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Abstract Big brown bats (Eptesicus fuscus) emit fre-
quency-modulated (FM) echolocation sounds containing
two principal down-sweeping harmonics (FM1 » 55–
25 kHz, FM2 » 105–50 kHz). To determine whether each
harmonic contributes to perception of echo delay, bats were
trained to discriminate between “split-harmonic” echoes that
diVered in delay. The bat’s broadcasts were picked up with
microphones, and FM1 and FM2 were separated with high-
pass and lowpass Wlters at about 55 kHz, where they overlap
in frequency. Both harmonics then were delivered from
loudspeakers as positive stimuli in a 2-choice delay discrimi-
nation procedure with FM1 delayed 3.16 ms and FM2

delayed 3.46 ms (300 �s delay split). Negative stimuli con-
tained FM1 and FM2 with the same Wltering but no delay
separation. These were presented at diVerent overall delays
from 11 down to 3 ms to measure the bat’s delay discrimina-
tion acuity for each harmonic in the split harmonic echoes.
The bats determined the delays of both FM1 and FM2, but
performance was overlaid by a broad pedestal of poor per-
formance that extended for 800 �s. Splitting the harmonics
by 300 �s appears to defocus the bat’s representation of
delay, revealing the existence of a process for recognizing
the normally simultaneous occurrence of the harmonics.

Keywords Biosonar · Echolocation · Echo delay 
perception · FM harmonics · Auditory template

Introduction

Echolocating big brown bats (Eptesicus fuscus) are insec-
tivorous (Kurta and Baker 1990) and use their sonar to hunt
for Xying prey in aerial interception maneuvers or station-
ary prey in captures from vegetation or the ground (Sim-
mons et al. 2001; Simmons 2005). As illustrated in Fig. 1a,
their frequency-modulated (FM) broadcast sounds contain
two prominent downward-sweeping harmonics (FM1, FM2)
as well as shorter segments of higher harmonics (e.g., FM3)
(GriYn 1958; Surlykke and Moss 2000). Here, we address
the role of the two most prominent (FM1 and FM2) harmon-
ics in the sounds of big brown bats for perception of target
range and shape from echo delay.

Echolocating bats use their relatively broadband FM
sounds to perceive target range from echo delay, which is
5.8 ms of delay per meter of distance (Simmons and
Grinnell 1988; Moss and Schnitzler 1995; Simmons et al
1995). In principle, the wider the bandwidth of the sonar
signals, the more accurate will be the estimates of echo
delay (Denny 2007). Multiple harmonics expand the band-
width of the sounds beyond what would be present for any
one harmonic alone, which bats might do to improve the
accuracy of delay perception (Simmons et al. 1975; Sim-
mons and Stein 1980; Boonman and Ostwald 2007; Jones
et al. 2008). Moreover, breaking overall bandwidth into
several harmonic bands shortens the total duration of the
sound while keeping the sweep-slope unchanged. Figure 1b
shows the same sound with its harmonic sweeps realigned
in time to illustrate the equivalent bandwidth in a single FM
sweep. In comparison with the signal of only one harmonic,
the bat can approach nearer to clutter and still receive
echoes from a target before its broadcast or the target’s
echo overlaps with echoes from the clutter. However, many
species of bats cover comparably wide bandwidths using
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just one long FM sweep, so a bat that uses multiple harmon-
ics must achieve some added value from their presence.

Using the full bandwidth of echolocation sounds does in
fact improve the big brown bat’s echo delay acuity in one
type of psychophysical task. Figure 2a, b illustrates the
eVects of truncating the spectrum of FM echoes with low-
pass or highpass Wlters on the performance of bats in elec-
tronic echo-delay-jitter experiments (Simmons et al. 2004).
As shown in Fig. 2, the bats’ threshold was about 10 ns for
echoes with the full bandwidth of FM1 and FM2 included.
When frequencies at the low end of FM1 were progres-
sively removed by highpass Wltering at cutoVs ranging from
20 to 35 kHz, the bats’ thresholds increased. Removal of
the lower half of FM1 (about 23–40 kHz) caused the thresh-
old to rise to 70–90 ns, for example. Similarly, when fre-
quencies at the high end of FM2 were progressively
removed by lowpass Wltering at cutoVs ranging from
80 kHz down to 50 kHz, the bats’ thresholds also increased,
demonstrating the role of FM2 for accurate determination of
delay, at least in the jittered-echo procedure.

In another jittered-echo experiment, the bats’ perfor-
mance at 400 ns was equally good for the whole broadcast
band of FM1 plus FM2 and for a lowpass Wlter condition of
55 kHz, which removed FM2 entirely, leaving FM1 intact
(Moss and Schnitzler 1989). Performance was unchanged
even when the lowpass cutoV was at 40 kHz, which
removed FM2 entirely and also removed the upper half of
FM1. When the electronic Wlter was highpass and set at
55 kHz to remove FM1 entirely, while leaving FM2 intact,
the bats’ performance in the task was completely disrupted
(Moss and Schnitzler 1989). This Wnding suggests either
that the bats’ jitter-detection threshold now was consider-
ably higher than 400 ns, or else that the auditory representa-
tion of FM2 without FM1 must somehow be impaired. The
results reported (Moss and Schnitzler 1989) show that the
relation between FM1 and FM2 is asymmetrical; the bats
could detect small changes in delay for FM1 by itself, but
not for FM2 by itself. Consequently, the strategy of simply

removing one harmonic or the other to determine what role
each harmonic plays for perceiving echo delay may disor-
ganize the bat’s auditory representation of echoes in a way
that blocks performance. A diVerent experimental approach
is necessary.

The rationale for the experiment presented here is as fol-
lows: the integration-time of the big brown bat’s auditory
spectrograms is about 350 �s (Simmons et al. 1989), but
the bat’s echo-delay acuity in ordinary 2-choice delay dis-
crimination tests is much smaller, only about 50 �s (Sim-
mons 1973; Schnitzler and Henson 1980; Simmons and
Grinnell 1988). The mechanism within the bat that may
have detected the absence of FM1 in the 400-ns jitter exper-
iment with FM2 alone (Moss and Schnitzler 1989) might be
“fooled” by separating FM2 and FM1 to arrive far enough
apart in time for resolving their independent contributions
to delay perception (i.e., FM2–FM1 separation
�t > 2 £ 50 �s) but not so far apart (�t < 350 �s) as to
break whatever link might connect FM2 with FM1 in the
bat’s auditory system. Perhaps, for example, the presence
of FM1 is necessary to prime the auditory system so that
FM2 can be processed as well. If this is true, then presenting
FM1 only 300 �s before FM2, instead of removing FM1

altogether, might allow measurement of the bat’s delay
accuracy for each harmonic separately. Furthermore,
because some special property of the jittered-echo task
might inXuence the results diVerently for FM2 than FM1,
this new experiment will measure the bat’s delay accuracy
using the ordinary 2-choice procedure (Grinnell 1995;
Moss and Schnitzler 1995).

Methods

Subjects

The subjects were four adult (3 males, 1 female), big brown
bats Eptesicus fuscus, that were wild-caught in Rhode

Fig. 1 Big brown bats emit 
multiple harmonic sounds con-
taining three to Wve sweeps. a 
Spectrogram of FM echoloca-
tion sound containing three 
prominent downward-sweeping 
harmonics (FM1, FM2, FM3) that 
collectively cover the frequency 
band from about 22 to 90 kHz in 
partially overlapping segments. 
b The harmonics can be slid 
sideways in time to align them as 
though they constituted a single, 
longer FM sweep across the en-
tire band
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Island. The bats were housed in individual cages in a tem-
perature (22–25°C) and humidity (60%) controlled colony
room on a 12:12 hour dark:light cycle. They were given
vitamin-enriched (Poly-Vi-Sol) water ad libitum and fed
live mealworms (Tenebrio molitor larvae) daily. All sub-
jects weighed 14–15 g during the experiments and were
kept at their target weights by adjusting the total number of

mealworms fed each day. Animal care procedures followed
guidelines established by the US National Institute of
Health and were approved by Brown University Animal
Care and Use Committee.

Psychophysical procedure

Figure 3 shows the behavioral set-up for the experiment
and the arrangement for the phantom target echo generation
and delivery system. The apparatus for training the bat and
delivering the stimuli was housed in a 4 m £ 3 m £ 2.5 m
room adjacent to the bat colony, with panels of sound-asb-
sorbent foam (Sonex, Illbrook, Inc) placed on the Xoor and
at surfaces perpendicular to the bat’s broadcast axis. Elec-
tronic equipment for generating the simulated echoes that
produced the phantom targets (Fig. 4) was located in a sec-
ond adjacent room. The overall procedure, including the
electronic simulator, was similar to that employed in an
earlier 2-glint electronic-echo discrimination experiments
(Simmons et al. 1990a).

Each bat was placed on an elevated Y-shaped platform
and trained on a two-alternative forced choice task to detect
a positive stimulus (S+) (see stimuli below) broadcast from
loudspeakers on the bat’s right or left side. The negative
stimulus (S¡) was delivered by the other loudspeaker. The
loudspeakers broadcasting S+ and S¡ were alternated from
left to right according to a pseudorandom Gellermann
sequence (Gellermann 1933). The bat was trained to sit at
the base of the platform and direct its sonar signals towards
the end of the platform, each branch of which had an ultra-
sonic microphone (Brüel & Kjaer Model 4138 “1/8-inch”

Fig. 2 The big brown bat’s echo delay acuity in jittered-echo experi-
ments depends on the frequency composition of echoes. a Spectrogram
of a big brown bat FM sound (time axis is vertical; frequency axis is
horizontal) showing truncation of the spectrum with highpass or low-
pass Wlters (vertical dashed lines). b The bats’ jitter detection threshold
was graded from about 10 to 70–90 ns according to the degree to which
frequencies were removed from echoes with lowpass Wlters (open data
points) or highpass Wlters (gray data points), indicating contributions
from frequencies both in FM1 and in FM2 for determining delay (Sim-
mons et al. 2004)

Fig. 3 Each bat was trained to sit on the Y-shaped platform and emit
sonar sounds. It was rewarded for choosing and moving forward to-
wards the side (left, right) that delivered the rewarded echoes, S+,
which contained harmonics that were separated and split in delay
(�t = 300 �s) at absolute delays of 3,160 ms for FM1 and 3,460 ms for
FM2. The unrewarded echoes, S¡, which contained harmonics that
were separated but had the same delay (�t = 0 �s). S¡ was presented
at diVerent absolute delays from 3,110 to 4,360 ms
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condenser microphones) mounted 20 cm away to record the
echolocation emissions. The left and right microphones
were separated by about 40º from the bat’s vantage point,
and the signals from these microphones were processed to
produce the stimuli themselves, which were delivered from
small electrostatic loudspeakers 15 mm in diameter (RCA,
Model 112343) also located 20 cm away, at the ends of the
arms and positioned 50° apart (Fig. 3). To make a response,
the bat walked down the arm corresponding to the loud-
speaker that delivered S+ (split harmonic) echoes. Correct
responses were rewarded with a piece of a mealworm
oVered in plastic forceps, and incorrect responses were fol-
lowed by a broadband sound that signaled to the bat it had
made an error. Trials were run using a double-blind proce-
dure. The Wrst experimenter, the “trainer,” who handled the
bat, was unaware of the left-right position of the correct
choice. A second experimenter, the “recorder,” controlled
which loudspeakers generated the stimuli (using a switch
that set the presentation of S+ and S¡ from the left and
right loudspeakers; see Fig. 4) and then recorded the bat’s
response.

With reference to Fig. 3, the bats were pretrained Wrst to
detect the S+ stimulus with FM1 at a total delay of 3.16 ms
and FM2 at a delay of 3.46 ms from one of the loudspeak-
ers, with no S¡ stimulus at all (full details about the delays
are given in the explanation of Fig. 4.) Then, after each bat
achieved 90% or better correct responses, the S¡ stimulus
was introduced at a much longer, easily distinguished delay
of 11.36 ms. In addition, initially, the amplitude of S¡ was
at least 70 dB weaker than S+, but, as the bat’s performance
kept at 90% or better, the amplitude of S¡ was increased
gradually until it reached an amplitude equivalent to the
same sensation level as S+ (see below). Once the bat had
learned to choose S+ at the standard delay of 3.16 ms for

FM1 and 3.46 ms for FM2, with S¡ at a longer delay of
11.36 ms, the experiment itself began: Each bat completed
150 trials (at about 50 trials/day) for each value of the delay
of S¡ from 11.36 down to 3.11 ms, as shown in Table 1.
As the bat proceeded down through the sequence of delays
for S¡, it was tested on discrimination performance for S+
versus S¡ by a descending method of limits.

The “recorder” was able to watch the bat and register its
left–right responses using a black-and-white CCD video
camera (Supercircuits, Inc., Type 15-CB22-1) mounted on
the ceiling to look down on the bat and the apparatus. To
keep the room light relatively dim (»10 lux) for experi-
ments, illumination for the video camera was provided by
two infrared LED panels (Supercircuits, Inc.) mounted on
the ceiling beside the video camera. A Sony digital 8-mm
Video Walkman recorder provided the monitor screen for
the “recorder” to watch; it also was used to make video
recordings of representative trials. To obtain high-fre-
quency acoustic data synchronized to the video, the bat’s
echolocation sounds were recorded with two ultrasonic
microphones (Titley Electronics, Australia, Ltd.), located
about 1.5 m away from the bat and approximately in line
with the microphones and loudspeakers of the apparatus
(Fig. 3), on a Sony SIR-1000W digital instrumentation
recorder at a sampling rate of 384 kHz. The video channel
on this device also recorded the video signal. Equipment in
the room was checked with a Mini-2 Heterodyning “bat
detector” (Ultra-Sound Devices, Ltd.) tuned to diVerent fre-
quencies from 20 to 100 kHz to ensure that it did not pro-
duce noise audible to the bat. Because the Xuorescent lights
and the monitoring oscilloscope, which had a solid-state
screen instead of a cathode-ray tube, were found to generate
very strong ultrasound at 30–45 kHz, these were not used
during experiments.

Fig. 4 Diagram of electronic 
echo simulation system for 
delivering echoes as stimuli with 
split harmonics at �t = 300 �s. 
The harmonics were segregated 
into diVerent channels (FM1 and 
FM2), delayed by diVerent 
amounts, and then mixed togeth-
er to construct S+ and S¡. For 
S+, the split harmonic bands 
were delayed electronically by 
2,300 �s for FM2 and 2,000 �s 
for FM1, respectively. For S¡, 
the split harmonic bands were 
delayed electronically by the 
same amount that varied at delay 
steps from 3,200 �s down to 
1,950 �s. The example shown 
here gives the electronic delay of 
S¡ at 2,500 �s
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Generation of stimuli

Figure 4 shows a diagram of the electronic echo simulation
system for delivering stimuli with split harmonics at
�t = 300 �s (S+) or 0 �s (S¡). This system was identical to
that used in several previous studies (Simmons et al. 1990a,

b, 2003, 2004). The apparatus generated signals for S+ and
S¡ by delaying the bat’s sonar broadcasts a predetermined
amount for each trial, the only addition from previous stud-
ies being a pair of Wlters (1 highpass, 1 lowpass for each
stimulus: S+ and S¡) inserted immediately following the
electronic delay-lines (as shown in Fig. 4). Electronic sig-
nals from the microphones were ampliWed and highpass
Wltered at 20 kHz. For both S+ and S¡ pathways, these sig-
nals then were lowpass Wltered at 99 kHz and broken into
two parallel signal components that were individually
delayed according to whether they were part of S+ or S¡.
These delayed components then underwent highpass Wlter-
ing (55 kHz cutoV) or lowpass Wltering (44 kHz cutoV) with
analog electronic Wlters (Wavetek-Rockland Model 753A
elliptical analog Wlters, with rolloV slopes of 115 dB/
octave) to segregate their FM1 and FM2 harmonics into
diVerent channels. Figure 5 shows the spectra of bat-like
FM test signals passed through the electronic simulator and
recorded with a microphone (see below) located at the bat’s
position, either with no Wltering (control) or with split-har-
monic Wltering to illustrate the eVects of the harmonic-split-
ting Wlters. These Wlters removed a band of frequencies
between about 46 and 63 kHz (3 dB points), where FM1

and FM2 usually overlap, to segregate FM2 from FM1. The
steepness of the Wlter skirts eVectively isolated each har-
monic from the other: The width of the stopband, or notch,
created in the region where the Wlters did not overlap was
17 kHz (Fig. 4), which is wider than the width of neuronal
tuning curves at their 3 dB points in the big brown bat’s
inferior colliculus (Ferragamo et al. 1998) (these tuning
curves were speciWcally measured to compare neuronal fre-
quency selectivity with the width of notches in the spec-
trum of FM sounds such as the test signal used here).
Consequently, inferior collicular neurons that could have
responded to FM1 would not also have been able to respond
to FM2, and vice versa.

The stimuli had identical Wltering to split their harmonics
(Fig. 4); they diVered only in the delays applied to each har-
monic. For S+, the split harmonic bands were delayed elec-
tronically by 2,000 �s for FM1 and 2,300 �s for FM2,
respectively. Adding the air-path delays from the bat to the
microphones (»580 �s) and from the loudspeakers back to
the bat (»580 �s) gives a total delay of »3,160 �s for FM1

and »3,460 �s for FM2 (Fig. 3) (small variations in actual
delay occur around these values due to the bat’s movements
on the platform while it scans the simulated targets). For
S¡, the split harmonic bands were delayed electronically
by the same amount (�t = 0 �s), but that amount was varied
electronically from 10,000 �s down to 1,925 �s in small
steps to create the diVerence in delay between S+ and S¡
for the descending method of limits. Adding the air-path
delays gives delays from »11,160 �s to »3,085 �s for S¡.
Electronic mixers recombined the split harmonic bands to

Table 1 Values of echo delay and electronic gain (simulated target
strength; broadcast sound pressure/echo sound pressure) for S¡ in the
split-harmonic experiment

For S+, the delay of FM1 is 3,160 �s and the delay of FM2 is 3,460 �s
(�t = 300 �s). The gain for S+ was ¡35 dB

Delay of S¡ (�s) Gain of S¡ (dB)

11,160 ¡56

8,160 ¡52

7,160 ¡50

6,160 ¡47

5,160 ¡44

4,960 ¡43

4,760 ¡43

4,560 ¡42

4,360 ¡41

4,160 ¡41

4,060 ¡40

3,960 ¡40

3,860 ¡39

3,760 ¡38

3,660 ¡37

3,635 ¡37

3,610 ¡36

3,585 ¡36

3,560 ¡35

3,535 ¡35

3,510 ¡35

3,485 ¡35

3,460 (S+ FM2) ¡35

3,435 ¡35

3,410 ¡35

3,385 ¡35

3,360 ¡35

3,335 ¡35

3,310 ¡35

3,285 ¡35

3,260 ¡35

3,235 ¡35

3,210 ¡35

3,185 ¡35

3,160 (S+ FM1) ¡35

3,135 ¡35

3,110 ¡35

3,085 ¡35
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form composite signals that were further lowpass Wltered at
99 kHz and then delivered back to the bat as “echoes” of its
broadcasts (Simmons et al. 1990a). Overall delays for air
paths and electronics taken together simulated point-targets
at nominal distances from 54.5 cm for FM1 to 59.7 cm for
FM2 in S+, and for diVerent distances from 75.2 cm down
to 53.6 cm for S¡.

The amplitudes of the stimuli were calibrated by placing
microphones (Brüel & Kjaer Model 4135 “1/4-inch” con-
denser microphones) at the approximate position of the bat
on the Y-shaped platform and recording sounds delivered
as S+ and S¡ in response to a 1-ms 2-harmonic FM test
signal sweeping from 55 kHz down to 23 kHz in FM1 and
from 110 kHz down to 46 kHz in FM2. For S+, which
always had a delay of 3,160 �s for FM1 and 3,460 �s for
FM2, the total acoustic gain of the echo simulator system
was about ¡35 dB (Fig. 5). That is, S+ echoes returned to
the bat were 33–37 dB weaker at most frequencies than the
broadcasts picked up by the microphones. The exception
was for frequencies in the notch region used to segregate
the harmonics, where the gain declined precipitously to
¡65 dB at 54 kHz. Additionally, the loudspeakers declined
gradually in output above about 80–85 kHz and more
sharply below about 25 kHz (Fig. 5), but the principal har-
monics—FM1 and FM2—were transmitted back to the bat
with reasonable Wdelity between these limits. The 35 dB
gain value (Fig. 5) refers to simulated target strength for

S+, not to absolute echo sound pressure; that depended on
the sound pressure of the broadcasts picked up by the left
and right microphones.

Concerning the strength of S¡ echoes, which were pre-
sented at diVerent delays from 11,160 �s down to 3,085 �s,
there were three experimental possibilities—(1) to deliber-
ately vary the strength of echoes randomly from trial-to-
trial so that stimulus level roved independent of left–right
randomization and the delay of S¡, (2) to keep the simula-
tor gain constant at ¡35 dB for all delays, or (3) to adjust
the simulator gain so that echoes would have approximately
constant sensation level at diVerent delays. Roving the
amplitude of echoes in an experiment on perception of echo
delay is not a good idea because changes in echo amplitude
cause changes in perceived delay (amplitude-latency trad-
ing at about ¡15 �s/dB; Simmons et al. 1990a, b). For
example, increasing the gain of the simulator by 3 dB
would shorten the apparent delay of echoes by about 45 �s.
Consequently, randomly roving echo amplitude (simulator
gain) would be equivalent to randomly changing echo
delay, which would result in a diVerent psychophysical
method, not the descending method of limits but the
method of constant stimuli. Keeping echo amplitude con-
stant across delays from 11,160 down to 3,085 �s intro-
duces a diVerent undesirable side-eVect; the bat’s
thresholds for echo detection rise by about 12 dB per halv-
ing of delay (loss of sensitivity to echoes) over a range from
about 6,000 �s down to 1,000 �s (Kick and Simmons 1984;
Simmons et al. 1992). In eVect, changing the delay of S¡
from 6,160 �s to 3,160 �s would cause the sensation level
(amplitude above threshold) of echoes to increase by
roughly 12 dB. One set of measured changes in echo-detec-
tion thresholds for big brown bats was obtained with the
same electronic target simulator used for the present split-
harmonic experiment (Simmons et al. 1992). Because the
region of delays for which threshold changes have been
measured covers the region of delays that were critical for
this split-harmonic experiment, the choice was made to
adjust the strength of S¡ to take into account the delay
dependence of the bat’s sensitivity to echoes. For S¡
delays in the region of 3,160 �s (i.e., delays of S+), the gain
of the echo simulator system also was about ¡35 dB
(Fig. 5), but the gain for S¡ was reduced for longer delays
to keep the sensation level of echoes (stimulus amplitude
relative to threshold) approximately constant. To compen-
sate for the bat’s increasing sensitivity, the gain of the elec-
tronic simulator for S¡ was decreased from ¡35 dB at a
delay of 3,560 �s to a gain of ¡56 dB at 11,160 �s to keep
the gain within 2 dB of a slope of ¡12 dB per doubling of
delay (Table 1). For delays of S¡ from 3,085 �s to
3,560 �s (surrounding the delay of FM1 at 3,160 ms and
FM2 at 3,460 ms in S+), the gain was constant at ¡35 dB
(Table 1).

Fig. 5 Spectral response for the gain of the target simulator, measured
by inserting 1 ms FM signals (FM1 55–23 kHz, FM2 110–46 kHz) into
the electronic target simulator and recording the sounds delivered to
the bat’s location through one of the loudspeakers. Vertical axis gives
the gain of the simulator as the ratio of output to input sound pressure
units in decibels, with the sensitivity of the simulator’s two micro-
phones included in the calculations. Across frequencies the gain for S+
and S¡ was about ¡35 dB. The control curve shows the spectrum gen-
erated without the lowpass/highpass harmonic-splitting Wlters. The
split-harmonic spectrum shows the notch caused by segregation of har-
monic frequencies below about 45 kHz and above about 60 kHz in S+
and S¡. Signals were averaged (N = 20) to reduce noise from the
recording microphone prior to computing these spectra
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Figure 6 illustrates the eVects of the split-harmonic elec-
tronic processing on sample echoes delivered back to the
bat. Figure 6a shows spectrograms for the broadcast sound
(left) and for both S+ and S¡ echoes (right). These spectro-
grams are superimposed, so the spectrograms of the broad-
cast (left) entirely overlay one another, whereas the
spectrograms of the echoes (right) diVer by the 300-�s sep-
aration of FM2 after FM1 in the S+ stimuli. This delay
diVerence is too small to be obvious in the spectrograms, so
the sloping dashed lines have been added to highlight their
separation. The use of Wlters to segregate the harmonics
(FM1, FM2) is illustrated by a horizontal shaded band
around 55 kHz, which was the measured value for the cen-
ter frequency of the notch in the echo spectrum created by
lowpass Wltering FM1 at 44 kHz and highpass Wltering FM2

at 66 kHz (see Fig. 5). The 115 dB/octave slope of the
skirts for the lowpass and highpass Wlters sharply separates
the two FM sweeps, as shown in the echo spectrograms.

For FM1, the overall delay of echoes (t) is 3.16 ms, but for
FM2 the delay is 3.16 ms in S¡ and 3.46 ms in S+. The
oVset of 300 �s (�t) is the essential stimulus feature for the
design of the split-harmonic experiment. To be certain that
the separation of harmonics by the electronic system shown
in Fig. 4 did not introduce any unwanted distortions into the
stimuli, crosscorrelation functions between echo stimuli
(S+ and S¡) and the corresponding broadcast sounds were
computed using AviSoft SASLab Pro software (AviSoft
Bioacoustics v4.40, Berlin, Germany). Figure 6b shows the
crosscorrelation functions for the two stimulus echoes (S+
top; S¡ bottom). These functions demonstrate that the har-
monics in the echoes were cleanly separated and for S+
delayed by diVerent amounts (�t = 300 �s) while for S¡
were delivered at the same delay (�t = 0). No added com-
ponents (i.e., extraneous peaks located at times remote from
the desired delays of 3.16 and 3.46 ms) appeared in the
crosscorrelation functions, indicating that the electronic sys-
tem behaved linearly and did what it was supposed to do.

Results

Four big brown bats were trained in the split-harmonic
experiment. Three bats completed the entire experiment for
all delays of S¡ from 11,160 �s down to 3,085 �s, while
one bat completed delays from 11,160 only down to
3,260 �s. Figure 7 illustrates Wve representative broadcast
FM sounds recorded from each of the four bats in the
experiment. All of these sounds contain equal amounts of
FM1 and FM2, and most also contain a segment of FM3

around 100 kHz. These recorded signals were taken out of
the electronic pathway just after the Wrst Wlter (20 kHz
highpass), so they contain the full range of frequencies in
the sounds. Subsequent electronic Wltering combined with
the passband of the loudspeakers reduced the overall band
of the echoes to an upper limit of about 90 kHz, which
largely eliminated the third harmonic (see Fig. 5).

Figure 8 shows the performance (% errors; in two-choice
task, chance is 50%) of the four bats in all conditions with the
300-�s delay oVset of FM2 relative to the delay of FM1 (see
Fig. 6). Figure 9 shows the mean performance of these bats
across all of the data. The shape of the mean performance
curve in Fig. 9 is similar to the shapes of the curves for the
individual bats in Fig. 8, which indicates that individual vari-
ations in performance are negligible compared to the com-
mon eVects revealed by that shape. The curve contains two
distinct features—a broad plateau or pedestal of errors from
about 3,100 to 3,800 �s (horizontal arrow in Fig. 9a, b) sur-
mounted by two higher peaks at 3,160 and 3,460 �s (vertical
arrows in Fig. 9a–c). The mean peak heights are 41% errors
at 3,160 �s and 43% errors at 3,460 �s. These error peaks
correspond to the values for the delays of FM1 and FM2 in

Fig. 6 Representative electronic stimulus echoes arrived at overall de-
lays of 3,160 ms, with FM1 and FM2 oVset by �t = 300 �s for S+ and
oVset by �t = 0 �s for S¡. a Spectrograms for a sample broadcast and
for echoes recorded during one trial of the split-harmonic experiment.
The echo spectrograms superimposed to show the overlap of FM1 in
S+ and S¡ and oVset of FM2 in S+ (harmonic sweeps traced by sloping
dashed lines labeled S+ and S¡). b Crosscorrelation plots for S+ (top)
with broadcast and S¡ (bottom) with broadcast to illustrate separation
and oVset of harmonics. Vertical axes are the same, so the crosscorre-
lation peaks are directly comparable. These crosscorrelation functions
conWrm the absence of any distortion of echo waveforms besides time-
splitting of harmonics
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S+. They stand above neighboring delay values that average
about 23–30% errors over the »700-�s range of delays that
bracket the error peaks themselves. Outside the span of this
pedestal, at delays of S¡ greater than 4,000 �s, mean perfor-
mance is about 5% errors, which is the level of errors typi-
cally achieved by big brown bats in very easy tasks. For the
combined performance of the four bats, the probability from
the binomial distribution that this plateau of »27% errors
would have been higher than 5% errors by chance is <0.001.
Similarly, the probability from the binomial distribution that
the two error peaks, at 3,160 and 3,460 �s respectively,
would by chance have been higher than the surrounding pla-
teau of »27% errors is <0.001. Consequently, the bats did
perceive the delays of both FM1 and FM2 in S+, making sig-
niWcantly more errors when the delay of S¡ matched the
delay of either harmonic in S+. The performance at both
peaks declines to the level of the surrounding plateau of
errors over only 50 �s, indicating that the accuracy with
which the delay of either harmonic is perceived is similar to
the »50-�s accuracy of delay discrimination in 2-choice tests
of this type (Simmons 1973; Schnitzler and Henson 1980;
Simmons and Grinnell 1988; Grinnell 1995; Moss and
Schnitzler 1995 Simmons et al. 1995). However, the plateau
itself is at a level of errors that also is signiWcantly above
chance, indicating that perception of the delay of FM1 and
FM2 with an accuracy of about 50 �s in the 2-choice test is
not the only factor inXuencing performance. Some compo-
nent of the bat’s perceptual representation for the split-har-
monic stimuli (S+) relative to the “normal” echoes (S¡)
aVects performance over a more widely-spread region of the
delay axis than the immediate representation of the harmonic
delays themselves.

Discussion

Recordings made with a microphone located at the place of
the target being intercepted reveal that big brown bat echo-

location signals incident on the target contain three to Wve
harmonics of similar strength and cover frequencies from
about 20 to 110 kHz throughout most of the maneuver
(Saillant et al. 2007). Bats that routinely Xy in vegetation

Fig. 7 Spectrograms for Wve 
representative sonar sounds for 
each bat selected from diVerent 
trials during the split-harmonic 
experiment. Sounds ranged from 
2 to 4 ms in duration and con-
tained prominent FM1 and FM2, 
with FM3 in most examples. 
Across diVerent bats and diVer-
ent sounds, the FM1–FM2 
boundary remained at 50–
60 kHz

Fig. 8 Performance (% errors) of four big brown bats in an echo delay
discrimination experiment with split FM1 and FM2 harmonics sepa-
rated by 300 �s (150 trials per data-point; right plots have expanded
time axis to show region around delays of FM1 (3,160 �s) and FM2
(3,460 �s) in S+). Horizontal axis shows delays of S¡. Three bats (Ma-
rina, Buddy, Chris) completed the entire experiment for S¡ delays
from 11,160 to 3,085 �s; one bat (Vlad) completed S¡ delays from
11,160 to 3,260 �s
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and feed on items found in close proximity to clutter from
leaves and branches, or from the ground, such as Megader-
matidae (Old World false vampire bats), Phyllostomatidae
(New World leaf-nosed bats), and Desmodontidae (vampire
bats), emit FM sounds that contain three or more harmonics
(Fenton 1995; Schnitzler et al. 2003; Simmons et al. 1979).
Except for the shorter operating ranges implied by the use
of weaker, higher-frequency signals, such bats seem in no
way impaired for orientation; video recordings show pol-
len-and-nectar species and fruit-eating species Xying
through vegetation and even engaging in the same kind of
high-speed chases through the leaves and branches of trees
as insectivorous bats. Among insectivorous species in the
family Vespertilionidae, FM bats in the genus Myotis that
can glean insects from substrates use more harmonics than
aerial-feeding species (Russo et al. 2007). The large num-
ber of harmonics emitted by Eptesicus fuscus suggests that
they may spend more time Xying in vegetation than is
appreciated. In particular, beetles are captured from vegeta-
tion and the ground as well as in aerial maneuvers, which
would expose the bats to dense clutter and perhaps explain
the anomalous presence of multiple harmonics in their
sounds.

The results summarized in Fig. 9 addresses the question
of whether big brown bats can perceive the delays of both
FM1 and FM2 in echoes. When the harmonics are separated
by �t = 300 �s, each harmonic contributes an error peak at
its corresponding delay (3,160 and 3,460 �s), indicating
that the bat perceives the negative stimulus to share a com-
mon quality with the positive stimulus—a similarity in
delay. These results also reveal an interesting deterioration
in the acuity of delay perception for the split-harmonic ech-
oes. In eVect, there is an additional component of the per-
ception, represented in the data by the pedestal of errors,
that has been attached to the perceived delay of each har-
monic. The eVects of this component extend later in time

over about 700–800 �s (horizontal arrow in Fig. 9a, b). It is
helpful to compare the curve in Fig. 9 with the results of
ordinary delay discrimination experiments using 1-glint
echoes for S+ and S¡, and also with 2-glint echoes for S+,
as shown in Fig. 10. In these “normal-echo” experiments
(without the split-harmonic Wltering in Fig. 4), the psycho-
physical method and the electronic system are the same as
illustrated in Figs. 3 and 4, including the same loudspeak-
ers, the same electronic-echo frequency response, and the
same simultaneous activation of both left and right chan-
nels (see Simmons et al. 1990a, b). Figure 10a shows the
results for two big brown bats (50 trials per bat per data-
point) discriminating S+ at a delay of 3,275 �s from S¡ at
diVerent delays from 3,550 to 3,275 �s (the data-points for
delays from 3,275 to 3,075 �s are folded over from the
right side of the curve because the task is symmetric about
3,275 �s). There is a single peak in the error curve located
at the delay of S¡ that matches the delay of S+ (triangle at
bottom of plot), with a width of about §50 �s. Figure 10b
shows similar results for two bats (60 trials per bat per data-
point) discriminating a 2-glint version of S+ with its glints
at delays of 3,275 and 3,575 �s from S¡ at diVerent delays
from 4,075 to 3,075 �s. This 2-glint stimulus is similar to
the split-harmonic stimulus in the present experiment
except that both FM1 and FM2 are delivered in each glint,
with no lowpass/highpass Wltering to segregate the harmon-
ics, which results in an interference spectrum for their 300-
�s time separation (in the split-harmonic stimulus there is
no interference eVect because the harmonic frequencies are
segregated and each only occurs once, in FM1 or in FM2

alone). In Fig. 10b there are two peaks in the error curve
located at each of the delays of S¡ that matches the delay
of one of the glints in S+ (triangles at bottom of plot). Each
glint contributes an error peak with a width of about
§50 �s, just as for the 1-glint echoes in Fig. 10a. Compar-
ing the curve in Fig. 9 with the curves in Fig. 10 illustrates

Fig. 9 Mean performance (% errors) of four big brown bats in echo
delay discrimination experiment with split FM1 and FM2 harmonics
separated by 300 �s (4 bats at 600 trials per data-point from 3,260 to
4,160 �s; 3 bats at 450 trials per data-point from 3,085 to 3,260 �s).
Horizontal axis shows delays of S¡. Error bars show standard devia-
tions. Plots a, b, c show the data with diVerent amounts of expansion
around delays of FM1 (vertical dashed line at 3,160 �s) and FM2 (ver-

tical dashed line at 3,460 �s) in S+. The overall performance curve is
characterized by two sharp peaks (»45% errors) corresponding to the
delays of FM1 and FM2 respectively in S+ (vertical arrows  at top of
each plot), located on a broad pedestal of errors (»25–30 % errors) that
extends from the delay of FM1 at 3,160 �s in S+ to about 4,000 �s (hor-
izontal arrows)
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the unusual nature of the pedestal of errors in the split-har-
monic experiment. Because all the curves shown in Figs. 9
and 10 were obtained using the same electronic simulator
with S+ and S¡ channels operating simultaneously, the
pedestal of errors in Fig. 9 must be due speciWcally to the
split-harmonic condition itself rather than to some other
feature of the apparatus or the method.

The results of previous jittered-echo experiments
(Fig. 2) show that the bandwidth contributed by either FM1

or FM2 aVects the accuracy of delay perception on the Wne
time scale which the jitter procedure exposes for study. The
results of the present study (Fig. 9) show that each har-
monic contributes a numerical value of perceived delay on
the coarser time scale of the 2-choice delay discrimination
procedure used here. Nevertheless, the presence of the ped-
estal of errors in Fig. 9 indicates that some further aspect of
the bat’s perception of the delay of the split-harmonic ech-
oes is broadly smeared across a span of delays that extends
for about 700–800 �s after the immediate perceived delay
of each harmonic. The unusual Wnding of the earlier jit-
tered-echo experiment (Moss and Schnitzler 1989), that the
bats would not perform the 400-ns jitter task if echoes con-
tained only FM2, with no FM1, thus might be explained by
the loss in acuity (i.e., the error pedestal) associated with
disruption of the normal relation between the two harmon-
ics. In the present experiment, even though the 300-�s
oVset of the harmonics was suYcient to cause the error

pedestal to occur, the bats nevertheless did perceive that
S¡ matched the delay of either harmonic in S+. In the jitter
experiment with FM1 completely removed, leaving only
FM2, the disruption of delay perception must have been
even more severe.

The existence of the error pedestal raises the question of
whether it might have some functional signiWcance for the
bat. The eVect that causes the bat to make errors for a wide
span of delays of S¡ around the delay of S+ amounts to a
smearing of the perceived delay of S+, or a defocusing of
the bat’s delay image, as a consequence of oVsetting the
harmonics by 300 �s. Use of the term “smearing” implies a
loss of acuity caused by unavoidable deterioration of the
bat’s representation of delay for the split-harmonic echoes.
In contrast, use of the term “defocusing” implies that the
pedestal of errors might not occur through deterioration but
instead might be created to serve as a feature of the image.
Two experimental issues come to mind: Wrst, how small an
oVset in time (�t) between FM1 and FM2 is required to pro-
duce the error pedestal? Is it of the order of 100 �s, or only
10 �s, or perhaps even only 1 �s? Second, is the onset of
the error pedestal gradual, so that it becomes progressively
higher as the time separation of FM1 and FM2 increases? If
the error pedestal were to appear in a graded manner as �t
increases from 0 to 300 �s, that Wnding would suggest it is a
consequence of deterioration in perception of delay due to
disruption of the normal relation between the harmonics.
However, if the pedestal were to appear abruptly over a
narrow span of harmonic separations (�t), that would sug-
gest creation of the pedestal rather than decay of perfor-
mance, which would amount to a deliberate defocusing of
the delay image. Such defocusing would be beneWcial if it
could be marshaled to reduce the perceptual salience of
unwanted echoes from clutter and reverberation.
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