as to
to produce any one of several nearly pure frequencies. But
liey have also developed, to a higher degree than the first
ov second groups, the feature of abraptly shifting frequencies
within a single pulse or from one pulse to the next. These
<hilts appear in most pulses of this group and oecur repe: at-
{:111‘ within very short periods of time, as illustrated in figure
8. The pulse durations ave short, as in the second group.
The low sound pressures which distinguish the third group
may be of comsiderable significance, With every speeies we
experienced great diffenlty in detecting and recording these
sounds, although we rarely had sueh difficully with any of
the first and second groups. Many pulses emitted by this third
sroup eontain fundamentals as well as harmonies above 100
le, and it is quite possible that still higher frequencies would
he dizelosed by a microphone which was sensitive to frequen-
cies above 150 ke. - :

While complexity is thus a striking attribute of the sounds
af these Tats, especially the third group, it should be pointed
ol that we have no evidence cencerning their ability to
diseriminate hetween 1hé several component [requencies in
these pulses. While it is clear that Carellia nses its pulses
for celiploeation, we can only speculate that perhaps the higher
companents are useful for detecting small ohjeets. Tt is also
of interest to point out that the bats of the frst group have
wo noze leaf, while all those of the second and third groups
have this struclure, with the exeoption of the vompive hat
M is thus pertinent (o iuguire whether the feeding habits of
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these bats show any covreelation with the fypes of sound
ciplayed for ceholocation.

Litile direet ovidenee is available concerning the food of
pmo=t of these species of bats, but speeializations of the teeth
and mouth provide some indieation of the customary diet,
tnvethor with obzervations of the types of food eaten in
<-‘-L\1';!.h-]1;.-' OF the fiest group defined ahove the Kmballonuridae
are known to be ins r?-:*f.n'mﬂus_, and the Chilenyeterinae are
thonght to be. Of the szecond group Phyllostemus is omni-
vorous, and the third group arve all frugivorous or feed on
nectar or pollen, exeept for Desmodus which feeds on blood.
Bats of onr third group fly through the jungle and have a
consfant need to wmavigate through an environment thick
with ¢lozely spaeced obstacles. The slow, deliberate, and
hovering {ype of flight of the Glossophaginae and Carollia
corvelates well with this mode of life-—as does the <kill of
theze hats and Artibess in avoiding small wires, Such habits
of flight may be served adequately by short pulses with low
sound pressures and a wide variety of frequenecies. The
Fmballonuridae, on the other hand, were frequently observed
flving in rather open places, as do most of the inseetivorons

uats of temperate latitudes. Unfortunately not enough is
~known of the habits of the Chilonyeterinae or Phyllostominae
to permit any decision concerning the role of their pulzes
which Bave an intermediate intensity.

It is thus elear that the bhats which are known to pursue
fying inscets in the open employ sonund pressures of the
ocder of 100 dynes/em® at about 10em from the month,
while those that seck relatively large and motionless food
in dense vegetation (such as frait or large sleeping animals)
craploy pressures of ¢ oughly oue to three dyvnes /em®. In terms
of sound energy this vepresents a difference of 1000 fo
10,000 fold. These differences in intensity, and in pattern
of frequencies making up the pulses, may well represent
wlnptations for two distinet types of orientation — the delee-
tian of velutively lavae and stationary objocts and the track-
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ing of small moving tavgets on the wing. It may also be
siemificant that Neclitlie cmploys the high intensity type of
pulse, with progressive frequency mf_mul‘:n1(.-11J n]nh, calching
fish.

BUMMARY

1. The high frequeney sonnds of sixteen species of neo-
tropical bats of the families Neclilionidae, Fmballonuridae,

Mvllostomidae, and Desmodontidae were analyzed, and the
results compared with available information concerning their
habits, All emit short pulses, lasting only 0.4 {o 23 msce.

2. The Noctilionidae closcly resemble the insectivorous
Vespertilionidae of temperate latitudes in the chort pulses
they cmit for orientation. The sound pressures at 10 cem
from the mouth are about 100 dynes/cm? and the frequency
dreps progressively from beginning to end of ihe pulse, a
tvpieal range heing 50 {o 30 ke, Noctilio also emplovs longer
and somewhat more complex frequency modulated pulses
while catehing fish, Consideration is given to the hypothesis
that submerged fish may be detected by echolocation, despite
the zevere loss in energy thal would eecur durving two passages
through the air-wateér interface.

3. The insectivorous bats of the family Bmballonuridae,
and the probably inseetivorous sub-family Chilonyeterinae,
cmit velatively intense pulses which lack the progressive
frequeney moedulation characteristie of the families Vesper-
tilionidae, Molossidae, and Noelilionidae, Instead these bats
cmit a mixture of frequeneies, usually at harmonie intervals.
The predominant frequeneies range from 20 to 100 ke, The
relative amplitude of the various ecomponents may vary
canfinnously over a wide range, and in any particular record
the Pundamental or one of the havmonics may fall helow the
noise level of the apparalus. Sueh changes mnay occur within
A single pnlse ar from one pulse to the next.

oo The leaf nosed hats of the sub faonily Phyllo-toninae
emit shovt pulses of intermediate intenzity and rvelatively
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simple froquency speetrum, consisting of a predominant fre- |

queney of 12 to 50 ke in the speetes studied, together with
Larnonies of variable amplitude. Some pulses show amplitude

modulation at a frequeney of one third the predominant fre- |
quency. The pulses arve quile uniform in content, changes |
within a pulse being rave. The hest known member of this |

wronp, Phiyllostomus hostatus panamensis 1s omnivorous.

5. The primarily frugivorous leaf-nosed bats of the sub-
families Carvolliinae, Stenoderminae, and Glossephaginae, as
well as the vampirve hat Desmoduz, emit very low intensity
pulses with sound pressures of about 1 fo 3 dynesfem?® at
a few centimeters from the hat’s mouth, in contrast to the
sound pressures of over 100 dynes/em?® found at this distance
from bats of the family Vespertilionidae. Single frequencies
or a speclrum of eomponents at harmonie intervals oceur,
and the relative amplitudes of these components vary widely
and often abruptly, so that quite diffevent frequency speetra
may be found a fraction of a millisecond apart. These
changes may be in either direetion. There are also cases in
which a given frequency undergoes amplitude modulation at
a =mall submultiple of itself, and in these caszes the frequency
spectrom presumably eontains frequencies other than the
modulation frequeney. The predominant frequency may be
very high in cerfain species, for example it averages ahout
100 ke in (Glossophaga, and may sometimes be as high as
120 ke in Carollin, Lonchoplylla and Desmodus. The high
frequeney limits of our measurements may well be set by the
microphones used, rather than by the bat sounds themselves.

fi. The leaf-nosed bats Carollin, Artibens, and Glosso-
phoga can avold fine wires belter than Myatis hueifugus, but
theie superiovity is at least partly due to their slower and
more cautions manner of flight, Their low intensity pulses
allow them {o deteet wires as small az 0,175 mm in dinmeter.
When theiv ears are plugged they hecome eompletely dis-
oriented, hut Minding has no noticeable effeel an their (ight
or skill at avonling obstacles, Tremoval of the nose loal is
also without appavent effeet.
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7. Carellic are alle to emit essentially normal pulses of
high freguency sound cither through the mouth or through
the nostrils.

8. There seems fo be a clear corrvelation between high
somnd Intensity and habits that require the eapture of flying
inseets in the open. On the other hand the bats that are
kngwn to feed on fruit, together with the vampire hat that
attacks large animals while they ave asleep, emit pulses
having ouly about 11000 of the sound energy that character-
izes bats which feed on inscets or fish.

LITERATURE JITED

Aviex, Go M, 1822 Dats, Cambridge, Massachusetis, Haervend University Proess,

Leresy, . vox, axp W, A, Rosexpnrrie 1051 The mechianiczl propertiea
of the car. Ch. 27 of Hanwdbook of experimental psvelology (5. 8.
Stevens, oL}, New York, Wiley.

Broxper, P 1933 Fisting babits of noetilionid Dats, Anat, Ree,, 2170 G66-56F,

18250 Qbservations on the life historics of Danmna bats. J. 3am-
malogy, &d: 232.235. ;

St 1935h  The hunting :methods of fsh-eating bats, particularly Noelilio
leporines. J. Mammealogy, 56 390-359,

Currrs, W. FE. 1852 Quantitative siudies of echelocation in bats (Myotir L
lincifuguz) ; =tudies of vision in Lais (W yotis I Decifugus and Ep-
tealews f. fuscuws); and guaniilative stwdics of vision of owls [Tyle
min profinesial. Thesis deposited in library of Cornell University,
Irthaea, Xew Tork

Drrwawrsar, 500 1918 DHe Sinoeswelt der Pledermiuse. Experiontia, 21 435-148,

Dirssars, R Lo, axp AL ML Greexdann, 19533 The vampire bat.  Foologiea,
I B3-VE6, 7

Drax, L. H, 1933 Obsercations on the earnivorous habits of {he spear-nosed
hat, Phgllostomes bagfaivs pongorensis Allen, o Pasama, J. Mam-
malogy, fd: 188109,

Gorparay, F, A, 1920 :'\fflu:.':ul;ds of Pavzuna. Sunthsonian ITnst, Mise, Col-
leetions £J(5): 1-309. :

Gooawrx, G, G, 1846 Momaals of Costa Riea, Tiwll Ame ofus, Nat, Hist,
&re ET1-474.

Gurrix, v R, 10458 Zupersonie eries of bats, Nafure, 1587 I6-48,

——— 1050 Mensoremenis of the ultrasonie eries of bats, . Acoustienl
Boe, “Am., 232; 2§7-255
1081 Moadible amd ubiensonic sowends of  bata, FExperientia, e
445-453.
== 18E3a Bl sownds wwder natursl o cowditions, with evidenee for
ceholoeation of Ineect prey. J0 Fxpo ool 1200 135 1646,



204 DONALD ., GRIFFEN AND ALVIN NOVICK

cuteris, I BLO18380 0 1igh froqueney sounds of bropieal hats, Anoat, Hee., 247
ST,

Gairrs, 1, 7, axn R Gataxuoes 1041 The seosery basis of obataciy aveidanes
by Elyinmgr bata, J. Bxp &ool, §8: $31-506,

GupcEr, B, W, 1045 Fisherman bats ol the Sarilibean region. J. Mammalogy,
He L=

Hoxn, A, 1942 Fregueney modelition, New Tork, Melraw-Hill

MAnaxca-Alny, A 1954 Vampire bals 89 a carrier of rabipa. Am. J. Publie
Health, 40 008-018,

Mintex, . 1007 The familics and gonera of hata. Dull. U, 8 Nat. Mus,
a¢ro1-283,

Aihirgee, F. P, 1933n Tuer die Ullrasehallarienticrung der  Iufeiscnnasen
cChiroplera-Bhinolophinae), Zeit £ vergl, Physiol, J4: 247-334,

—_—— 1938k Ultroschalloricaticreng suck Lol Flughuanlen,  Naturwiss,
Hiy FAG-537.

Moves, A, Aup G, W, Tewce 1S Apparaius for supersonic  researeh, Jf.
Aeoustienl Sor. Am., B 205-211.

Ousow, H. ¥, 1047 Blements of acewstical engincering. nd ed. New York,
T Van Nostrand Co,

Pieres, G.W. 1948 The sengs of insects, Cambridre, Mass, Marvard University
Pross,

Porscr, 0. 1932 Crescentia — eine Flodermausblume,  Oesterr. Bot-Heitachr,
Wienm, S0 31—44,

S1apsps, . Go 1045 The principlea of elassification sad 2 classifiention of
mammals, Bull, Am. Mus. Nat Ilist, §5: 1-330.

Varx Tyne, J0 1933 The trommel net sz o means of eollecking hate T,
Mammalogy, 10 145-1446, ’

WinLe, A, 1954 Muscnlar adaptation of the neetar-eating bats (subfamily
Glossophaginae). Trans. Kansaa Aead, Sei., §Fr 315335,



PLATE 1

ENPLANATION OF FIGURES

Oecillogrenph vecords of the somnds of Noetilio oldsined with $he condenser

microplaome, AL e seales in millisceonda,

o

A pulse of somnd edited by a Noetilio while fishing under nztursl conditions
wver the Chagres Hiver, Panama, Sweep frequency 200 por second, slightly
expandal; cleetrenie flters with 18 dbfoctave slope st at 20 ke bigh pass
This is an example of (he 1¥pe B pulses doseribed in the text and in fable 1.

A series of type A palses emitted by oa eaptive Noefilio while eaiching
small fish from a wooden tank, Sweep frequency 60 per secend; lters with
ddibeetave slope set at 25 ke high pass

Atype © pulse emitted by a Noetilio while fishing wuder natural vonditions
Svecp frequency 200 per second, expamled ahout twofold; filter settings
a8 for fgure 2. Note the marked drop in froqucnu between the second and
third sweep shown in the photograph,

A pulse emitted by a captive Noctilio heldl at 50em from a calibrated
condenser mierophone, Filters with 36 db/octave slope set at 25 ke high pass;
swoepr frequeney 200 per sccond. This pulse s intermedinte botwoen types 4
and O, and its maximum amplitude was 15 dynesfem? peak-to-peak at 31 ke
Diher polses of the =ame series had sound pressures excesding G0 dynesfem?
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FLATE 2

EXPLANATION OF FIGURES

Qeeiltugraphic records of pulsps of seund cwmitted by Lats of the families

Emballunaridae, Phvliostomidae and Desmodontidae. AN records alifnined with

i condenser microphene; all 1ime seales in millisceonds,

4

1%

Putses of o eaptive Fligackiccws; swoep froquency G0 per sccond; filters
with 36 dbfeetave slope st ot 20 ke bigh pass. This phulograph shows
1 of 6 pulses emitted within 80 msee, Compare with figures 1 and 7.

Part of a Blynelisens pulse similar 1o those shown in figure §, but photo-
geaplied with expanded sweep {same fler sottings as for figure 8). MNote
that towands the emd of the pulse the sceoml harmonie geeatly excecds the
amplitude of 1the foundamental, ’

Enpanded and unexpeeted records of o pulse cmilted by a eaptive Coroilia.
Pilters with 98 dbfoetave slope sel at 20 ke high pass; sweep frequency 200
per second; 0% of cueh sweep photographed on the righthand channel,
ami 13% on the left. About 0.7 mscee of (he second of the two pulscs visible
e the ripht is displayed on the left with sufficiont expansion fo show aetual
frequencies: 28 ke at the start of the expanded sweep (009 dynefen® peak-
to-penk), THke at the slight peak mesr the center (3.2 dynesfen®), and
G %e b the cnd (A9 dvsesfem?), The abrupt shifts of frequency are
present in many  eiher reeords, Tt enly  cccasionally  were  two sueh
shifts observed within one milliseeond.,

Expunded and wnexpanded records of pulses from a eaptive vampire Dat,
Desmodes, Sweep Trogoeney 200 per second, unexpanded on left, expanded
about fenfold on right; filters with €0 dl/oetave slope set at 20 %e high poasa
Compare the dmerensing mmplitude of the harmonie fn the first pulse with
the pearly pure waves in the second.

Trjdeal pulse cmitted by a enptive Glosseplaga, Filters with 96 dbfoctave
slage 261 at 70 ke high pass, and similsr flers of 24 dbfoctave slope et
w1 MO ke low pasa; swoep fregueney 300 per sceond. The 78 ke waves
gt the stort of the expanded sweep had an dodiested sound pressure of 1
drnefem® and the 10% ke woves af the end of the pulse were about 1.7
At fem® '

Palee cmbtted by oa eaplive Lonehoplytlo, Bweep frequeney 200 per seeond
fitters of G0 «db octave slope st al 50 ke high pass, The ]_i:l."llmn'i]:liil.lt fri-
queney 13 101 ke, but nete the mmplitode modulation at appreximately
20 ke

03
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