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Abstract Big brown bats form large maternity colonies
of up to 200 mothers and their pups. If pups are separated
from their mothers, they can locate each other using vocal-
izations. The goal of this study was to systematically char-
acterize the development of echolocation and
communication calls from birth through adulthood to deter-
mine whether they develop from a common precursor at the
same or diVerent rates, or whether both types are present
initially. Three females and their six pups were isolated
from our captive breeding colony. We recorded vocal activ-
ity from postnatal day 1 to 35, both when the pups were iso-
lated and when they were reunited with their mothers. At
birth, pups exclusively emitted isolation calls, with a funda-
mental frequency range <20 kHz, and duration >30 ms. By
the middle of week 1, diVerent types of vocalizations began
to emerge. Starting in week 2, pups in the presence of their
mothers emitted sounds that resembled adult communica-
tion vocalizations, with a lower frequency range and longer
durations than isolation calls or echolocation signals. Dur-
ing weeks 2 and 3, these vocalizations were extremely het-
erogeneous, suggesting that the pups went through a
babbling stage before establishing a repertoire of stereo-
typed adult vocalizations around week 4. By week 4, vocal-

izations emitted when pups were alone were identical to
adult echolocation signals. Echolocation and communica-
tion signals both appear to develop from the isolation call,
diverging during week 2 and continuing to develop at
diVerent rates for several weeks until the adult vocal reper-
toire is established.
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Introduction

Microchiropteran bats use vocalizations for two separate
purposes, to navigate by means of echolocation and to com-
municate and socialize with other bats. Echolocation sig-
nals are highly stereotyped and species-speciWc, and are
often clearly correlated with the type of foraging strategy
employed by a species (Aldridge and Rautenbach 1987;
Neuweiler 2000; Pavey et al. 2001; Schnitzler and Kalko
2001; Schnitzler et al. 2003; Siemers and Schnitzler 2004;
Wund 2005). Social vocalizations are more variable in their
temporal and spectral features than echolocation signals
and are used to express territoriality, courtship, aggression,
isolation, and other social displays (Gould 1971; Gould
et al. 1973; Kanwal et al. 1994; Heckel and Helversen
2003;). The characteristics of social vocalizations depend
on species, sex, context, and individual identity (Masters
et al. 1995; Kazial et al. 2001; Kazial and Masters 2004).

Both echolocation and communication vocalizations
change and mature as young bats grow from infancy to
adulthood. At birth, an infant bat is incapable of emitting
either adult echolocation signals or mature social communi-
cation vocalizations. However, before young bats begin
to Xy and hunt insects at 4–5 weeks of age, they must be
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capable of producing high frequency echolocation signals
and processing the information contained in the echoes.
They must also be capable of emitting complex social
vocalizations to communicate and interact with other bats.

Infant vocalizations have been recorded in several bat
species (Eptesicus fuscus: Gould 1971; Myotis lucifugus:
Konstantinov 1973; Moss et al. 1997; Rhinolophus fer-
rumequinum: Matsumura 1979; Rhinolophus rouxi: Rübsa-
men 1987; Hipposideros speoris: Habersetzer and
Marimuthu 1986; Pteronotus parnelIii: Vater et al. 2003)
and exhibit many similarities across species. In general,
young bats emit multi-harmonic sounds that are lower in
frequency than adult vocalizations. In many species, these
appear to be isolation calls that a young bat emits to attract
its mother (Gould 1971). It has been suggested that isola-
tion calls of infant bats are precursors to adult echolocation
signals (Moss 1988; Fenton 1995; Moss et al. 1997). How-
ever, it is equally likely that isolation calls are precursors to
communication vocalizations, or precursors to both. It is
also possible that the vocalizations emitted immediately
after birth may exhibit diVerences that would permit their
classiWcation into early echolocation signals and early com-
munication signals. We hypothesized that the isolation calls
emitted at birth are the precursors to both echolocation and
social vocalizations and that these two types diverge at
some point in early development, possibly maturing at
diVerent rates. We predicted that this divergence occurs
simultaneously, but that echolocation signals mature at a
faster rate than social vocalizations. To assess this hypothe-
sis, we investigated the development of vocalizations from
postnatal day 1 until the bats reached adulthood in order to
characterize the full repertoire of vocalizations and to
assess the relationship between echolocation and communi-
cation signals over time.

Methods

Animals

Nine big brown bats (E. fuscus) were used in this study,
three adult females and six pups. The adult bats were all
bred and raised in captivity, and were descendants of bats
originally captured in North Carolina and maintained in a
breeding colony at the University of Washington. Three
pregnant females were isolated from the colony approxi-
mately 2–3 weeks prior to giving birth. These bats were
monitored daily and kept on a 15/9 h reverse light/dark
cycle. The females gave birth to healthy twins, one male
and one female in each pair. Eptesicus fuscus mates pro-
miscuously, so it is likely that some of the twins had diVer-
ent fathers (Vonhof et al. 2006). Forearm length (FAL) was
measured daily to monitor growth of the infant bats.

Audio recordings

We recorded vocalizations from each pup for 5 weeks,
starting with the earliest vocalizations on postnatal day 1,
and compared vocalizations emitted when the young bats
were alone to those emitted when they were in the presence
of their mothers. Each day, bats were gently removed from
the colony and placed in a sound-attenuating chamber
(123 £ 154 £ 103 cm, Industrial Acoustics Co., Inc.).
After a 15-min rest period, the pups’ vocalizations were
recorded for about 5 min using a Pettersson Elektronik AB
D 980 ultrasound detector. Following these initial record-
ings, we introduced mothers to the recording chamber and
recorded for an additional 15 min to study the mother–
infant interactions. A low light-sensitive digital video cam-
era was used to observe the behavior of the bats while they
were vocalizing in the acoustic chamber and to verify
vocalization by an individual when more than one bat was
in the chamber at the same time. All vocalizations were
recorded when the bats were most active, approximately
2–4 h after light oVset.

Sound analysis

The spectral and temporal structure of the vocal emissions
was analyzed using Batsound Pro software version 3.3 (Pet-
tersson Elektronik Inc., sampling rate of 200 kHz). All
vocalizations emitted by pups consisted of downward fre-
quency-modulated (FM) sweeps that were sometimes
followed by a tail that varied in duration, bandwidth and
spectrotemporal structure. A syllable was deWned as a single
acoustic event; a phrase was deWned as a series of syllables
emitted in rapid succession. Syllables were classiWed based
on the type of tail that followed the initial downward FM
sweep and phrases were classiWed based on the number and
type(s) of syllables, using a nomenclature similar to that
used for mustached bats and horseshoe bats (Kanwal et al.
1994; Ma et al. 2006). We performed a quantitative analy-
sis of 2,273 vocalizations that had the best signal to noise
ratio and minimal interference from external noises and
echoes produced by the walls and Xoor of the acoustic
chamber. For each vocalization, we measured number of
syllables, syllable duration, maximum frequency, minimum
frequency, bandwidth, and power spectrum of the funda-
mental harmonic.

Results

Over the course of the 5-week study, the young bats
showed distinct developmental changes in their in locomo-
tor and vocal behaviors. Forearm length increased from 16
to 46 mm and bats began to Xy by week 5 using echoloca-
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tion to orient. Vocal repertoire changed in parallel with
growth and behavioral changes.

ClassiWcation of vocalizations

Like many other bats, newborn Eptesicus pups vocalized
when separated from their mothers (Gould 1971, Fig. 1a).
These vocalizations were stereotyped single syllable mul-
tiharmonic downward FM sweeps about 50 ms in duration
with a fundamental bandwidth of approximately 10–20 kHz.
This type of vocalization, termed an “isolation call”, was
the only type emitted for the Wrst three postnatal days.
Starting on the fourth postnatal day, the pups began to
emit other types of vocalizations, which were classiWed
based on the spectrotemporal features of the tail that fol-
lowed the initial FM sweep of each syllable. Because
divergence of vocalization types Wrst occurred in the mid-
dle of week 1, we considered the Wrst half of the week
separately from the second half in some analyses. FM syl-
lables (FM) were rapid downward sweeps (<20 ms) with
2–3 harmonics (Fig. 1b) and no tail. FM syllables resem-
bled adult echolocation signals and were emitted when the
young bats were alone. Syllables with tails were emitted
when the young bats were in the presence of their mothers
(except in week 1), and could also be evoked by touching
the pup.

Syllables in which the initial FM component was fol-
lowed by a tail that increased in frequency by at least 3 kHz
and was greater than 10 ms in duration were classiWed as
up-tail syllables (UP-tail, Fig. 1c). Those in which the ini-
tial FM component was followed by a constant frequency
(CF) component with duration of more than 30 ms were
classiWed as CF-tail syllables (CF-tail, Fig. 1d). Those in
which the initial FM component was followed by a sinusoi-
dally frequency-modulated (SFM) tail more than 30 ms in
duration, were classiWed as SFM-tail syllables (SFM-tail,
Fig. 1e). The young bats often emitted multi-syllable
phrases, most often containing two or three syllables
(Fig. 1f–j).

The vocalizations emitted by the mothers were multihar-
monic single or double syllable FM sweeps with a funda-
mental that swept from about 50–24 kHz in about 4 ms but
diVered slightly from one mother to another. (Fig. 4c)
There were no clear similarities between the frequency
characteristics of the pups’ calls and the calls of their
mother during early development. Figure 1k provides an
example of a mother–infant interaction. In general, mothers
emitted syllables that consisted of a rapid downward FM
sweep (1–4 ms) spanning about 50–25 kHz. The young bats
appeared to respond to this vocalization with several diVer-
ent types of vocalizations. As the young bats grew older,
their vocalizations became more similar to those of their
mother. Vocalizations of siblings were more similar than

those of unrelated individuals in terms of their spectral
characteristics.

Vocal behavior as a function of age

Week 1 (Forearm length: 16–28 mm)

During the Wrst days after birth, the young bats were hair-
less and spent most of their time nursing. Their movements
were limited and uncoordinated. When removed from their
mothers, they would often remain in one corner of the
recording chamber. For the Wrst 3 days after birth, the
vocalizations emitted by the infant bats in the presence of
their mothers appeared identical to those emitted when they
were alone, and were all classiWed as isolation calls
(Fig. 2a, b).

By the middle of the Wrst week (days 4–6), the young
bats began to emit multiple types of vocalizations in the
presence of their mothers. At this point, some multi-syl-
lable phrases were emitted, with an increased variety of
syllable types. In the absence of their mothers, 95% of
the vocalizations emitted during days 4–6 were single
syllables. Of these, 57% were isolation type and 43% were
FM. In the presence of their mothers, 98% of the vocalizations
were single syllable. Of these, 58% were isolation type,
12% were FM, 16% were CF-tail, 12% were UP-tail, and
3% were SFM-tail (Fig. 3b shows pooled data for all days
of week 1). The double syllable phrases were either a pair
of FM’s (80%) or an UP-tail followed by an FM (20%).
The fundamentals swept from about 25–10 kHz with the
greatest energy around 17 kHz (Fig. 4a). Figure 4b shows
the average durations of the diVerent types of syllables.

Week 2 (FAL: 25–37 mm)

During week 2, the pups became more active and began to
explore the cage when left alone. Most of their vocaliza-
tions were diVerent from the isolation calls emitted in week
1 and were clearly diVerent depending on whether the pups
were alone or with their mother (Fig. 2c).

When the pups were alone they emitted biosonar-like
single syllable FM sweeps (78%), double syllable FM–FM
phrases (18%), and a few isolation calls (4%, Fig. 3a, c).
The fundamental harmonic swept from about 33–18 kHz
with a peak energy frequency of approximately 25 kHz
(Fig. 4a). The duration of the single FM syllables and isola-
tion calls decreased considerably compared to other call
types, the duration of which remained virtually unchanged
(Fig. 4b).

When the door of the recording chamber opened and the
young bat heard its mother vocalize, it would begin to emit
several diVerent types of vocalizations (Fig. 2d). The per-
cent usage of each type varied among individuals. Overall,



462 J Comp Physiol A (2011) 197:459–467

123

a b c d e

f
g h

i j

k



J Comp Physiol A (2011) 197:459–467 463

123

75% of the vocalizations were single syllables, and the
remainder double syllable phrases (Fig 3d). Of the single
syllables, 12% were isolation calls, 18% were FM, 37%
had CF-tails, 25% had UP-tails, and 8% had SFM-tails
(Fig. 3b). Double syllable phrases included FM–FM (78%),
UP-tail–FM (20%), and FM–UP-tail (2%). Maximum, min-
imum and peak energy frequencies were similar to those of
the vocalizations emitted when the bats were alone
(Fig. 4a).

Week 3 (FAL: 35–43 mm)

By week 3, the pups were more agile. They attempted to Xy
and produced aggressive vocalizations when bothered. At
this point, the pups appeared to be using echolocation to
orient in the cage (Fig. 2e). The fundamental harmonics of all
vocalizations shifted to a higher frequency range (44–16 kHz).
Peak energy frequencies of vocalizations other than FM
syllables increased to about 25 kHz. Peak energy frequencies
of FM syllables increased to 35 kHz, the Wrst point where
there is a clear diVerence in vocalization types (Fig. 4a). By
days 13–15, double syllable phrases were a major component
of the pups’ repertoire (Fig. 3c, d).

In the absence of their mothers, pups vocalized when ori-
enting and moving around the chamber, producing: single
(62%), double (35%), and triple syllable phrases (3%), all of
which consisted entirely of FM syllables with relatively short
durations (Fig. 3a, c). Between weeks 2 and 3, maximum fre-
quencies of the fundamental increased by about 10 kHz, min-
imum frequencies increased by about 4 kHz, and peak
energy frequencies increased by about 7 kHz (Fig. 4a).

Once the mother was introduced into the recording
chamber, the young bats emitted a variety of diVerent
vocalizations, including single, double, and triple syllable
phrases. Single syllables included FM (52%), isolation calls
(12%), CF-tails (23%), UP-tails (10%), or SFM-tails (3%,
Fig. 3b). 75% of double syllable phrases were FM–FM,
20% were UP-tail–FM, and the remainder were FM–UP-
tail. The majority of the triple syllable phrases were
FM–FM–FM (85%). By week 3, the durations of the FM
syllables reached average adult values (Fig. 4b).

Week 4 (FAL: 41–45 mm)

At this age, the forearm lengths of the young bats were
nearly adult size (average adult forearm length is 47 mm).

Pups were seldom found nursing but were often found next
to their mothers and siblings. During week 4, the young
bats clearly used echolocation signals for orientation. When
Wrst placed into the recording chamber, 53% of their vocal-
izations were single syllable, 39% were double syllable,
and 8% were triple syllable (Figs. 2g, 3c). After an initial
bout of vocalization, bats stopped vocalizing and perched in
a corner of the cage. The fundamental of the FM syllables
swept from about 50–22 kHz, close to the range of adult
echolocation calls. The frequency of peak energy (about
33 kHz) also approached the value for adult calls (35 kHz).

The pups continued to emit a variety of vocalization
types in the presence of the mother (Fig. 2h) but the use of
syllable types other than FM decreased. 74% of all vocal-
izations emitted in the presence of the mother consisted
entirely of FM syllables (Fig. 3b, d). Of the vocalizations
emitted when the mother was present, 52% were single
syllable, 41% were double syllable, and 6% were triple
syllable (Fig. 3c). The frequency range and peak energy of
the fundamental for calls containing only FM syllables
were 5–7 kHz higher than for the few calls that ended in an
UP-tail, CF-tail, or SFM-tail (Fig. 4a).

Week 5 (FAL: 44–46 mm)

By postnatal week 5, forearm lengths of the pups were
comparable to those of their mothers and other adults. Pups
were often found away from their mothers, hanging with
other bats. They were more independent and perched away
from their mothers after a brief initial communication and
recognition.

As in the previous week, young bats emitted echoloca-
tion signals when alone in the recording chamber. When
Wrst placed in the chamber, pups emitted single syllable
(58%), double syllable (34%), and triple syllable (8%) FM
phrases (Fig. 3c) but stopped vocalizing as soon as they set-
tled in a corner. These vocalizations were virtually identical
to adult echolocation signals with a maximum frequency of
about 50 kHz, a minimum of about 24 kHz, and peak
energy frequency around 35 kHz (Petrites et al. 2009).

The young bats called to their mothers less frequently
than during previous weeks, and the types of vocalizations
emitted were more similar to those emitted when alone
(Fig. 2j). The majority were single syllable (56%) or double
syllable (40%) FM phrases (Fig. 3b, d). Pups emitted fewer
tailed syllables either by themselves or in combination with
other syllables.

Discussion

The present study demonstrates that echolocation and com-
munication signals develop from isolation calls starting on

Fig. 1 Spectrograms of Wve single syllable vocalization types. a Isolation
calls b FM calls c UP-tail d CF-tail e SFM-tail. Spectrograms of three
double syllable phrases. f FM–FM g UP–FM h UP–UP. Spectrograms
of two triple syllable phrases. i FM–FM–FM j UP–UP–FM k Mother–
pup interaction during week 2; mother’s calls are single short FM syl-
lables; pup’s vocalizations alternate with mother’s and are FM with
variable tail

!
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Fig. 2 Representative oscillograms and corresponding spectrograms of calls recorded from a young bat in its mother’s absence (left column) and
presence (right column) during week 1 (a, b), week 2 (c, d), week 3 (e, f), week 4 (g, h), and week 5 (i, j)
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postnatal day 1. Consistent with our hypothesis, infant bats
do not emit any diVerentiated vocalizations at birth, but
during the Wrst week the two vocalization types begin to
diverge. In accordance with our prediction, the maturation
of echolocation signals occurs prior to the social vocaliza-
tions. By the time, bats reach maturity at 5 weeks of age;
both types of emissions match those of adults.

Development of vocal behavior

Our data suggest that there are three stages in the develop-
ment of vocal behavior in big brown bats. The Wrst stage
occurs during the Wrst 4–5 postnatal days, during which
time bats were completely helpless and unable to move
toward their mother when separated. Instead, the mother
always recognized and approached her young, attracted by
their isolation calls. At this stage, the vocalizations con-
sisted entirely of isolation calls.

The second developmental stage was marked by an
abrupt change from emitting only isolation calls to emitting
multiple vocalization types. This stage lasted between 16
and 18 days. When the young bats were alone, they ori-
ented using what appeared to be echolocation signals but in
a lower frequency range than those used by adults. In the
presence of their mothers, the bats appeared to hear her

vocalizations and responded by emitting a variety of vocal-
ization types and approaching their mothers.

The third developmental stage occurred after about 20–
25 postnatal days, when there was a decline in the young
bats’ motivation to call for their mothers. At this stage, their
vocalizations resembled those of their mothers, and may
have served mainly echolocation/orientation functions and/
or general communication functions.

Development of echolocation signals

In this study, we investigated the developmental transitions
of vocalizations emitted when the young bats were alone,
the assumption being that these were precursors to echolo-
cation signals. These vocalizations more closely resembled
typical adult echolocation signals than did other vocaliza-
tion types, and were emitted when the bats displayed orien-
tation behaviors. This signal type was part of the young
bats’ repertoires by the end of the Wrst postnatal week. This
Wnding is consistent with reports of Eptesicus and other bat
genera emitting echolocation signals in the 2nd postnatal
week (Konstantinov 1973; Gould 1975; Matsumura 1979;
Moss et al. 1997). Later in development, it became appar-
ent from the bat’s movements that it was using echoloca-
tion to orient within the cage.

Fig. 3 Percent usage of syllable and phrase types during weeks 1–5 in the absence (a and c) and presence of mothers (b and d). a, b Each bar
represents a diVerent syllable type. c, d Each bar represents a diVerent phrase type

a b

c d
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The echolocation signals emitted by young big brown
bats diVered from those of adult bats in that the frequency
range was lower and the duration was longer. These
changes are probably due to the maturation of the laryngeal
musculature and the Wne-tuning of the vocal apparatus
throughout postnatal development.

Development of communication signals

To understand the development of communication signals,
we investigated the developmental transitions of vocaliza-
tions emitted by young bats in the presence of their moth-
ers. Communication signals were emitted in response to the
mother’s presence and/or vocalization but not when the
pups were alone. Our Wndings suggest that the vocalizations
emitted by the young bats in the presence of their mothers
were precursors to adult communication sounds since many
of them resembled social vocalizations of adults (Gould
1975). Although the frequency range of all of the signals
emitted in the presence of the mothers increased, the over-
all duration and frequency-time structure remained roughly
the same throughout development. Many of these vocaliza-
tions consisted of FM sweeps with long tails (>30 ms), the
duration of which did not change over time. Adult big
brown bats use similar vocalizations during social interac-

tions such as mating (Gould et al. 1973; Gould 1975; Mon-
roy et al. 2005; Farrar et al. 2006). Thus, the vocal
repertoire that young bats use to attract their mothers may
develop into adult communication vocalizations with simi-
lar structure but diVerent uses.

Recent work on the sac-winged bat (Saccopteryx biline-
ata), suggested that the variation of infant vocalizations is
actually a form of babbling in a manner similar to human
infants (Knornschild et al. 2006). Babbling allows the
young to practice the adult vocal repertoire during develop-
ment. It is suggested that sac-winged bats utter a variety of
diVerent sounds to develop fully functional adult vocaliza-
tions. Our data show that Eptesicus emits diVerent vocaliza-
tion types in the presence of the mother which all seem to
serve the same purpose, to attract attention. This variability
in vocalization structure may be a form of babbling in
which young Eptesicus pups practice producing adult
vocalizations.

Parallel development of communication and echolocation

The two modes of vocalization, echolocation and commu-
nication, appear to develop in parallel. Our data suggest
that both echolocation and communication signals develop
from the isolation call that is emitted at birth and then

Fig. 4 Development of spectral features of vocalizations emitted in
the absence and presence of mothers. Black symbols indicate vocaliza-
tions that were emitted in solitude; gray symbols indicate vocalizations
that were emitted in the presence of mothers. Each data point indicates
the mean value § SD for all calls emitted during weeks 1–5.

a Development of peak frequency for diVerent syllable types.
b Durations of diVerent syllable types over time. c Table of spectro-
temporal characteristics of mothers’ FM vocalizations and those of
their oVspring (a and b) during week 5. Numbers designate mothers,
numbers plus letters designate pups

a b

c
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diverge during the 2nd postnatal week. It appears that the
echolocation signals develop at a more rapid rate than the
communication signals. By week 3, echolocation signals
had reached maximum, minimum, and peak frequency val-
ues comparable to those of adults. Although the peak and
minimum frequencies stabilize, the maximum frequency
continues to increase by approximately 10 kHz up to week
5. These results also suggest that the rate at which commu-
nication develops does not depend exclusively on the matu-
ration of the laryngeal muscles. If so, one would expect the
rate of increase in frequencies to match across all vocaliza-
tion types. Instead, the frequency spectrum of communica-
tion vocalizations developed more slowly than that of sonar
signals, even though individuals were capable of emitting
higher frequencies in the sonar signals.

Future studies on the development of bat vocalizations
could provide insight regarding the respective roles of
learning and genetic control in development of mammalian
vocalizations. While this study did not compare twins born
of one father versus two fathers; future studies could use
this approach to examine the role of genetics in determining
vocalization patterns.
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