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Studying relationships between characteristics of sonar pulses and habitat clutter level is important

for the understanding of signal design in bat echolocation. However, most studies have focused on

overall spectral and temporal parameters of such vocalizations, with focus less on potential varia-

tion in frequency modulation rates (MRs) occurring within each pulse. In the current study,

frequency modulation (FM) characteristics were examined in echolocation pulses recorded from

big-footed myotis (Myotis macrodactylus) bats as these animals searched for prey in five habitats

differing in relative clutter level. Pulses were analyzed using ten parameters, including four struc-

ture-related characters which were derived by dividing each pulse into three elements based on two

knees in the FM sweep. Results showed that overall frequency, pulse duration, and MR all varied

across habitat. The strongest effects were found for MR in the body of the pulse, implying that this

particular component plays a major role as M. macrodactylus, and potentially other bat species,

adjust to varying clutter levels in their foraging habitats. VC 2014 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4861232]

PACS number(s): 43.80.Ka [MJO] Pages: 928–932

I. INTRODUCTION

Auditory scene analysis is a critical capability in echolo-

cating bats because they use ultrasonic pulses and extract in-

formation from the returning echoes to perceive their

surroundings (Moss and Surlykke, 2001). Needing to forage

and avoid obstacles in a complex environment, fast-flying

bats have been found to both rapidly process temporal-spatial

information in reflected acoustic energy and to flexibly mod-

ify the spectral-temporal features of their pulses to optimize

that information (Schnitzler and Kalko, 2001; Moss et al.,
2006). For example, a successful forage of bats by echoloca-

tion pulses normally includes three phases: search-phase

pulses with the greatest duration, low repetition rate and

species-specific characteristics; approach-phase, when pulse

duration decreases and repetition rate increases progressively;

and terminal-phase pulses with smallest duration and highest

repetition rate (Kalko and Schnitzler, 1989). This dynamic

modification illustrates the tight link between auditory proc-

essing and adaptive behavior (Ulanovsky and Moss, 2008;

Moss and Surlykke, 2010). In this article, adjustment of echo-

location pulses is examined in big-footed myotis (Myotis mac-
rodactylus), a species of vesper bat found in eastern Asia.

Bat echolocation vocalizations include rapidly emitted

ultrasonic pulses, which can show strong frequency

modulation (FM), as illustrated in Fig. 1. Modulation rate

(MR) is an important contributor to overall pulse structure

(Bayefsky-Anand et al., 2008; Tressler and Smotherman,

2009). MR is measured as the amount of frequency change

per unit time and has been used to distinguish among simi-

lar pulses of five mouse-eared bat species (Gannon et al.,
2004). Bats use echolocation signals in an active, adaptive

fashion, such as by dynamically adjusting the spectral and

temporal parameters of pulsing to optimize acoustic infor-

mation about their immediate environment. For example, a

number of species have been shown to respond to highly

cluttered versus uncluttered space by increasing pulse peak

frequencies and decreasing pulse durations (e.g., M. septen-
trionalis—Broders et al., 2004; M. lucifugus—Wund, 2006;

Pipistrellus pygmaeus—Bartonicka and Rehak, 2005;

Macrophyllum macrophyllum—Brinkløv et al., 2010),

which may improve the accuracy of the bat’s spatial resolu-

tion of objects (Altes and Skinner, 1977; Simmons and

Stein, 1980; Aytekin et al., 2010). Additionally, the fre-

quency sweeps of most search phase pulses in vesper bats

were sigmoidal in shape, which may have a combination of

different functions, making the signals Doppler tolerant

(Kalko and Schnitzler, 1989) and while still containing tar-

get information (Simmons and Stein, 1980). In a cluttered

habitat, bats may emit echolocation pulses with higher fre-

quency and shorter duration to acquire information about a

target’s relative velocity and thus decrease the Doppler

Effect (Hartley et al., 1989).
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Previous studies focused mainly on how the general fre-

quency structure of a pulse (e.g., MR from the global meas-

ures of the echolocation pulse) respond to habitat types;

However, little is known about that variation of the structural

details in echolocation pulse in different habitats. Regardless

of the shape, a typical FM pulse can be divided into three

elements by two knees: initial, body and terminal, and corre-

sponding to respective MRs: the initial MR (MRi), the MR

of body (MRb), and the terminal MR (MRt). The body is

defined as the flattest portion of a pulse, and maximum

energy of a pulse is normally in this component. MRi, MRb,

and MRt have been used as important parameters to identify

bat species with similar echolocation pulse structures

(Gannon et al., 2004; Adams et al., 2010). Furthermore, MR

has been shown to be subject to adaptive modification across

different elements within individual pulses (Kalko and

Schnitzler, 1993). The evidence implied that the structural

details of FM pulses may have taxonomic and ecological sig-

nificances, although relatively little is known about how

those adjustments occur relative to different habitat clutter

levels.

The current study focused on riverine environments,

with riparian habitats being especially important foraging

grounds for insectivorous bat species. Hunting over water

provides a number of benefits for insectivorous bats, includ-

ing abundant prey (Fukui et al., 2006), high-quality commut-

ing paths (Serra-Cobo et al., 2000), and sensory advantages

in prey detection (Siemers et al., 2005). Clutter levels of ri-

parian zones also vary based on factors such as water turbu-

lence, vegetation density, and the expanse of water involved.

Thus, local ecological conditions can affect the effectiveness

of the signals emitted, for instance, conditions can alter prop-

erties of reflected energy and create spurious echoes from

irrelevant objects (Warren et al., 2000; Biscardi et al., 2007).

Foraging behavior in riparian environments provide a nota-

ble opportunity to examine the nature and extent of active

adaptation in bat echolocation, with a focus on changing MR

values in echolocation pulses (Ober and Hayes, 2008).

The big-footed myotis examined in this study belongs to

the subgenus Leucono€e of the genus Myotis
(Microchiroptera, Vespertilionidae) and hunts by trawling

over water (Fenton and Bogdanowicz, 2002). M. macrodac-
tylus bats produce FM echolocation pulses with a broad fre-

quency range, such as 40.8 to 81.3 kHz (Luo et al., 2011).

As shown in Fig. 1, the ogival shape of each pulse is associ-

ated with two knees, thereby creating three components with

distinct MR values. To investigate how M. macrodactylus
adjusts to different environment clutter levels, variation in

pulse characteristics was examined during the search phase

of natural foraging in five kinds of small-scale, riverine habi-

tats. Two hypotheses were tested. First, individual M. macro-
dactylus were expected to show higher peak frequencies and

shorter durations in cluttered versus uncluttered habitats

because peak frequency of bats plays an important role in

determining the maximum distance of prey detection

(Lawrence and Simmons, 1982). Second, adjustments of the

structural details were predicted to occur in each of the three

constituent elements of echolocation pulses, especially in the

body element.

II. MATERIALS AND METHODS

A. Study sites

The study was conducted from July 10 to July 25, 2009,

around the Dalazi Cave (125�5009.800 E, 41�3055.800 N) of

Ji’an city, Jilin Province, China. Both habitat and bat species

information of this research area are described in detail by

studies of Liu et al. (2009) and Luo et al. (2011). Similarly

to Biscardi et al. (2007), water surface character was visually

assessed and classified as smooth, cluttered, and rapid.

Riparian vegetation was classified as (1) the presence of

trees along both banks; (2) the presence of trees along one

bank; (3) no trees present. The width of the water bodies was

grouped into areas less than 5 m wide, 5–10 m, 10–15 m, and

15–20 m wide. Based on these features, the river was divided

into five heterogeneous transects with different clutter levels

(see Table I).

FIG. 1. A spectrogram (center), corresponding oscillogram (top), and

Fourier spectrum (left) of a representative echolocation signal (M. macro-
dactylus). Dotted lines illustrate measures for pulse duration (Dur), highest-

amplitude spectral frequency (Fpeak), beginning frequency (Fstart), and end-

ing frequency (Fend). The FM pulses were marked by two knees, with the

frequencies and times of these points referred to as Fk and Fc, and Tk and Tc,

respectively.

TABLE I. The features of different riverine habitats from uncluttered (A) to

cluttered (E). Plus and minus signs indicate the presence or absence of a fea-

ture, respectively.

Habitat

Water surface

character

River

width (m)

Riparian

vegetation

A Smooth 15–20 � �
B cluttered (had projecting rocks and ripples) 15–20 � þ
C rapid (had jumbled rocks and turbulent water) 10–15 � þ
D Cluttered 5–10 þ þ
E rapid 5 þ þ
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B. Echolocation pulse recording

Echolocation pulses were recorded using a commercially

available ultrasonic acquisition system (UltraSoundGate 116,

Avisoft Bioacoustics, Berlin, Germany), with a condenser

ultrasound microphone (UltraSoundGate CM16) connected to

a laptop computer. The microphone had a flat frequency

response from 10–150 kHz (64 dB). Pulses were stored using

a sample rate of 250 kHz. Echolocation pulses were recorded

at the time (19:00–23:30) of peak emergence of M. macrodac-
tylus, and acoustic samples were measured on 15 consecutive

nights. A microphone was held at a height of 1.6 m above the

river bank by a person walking at speed of approximately

0.5 m/s along the river. The microphone was held perpendicu-

lar to the general path of the bats. The microphone orientation

minimized filter effects, especially the loss of high frequency

components at the beginning of the pulses caused by flight

directly toward or directly away from the microphone (Obrist,

1995). A single recording consisted of the sequences of pulses

emitted by an individual bat as it approached and retreated

from the microphone. A series of pulses were considered a bat

“pass” (Wund, 2006). To minimize the probability of record-

ing the same individual multiple times, the sampling order of

the different habitat types stretching along the river was pseu-

dorandomly determined each night (e.g., one pass recorded in

habitat C and then moved to habitat A and then to E, etc.,

changing the order randomly). Distances between different

habitats were 200–500 m. Each habitat type has three sam-

pling sites. Throughout the study, recordings were obtained

during nights with negligible wind and no rain.

C. Echolocation pulse analysis

Echolocation pulses were semi-automatically analyzed

using AVISOFT-SASLAB PRO software, Version 5.1.20 (Avisoft

Bioacoustics, Berlin, Germany). Pulse start and end times

were automatically detected using a standard threshold level

(5%) and hold time (5 or 10 ms), and manually adjusted

when necessary. Signals were high-pass filtered at 1 kHz,

and the amplitude of each pulse was normalized to 0.75 V.

Pulses were selected for analysis according to the following

criteria: pulses were not saturated and did not overlap with

echoes, only one individual was present in the recording

area, and pulses at the beginning and end were eliminated

from analysis to limit the Doppler effect on the pulses. To

avoid pseudoreplication, only one pulse per bat was ran-

domly selected and used for statistical analysis. Spectral and

temporal analyses were obtained from the spectrogram and

oscillogram with an fast Fourier transform length of 512

points (93.75% overlap) that allowed for a frequency resolu-

tion of 488 Hz and temporal resolution of 0.128 ms. The

pulse was divided into three elements by two knees based on

the criteria of Gannon et al. (2004). The MR of each element

of a pulse was calculated as the bandwidth of the element di-

vided by the duration of the element. In this study, MRi was

defined as the MR of the initial element of a pulse, MRb was

defined as the MR of the body of a pulse, MRt was defined

as the MR of the terminal element of a pulse (Broders et al.,
2004; Gannon et al., 2004). The first harmonic contained

considerably more energy than other harmonics (Luo et al.,

2011), so we measured the acoustic parameters on the first

harmonic using automated parameter measurements: Dur

(time between the beginning and end of pulse in the oscillo-

gram), Fpeak (frequency with greatest amplitude in the power

spectrum), Fstart (start frequency of the pulse), Fend (end fre-

quency of the pulse), Fk (frequency at the start of the body of

the pulse in the spectrogram), and Fc (frequency at the end

of the body of the pulse) (Fig. 1).

D. Statistical analysis

Pulse parameters were checked using the

Kolmogorov–Smirnov test for normality. All pulse parame-

ters were normally distributed, so differences in pulse char-

acteristics among habitats were compared using one-way

analysis of variance (ANOVA), followed by Tukey

multiple-comparison tests. Principal component analysis

(PCA), followed by ANOVA on component scores were per-

formed to determine whether pulse characteristics could be

linked to habitat type. All statistical analysis was performed

using SPSS 11.5 statistical software (SPSS Inc., Chicago, IL).

Alpha level was set at 0.05, and the data are presented as

mean 6 SD.

III. RESULTS

All pulse parameters differed significantly among habi-

tats (Table II). The peak frequency and duration of pulses

changed with habitat type. In cluttered habitat E, the dura-

tion was significantly shorter, but the peak frequency was

higher than in any other habitats. Echolocation pulses of M.
macrodactylus started with a rapid MRi (15.2–23.3 kHz/ms),

followed by a slow MRb (4.2–7.9 kHz/ms), and ended with

another rapid MRt (21.1–30.3 kHz/ms). In different

small-scale riverine habitats, the MRb significantly increased

with increasing levels of clutter within habitats (Fig. 2). The

shallowest and steepest pulse sweeps occurred in habitats A

and E, respectively.

The five pulse parameters (Dur, Fpeak, MRi, MRb, MRt)

were included in the PCA using a matrix of correlation coef-

ficients. PCA results indicated that the first two components

captured 79.1% of the variability. The MRb was important in

classifying pulses from the five different habitats. Although

there was some overlap among the echolocation parameters,

the first and second principal components were statistically

significant in all five habitat types (PC1: F4,508¼ 79.1,

P< 0.001; PC2: F4,508¼ 14.6, P< 0.001).

IV. DISCUSSION

Results showed clear relationships between echoloca-

tion pulse acoustics and degree of habitat clutter in M. mac-
rodactylus bats searching for prey. Testing one pulse from

more than 100 different individual bats, results confirmed

the first hypothesis that these animals alter the peak frequen-

cies and duration of echolocation pulses based on clutter

level. The second hypothesis was confirmed and that

changes would be found across each element of the ogivally

shaped pulse. However, results suggested that the greatest

changes occurred in the body of the pulse.
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Current findings supported the prediction that M. macro-
dactylus would alter the peak frequencies and duration of

echolocation pulses while foraging, depending on the changing

level of habitat clutter. This conclusion is also consistent with

the results of Luo et al. (2011), and similar to studies of M.
lucifugus (Wund, 2006) and Pipistrellus pygmaeus
(Bartonicka and Rehak, 2005). Instead, the inference is that

lower peak frequencies, slower MRs, and longer durations

characterizing echolocation pulses used in uncluttered areas

may enable bats to detect prey over longer distances (Kalko

and Schnitzler, 1993). Conversely, cluttered environments,

such as turbulent riverine habitats, may require a shorter-range

foraging strategy. Also, higher peak frequencies and slower

durations in echolocation pulses may enable bats to detect pre-

cisely prey in narrow space (Kalko and Schnitzler, 1993).

The three MR measures (MRi, MRb, and MRt) used to

characterize detailed pulse structure were different across the

five riverine habitats tested, as well as positively correlated

with the degree of clutter. MRb showed the greatest change

across habitats, and Tukey multiple-comparison testing

showed that MRb was significantly different among all five

clutter levels. Results suggested that the majority of

habitat-related MR adjustment occurs in the body of echolo-

cation pulses as M. macrodactylus forages in habitats differ-

ing in overall clutter. However, the current findings do not

show whether the adjustments that occurred were specifically

focused on this element of the sound, or was a by-product of

overall MR changes applied to the pulse as a whole.

The body of the pulse could be disproportionately im-

portant because it includes far more energy than the other

two elements and thereby provides the greatest potential for

information transfer. If so, adaptation to different habitat

structures would be expected to be focused in that element,

in particular. However, another possibility is that the pattern

of adjustments observed function to preserve Doppler toler-

ance, meaning the degree to which the pulse is resistant to

potential distortion effects created by target motion. In echo-

location, Doppler effects created by moving targets decrease

the time between pulse emission and echo arrival, in this

case potentially distorting the bat’s perception of prey dis-

tance (Kalko and Schnitzler, 1989; Boonman et al., 2003). A

hyperbolic FM pattern has greater Doppler tolerance than,

for example, linear modulation (Jones and Rayner, 1988;

Jones and Rayner, 1991; Britton et al., 1997) which is cre-

ated by the first two elements of M. macrodactylus pulses

taken together.

Nevertheless, the results also indicated changes in the

MRt, terminal element of echolocation pulses across the var-

ious habitats. Previous work has suggested that the terminal

sweep may detect height when bats are flying low over a

level surface. This conclusion is based on the fact that

low-frequency pulse components are radiated with low

directionality (including beneath the bat) and are reflected

back to the bat when it is close to a water surface (Jones and

Rayner, 1991). In this view, variations of the MRt imply that

bats have different flight height while searching for prey in

different riverine habitats.

V. CONCLUSIONS

The current study examined variations in sonar signals

of bats observed under natural conditions across five

TABLE II. Spectral-temporal features of M. macrodactylus echolocation pulses in five small-scale riverine habitats of varying structural complexity. “N” is

the total number of pulses analyzed from each habitat, restricting analysis to one pulse per bat. Deviation rate¼ (maximum�minimum)/minimum� 100%.

Habitats with the same letter are not significantly different from each other (Tukey multiple-comparison test).

Habitat A Habitat B Habitat C Habitat D Habitat E Deviation rate (%) F

N 103 104 100 103 103

Dur (ms) 6.6 6 1.4 a 5.4 6 0.8 b 5.1 6 1.1 bc 4.8 6 0.7 c 4.1 6 0.8 d 37.9 88.8a

Fpeak (kHz) 46.7 6 3.1 a 47.7 6 3.1 a 49.9 6 5.1 b 50.8 6 4.3 b 53.1 6 5.8 c 13.7 33.5a

Fstart (kHz) 81.1 6 6.6 a 84.2 6 5.7 b 88.0 6 6.9 c 91.1 6 4.9 d 97.7 6 8.2 e 20.5 99.2a

Fk (kHz) 58.6 6 4.0 a 59.5 6 4.1 ab 61.0 6 4.1 b 63.8 6 3.5 c 58.6 6 7.9 a 8.9 19.9a

Fc (kHz) 41.3 6 2.1 a 41.2 6 2.0 a 42.4 6 2.2 b 42.7 6 2.7 bc 43.3 6 2.4 c 5.1 15.8a

Fend (kHz) 31.1 6 2.4 ab 30.4 6 2.1 a 32.5 6 1.9 c 31.5 6 2.4 b 34.2 6 3.7 d 12.5 33.9a

MRi (kHz/ms) 15.2 6 5.4 a 18.3 6 6.1 b 19.7 6 6.3 b 22.6 6 6.5 c 23.3 6 5.7 c 53.2 31.2a

MRb (kHz/ms) 4.2 6 1.6 a 5.5 6 1.5 b 6.3 6 1.9 c 7.1 6 1.5 d 7.9 6 2.5 e 88.1 65.0a

MRt (kHz/ms) 21.1 6 7.3 a 24.8 6 7.9 b 25.1 6 7.9 b 27.7 6 8.9 bc 30.3 6 14.3 c 43.6 13.3a

MR (kHz/ms) 7.7 6 1.1 a 10.0 6 1.2 b 10.9 6 1.4 c 12.7 6 1.2 d 15.5 6 1.5 e 103.9 516.2a

aSignificant variation (P< 0.001).

FIG. 2. “Box-whisker” plots showing the mean (horizontal line), SD (box),

and range (error bars, excluding outliers) of spectral variables Fstart, Fk,

Fpeak, Fc, and Fend (see Fig. 1 for illustrations of these measures). Spline

curves represent M. macrodactylus pulses in the five small-scale riverine

habitats studied.
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different habitats. The results indicated not only adjustment

of the frequencies, modulation rates, and durations of con-

stituent pulses, but also changes in the detailed structure of

these signals. In particular, MRs associated with each of the

three elements making up each pulse was positively corre-

lated to relative clutter level in each environment. These

results suggest that echolocating bats can dynamically mod-

ify multiple dimensions of pulse structure in adapting to the

perceptual challenges of particular foraging habitats. Further

studies will be necessary to determine the relative impor-

tance of the changes observed, for example, determining

whether changes in modulation rates should be considered a

by-product of other changes, or a more specific goal in these

vocalizations. Playback experiments may prove to be an in-

formative approach in this regard, promoting a deeper under-

standing of the link between behavioral adaptation and

auditory processing of echolocation signals in bats.
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