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In Europe, ultrasound detectors are used to conduct various types of fieldwork on bats, including ecological
research, area surveys, and monitoring of populations. The heterodyne system has been used extensively during
the last 25 years and is still the most common. To enable the recording of information about frequencies, the frequency-division system was commonly used in Europe, singly or in combination with heterodyne. In 1985, time
expansion became available, and this system is now widely used in combination with the heterodyne system for
identifying bat species in the field. In this paper, I assess the utility and limitations of the heterodyne and timeexpansion systems using examples from work on the European bat fauna. The advantage of the two systems in
combination is improved detection of bats, instant identification of species, and the ability to subsequently analyze recordings. Further, I illustrate the importance of sampling species-specific sequences and being aware of various limitations and pitfalls. Even the most skilled observers need to accept that it is not always possible to identify
species. Separating similar species often requires long periods of observation during which bats can be heard (and
seen) hunting or performing characteristic behaviors. Therefore, in many studies, some species must be pooled
into groups, e.g., using line transects when there is limited time for each observation.
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INTRODUCTION
Beginning in the late 1970s, ultrasound detectors
have been used for identification and field studies of bats
in Europe with new techniques being continuously
developed (e.g., Ahlén 1981, 1990; Ahlén and Baagøe
1999; Ahlén and Pettersson 1985; Andersen and Miller
1977; Limpens and Roschen 1995; Miller and Degn
1981; Weid 1988; Weid and von Helversen 1987; Zingg
1990) Technological improvements and experience with
different systems have led to an expanding knowledge of
different species, including how they can be identified
and observed in nature. The purpose of this paper is to
describe two ultrasound-conversion systems, heterodyne
and time expansion, and evaluate the advantages and
limitations of each system.

F E AT U R E S

OF THE

HETERODYNE SYSTEM

The heterodyne system is sensitive and enables longrange detection of bats. Therefore, it is perhaps the best
system to detect the most bats. The narrow frequency
band that is transposed to audible sound must be tuned
to the sounds made by the bat. This means that there is
a risk of missing a bat even at short range. Careful tuning will allow an observer to determine whether there is
a constant-frequency or near- c o n s t a n t - f requency
component (tonal quality) in the sound and at approxi72

mately which frequency. FM sweeps can be described as
dry clicks, while quasi-constant frequency components
sound like smacking or drops of water, and longer
constant-frequency components sound tonal or
whistling. A number of other sound qualities can be
heard using a heterodyne system but all are difficult or
impossible to measure. Using most heterodyne detectors
it is impossible to save frequency information other than
remembering the tuning. Therefore, a combination of
heterodyne and frequency-division system (Andersen
and Miller 1977) represent a solution to that problem,
and were commonly used until time expansion became
available.
The heterodyne system enables sampling of long
sequences of pulses which, when displayed as oscillograms, allow analyses of pulse repetition or rhythm.

F E AT U R E S

OF THE

T I M E - E X PA N S I O N S Y S T E M

The time-expansion system preserves the unchanged
original sound with the high frequencies and harmonics.
It can be played back at a slower speed, typically 10
times slower (20 times for very high frequencies). In
principle this makes the whole spectrum of bat sounds
audible, and it is simple to save by using a relatively
inexpensive recorder. For the best results, one has to
learn how to choose the right moment to trigger the system; thereby saving the best signals and avoiding overBat Echolocation Research: tools, techniques & analysis

Groups

Genera

No. of
species

CF

Rhinolophus

5

FM

Myotis

10

Plecotus

4

Nyctalus

4

Eptesicus

3

Vespertilio

1

Pipistrellus

5

Tadarida

1

Miniopterus

1

Barbastella

1

QCF

when the system became available. However, even to
well-trained observers, the value of using time expansion
for species identification in the field has only been slowly recognized.

SONAR CHARACTERISTICS

Table 1:
Number of
species in
Europe belonging to the
sonar groups
CF, FM and
QCF.

load. All information on frequencies and relative amplitude is preserved, as well as the shape and other features
of the single sound pulses. This is an excellent system for
recording short samples of sounds to be analyzed afterw a rds. This advantage was recognized immediately

OF

EUROPEAN

B AT S

The 35 bat species found in Europe use many different types of vocalizations for sonar and social communication. As far as we know, no two species use identical
vocalizations, but species can be grouped according to
the general features of sound. One way to group them is
to use the sonar components that are most useful for
species identification, namely CF (constant frequency),
FM (frequency modulation), and QCF (quasi constant
frequency, quasi = L. as if, almost; Table 1).
The grouping perhaps represents an oversimplification, because members of all three groups use FM sweeps
and even true-CF bats occur in the third group. The
names represent the most common components used for
orientation. Social calls are variable in structure and are
much more complicated to describe or classify, even
though they are of great use for identifying species. Figs.
1-6 provide examples of sonar sounds produced by
members of the three groups.

Figure 1: Heterodyne representation
of CF sonar call from Rhinolophus
ferrumequinum. Upper diagram A is
an oscillogram, lower diagram B is a
sound spectrogram, Note that
frequency varies due to Doppler
shifts when the bat is flying.

Figure 4: Time-expansion representation of FM sonar from Myotis
mystacinus (A = oscillogram, B =
sound spectrogram).
Figure 2: Time-expansion representation of CF sonar call from Rhinolophus ferrumequinum. Upper
diagram A is an oscillogram, lower
diagram B is a sound spectrogram
(sonagram).

Figure 5: Heterodyne representaton of QCF sonar from Nyctalus
lasiopterus (A = oscillogram, B =
sound spectrogram).
Figure 3: Heterodyne representation of FM sonar from Myotis
mystacinus (A = oscillogram, B =
sound spectrogram).

Figure 6: Time-expansion representaton of QCF sonar from Nyctalus lasiopterus (A = oscillogram,
B = sound spectrogram).
Section 3: Ultrasound Species Identification
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Q U A N T I F Y I N G S O U N D F E AT U R E S
To quantify characteristics of sounds heard directly
through detectors or from recordings, it is necessary to
make measurements. The following remarks are important in the context of taking measurements to identify
species.
With a heterodyne detector, one can only turn a
knob and read a scale or display to assess frequency. The
values are not saved. This means that it is difficult to
check afterwards if the tuning was correctly made. Also,
some very common bat sounds with near-CF endings
(QCF-type), may have a broad band of frequencies (5
kHz or more) where the heterodyned signal sounds
exactly the same. Indeed, some observers who use heterodyne argue about bats being 1 or 2 kHz too low or
high! Added to this uncertainty is the Doppler effect
that may change the frequency by 1 or 2 kHz.
With a time-expansion system, the CF and near-CFfrequencies can be heard and perceived immediately
after recording. Workers with absolute pitch abilities can
differentiate frequencies within a few kHz, that is, with
better precision than with heterodyne tuning. With a
sound-analysis program, the sounds can be inspected
and measured. Even with the best recordings and diagrams, however, there are some uncertainties that must
be kept in mind when characterizing species and making
comparisons.
Some uncertainties are due to changes in sound that
occur as calls travel from the bat to the detector, or
changes produced by the instruments themselves. Pulse
length or maximum frequency is often variable because
the first low-intensity part of the pulse can easily be lost
in the recording. These measurements are seldom of
diagnostic value. The frequency at maximum amplitude,
the power spectrum peak (whole or part of pulse), frequency at the QCF-ending, and the so-called best-listening frequency (using heterodyne) are examples of
repeatable measurements. Biologically, the most significant frequency in such pulses is perhaps the part that
creates the most powerful echoes, which are easily seen
in some sonagrams. This frequency is usually the last
strong part of the QCF-ending and typically corresponds to the best-listening frequency in heterodyne

Figure 7: Two single pulses of the same pulse train from a passing E ptesicus bot tae.
The diffe rence illustrates pulse-to-pulse va riation, with the dominant echo-producing fre quency being constant (A, C = oscillograms, B, D = sound spectrograms).
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tuning where the sound is most drop-like. This frequency typically coincides with the frequency at maximum
amplitude (Fig. 7). The power spectrum peaks look
exact, but this can be misleading because both amplitude
and duration create the spectrum.
For obvious reasons, the different means to measure
pulse features often cause confusion when the methods
are not specified. It is, therefore, absolutely necessary to
define how measurements are taken before meaningful
comparisons can be made.
When following a flying bat using a heterodyne
detector, considerable data on pulse repetition can be
collected. Bats flying straight in free space tend to use a
pulse repetition rate correlated with the respiratory
cycle or wing beat frequency, which in turn is related to
size and flight speed. However, when bats make maneuvers or circles, e.g., when they fly in confined spaces,
such as indoors or between branches, the pulse repetition rate varies with no clear regularity to interval
lengths. Analyzing interval lengths from straight flight
usually shows one or more distinct peaks if the number
of intervals is plotted against interval length. If there is
more than one peak, this can be explained by a basic rate
mixed with longer intervals where pulses have been
skipped. This mixture of rates forms a rhythm that can
be very specific and can be used as a species “fingerprint.”

Rhinolophus spp
R. ferrumequinum
R. blasii
R. euryale
R. mehelyi
R. hipposideros

Frequency

Rhythm +
Size & behavior

I D E N T I F I C AT I O N W I T H I N

THE

Figure 8: The
CF sonar
group and
criteria used
to identify
species.

CF G R O U P

There are five Rhinolophus species (Fig. 8); three of
them, R. ferrumequinum, R. blasii, and R. euryale, are easily
separated based on frequency alone as they have almost
no overlap (Heller and von Helversen 1989; Ahlén
1990). This is easily determined using a heterodyne
detector in the field, but time-expansion recordings are
useful for verification and self-testing. R. mehelyi and R.
hipposideros overlap in frequency but differ in pulse length
(Ahlén 1988, 1990), which can be perceived with heterodyne by experienced observers. This can be confirmed by analyzing time-expanded sounds. In addition,
these species differ in size and behavior (Heller and von
Helversen 1989), therefore using a light or night-vision
device is recommended. R. euryale and R. mehelyi overlap
in frequencies in different areas of Italy (Russo and Jones
2001). The overlap is mainly between juvenile R. mehelyi
Bat Echolocation Research: tools, techniques & analysis

Figure 9: The
FM sonar group
and criteria
used to identify
species (or
groups of
species).

and R. euryale of all ages. Many rhinolophid bats emit
lower frequencies as juveniles than as adults (e.g., Jones
et al. 1992; Jones and Ransome 1993), and these agerelated (and sex-related; Jones et al. 1992) effects should
be considered when attempting to identify rhinolophid
bats by the frequency of their echolocation calls.

I D E N T I F I C AT I O N W I T H I N

THE

FM

GROUP

This group includes 10 Myotis and 4 Plecotus species
(Fig. 9), which offer the most difficult identification
problems in the European bat fauna. In most cases frequency can be used to separate them into groups. M.
myotis, M. blythii, and M. dasycneme as a group have a frequency at maximum amplitude of about 35 kHz. The
remaining Myotis species form a group with peak frequencies of about 45 kHz. However, M. nattereri sometimes has higher frequencies and the Plecotus species usually employ even higher peak frequencies (about 55
kHz). To separate them, behavior and rhythm and pulse
shapes must be used. Three bats usually hunt over water
surfaces – M. dasycneme, M. daubentonii, and M. capaccinii.

Figure 10:
The QCF
sonar group
and criteria
used to
identify
species.
Section 3: Ultrasound Species Identification

M. dasycneme, apart from its lower frequency, can be recognized by a curved middle part to the sweep, sometimes extending to a long, almost-CF part. This is easily
heard in heterodyne as drop-like sounds at about 35
kHz, but should be confirmed using time expansion
recordings. The other Myotis species are almost impossible to identify, at least during normal field observation
situations and time expansion and sound analysis are of
limited help. I suggest that observers become familiar
with behaviors that are specific to all of these species but
only exhibited in special situations, such as hunting in
natural habitats. This requires considerable experience
and skill, combined with extensive periods of time to follow, listen, and watch bats hunting. When working with
a species, the observer gradually becomes familiar with
the relationship between behaviors and sounds. The
bat’s sounds indicate what it is doing. Perception and
rhythm memory can provide a ‘fingerprint’ image of a
species. It is possible to use these subtle differences to
separate some difficult cryptic species, such as Myotis
brandtii and M. mystacinus. The Plecotus species are being
re-evaluated with regard to taxonomy and distribution.
However, there are clear differences in behavior and
pulse shape that can be used, at least to separate P. auritus and P. austriacus.
In summary, most species in the FM group can be
identified, but in surveys and monitoring where each
observation is of short duration, many of these must be
lumped into groups.

I D E N T I F I C AT I O N W I T H I N

THE

QCF

GROUP

Seven genera represented by a total of 16 species
occur in the QFC group (Fig. 10). They can all be identified, although there are some problems and pitfalls to
be aware of. Two species are special and, in principal,
Figure 11: H eterodyne repres e n tation of
Barbastella barbastellus sonar.
In the regularly
alternating
rhythm, the second weak pulse
is difficult but
sometimes possible to detect
using a het e rodyne detector
(see zoomed
portion).

Figure 12: Timeexpansion representation of B a rb a s tella barbaste llus sonar. The re gularly alternating
r hythm with a second weak pulse is
easily heard using
time expansion.
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Figure 13: Single pulses of Eptesicus serotinus (A), E. nilssonii (B), and Vespertilio
murinus (C) represented as sound spectrograms.

Figure 14: Pulse rhythm diagrams for
Eptesicus serotinus (A), E. nilssonii (B),
and Vespertilio murinus (C).

easy to identify, namely Tadarida
teniotis and Barbastella barbastellus.
Tadarida has an intense call and
uses frequencies much lower
than other species. Barbastella
barbastellus is difficult to detect
with heterodyne and probably
impossible with a frequency
division detector. The alternating pulses are more regular than
in any other bat and often used during the search phase
in feeding habitats (Ahlén 1981). The two pulses consist
of one strong and compact pulse with peak frequency at
about 33 kHz and a weak pulse that has most energy at
about 44 kHz, with similar pulse intervals between pulse
types. Time expansion clearly reveals this, making the
calls unmistakable. With heterodyne, the sonar consists
of dry clicks, but at close range a rattling or frizzling
noise is produced by the second pulse type. At longer
ranges, this cannot be perceived. When analyzing these
“rattling” portions of a heterodyne recording using an
oscillogram, it is possible to see the second pulse that
follows the strong pulse. Experience suggests that Barbastella is difficult to identify without this knowledge, but
after training, field workers quickly become skilled at
finding this rare bat. I feel it is necessary to use a combination of heterodyne and time expansion to detect this
species (Figs. 11 and 12).
The three genera Nyctalus, Vespertilio, and Eptesicus,
with 8 species altogether, are easy to separate provided
they are performing typical flight in free space (Ahlén
1981, 1990; Ahlén and Baagøe 1999). However, when
they leave their roosts, fly among dense trees, or hunt
insects around street lamps, they are difficult if not
impossible to identify. This is because they vary the call
repetition rate and do not call with the pulse types and
rhythm that is typical and species-specific in free space
(large openings or above the canopy). The same effect
on vocalizations occurs when bats are released after
being captured or when kept captive indoors.
To secure re c o rdings that allow identification by
instant observation or analysis, it is important to select
situations when bats emit species-specific sounds and
avoid situations and locations where the behavior and
76

sound characteristics vary too
much.
To identify Nyctalus species,
the alternating pulses can be
used even if they are more or
less pronounced in the different
species and in different situations. Frequencies and shapes of
the shallowest QCF pulses are
the best features to listen for or
analyze. The rhythm differs between larger and smaller species.
Vespertilio and Eptesicus do not
use regularly alternating pulses.
Eptesicus species can be separated
using the frequency of the ending QCF part which does not
v a ry much. Vespertilio uses more
variable frequencies, all of
which are possible to identify if
f requency reading or measures
are combined with data on
rhythm. Peaks in pulse rhythm
diagrams compiled from straight
flight in open air are species specific (Figs. 13, 14). Pulses are best analyzed from time expansion re c o rd i n g s
while rhythm data are better measured from long hete rodyne recordings.
Pipistrellus species can all be identified but there are
overlapping features such as terminal or QCF frequency
and rhythm (Ahlén and Baagøe 2001). In the case of
overlapping frequencies, e.g., P. pipistrellus and P. nathusii,
a difference in pulse rhythm is the key to identification.
Whereas the basic rhythm is only slightly slower in the
larger species, P. nathusii, this bat commonly uses longer
intervals when hunting insects in open spaces of the forest (Figs. 15, 16). Miniopterus uses calls similar to Pipistrellus pygmaeus but can be separated on the basis of rhythm,
which is a function of the bat’s behavior. Confusion may
occur among observers, and experience is required.

I M P O RTA N C E

OF SOCIAL CALLS

In addition to their sonar characteristics, it is also possible to identify bats by their social calls. The advantage
to using sonar is that for flying European bats it is always
on. In contrast, social calls are more sporadic in occurrence. Some species emit social calls or territorial songs
regularly and thereby advertise their identity. A good
example is Ve s p e rtilio murinus, where males perf o rm a terr itorial flight while repeating a complicated song, four
times per second, when they fly near high buildings or
alongside steep mountains (Ahlén 1981; Ahlén and
Baagøe 2001; Baagøe 2001). Many, but not all, social calls
a re specific enough to be useful for identification (Figs.
17-20). Species identification of Pipistrellus species can be
achieved using social calls (Ahlén 1981, 1990; Ahlén and
Baagøe 1999; Jones et al. 2000; Russo and Jones 1999).
Bat Echolocation Research: tools, techniques & analysis

Figure 16: Pulse
rhythm diagrams
of hunting Pipistrellus nathusii
(A) and P. pipstrellus (B).

Figure 15: Single pulses of Pipistrellus nathusii (A), P.
pipstrellus (B) and P. pygmaeus (C) re p resented as
sound spectro grams.

CONCLUSIONS ABOUT HETERODYNE AND
T I M E - E X PA N S I O N S Y S T E M S F O R I D E N T I F I C AT I O N
A heterodyne and time-expansion system is an excellent combination for field situations that require species
identification. Heterodyne is a sensitive system suitable
for searching for bats and allows for long-distance detection. The transformed signals provide information about
the sounds for immediate perception but not for analysis. Tuned frequencies cannot be assessed exactly nor
can they be saved. Heterodyne systems are useful for
sampling and analyzing data on rhythm. To record and
save high-quality unchanged sound segments, timeexpansion systems are best. They allow both immediate
identification in the field and the ability to perform subsequent analysis of recordings. The use of time expansion has enabled identification far beyond heterodyne
alone and provides the best combination with heterodyne (Fig. 21). Time expansion cannot be used in real
time, and another limitation is that using longer memory can block the recording of new signals during play-

back. Listening and recording with both systems in combination involves the use of both ears and stereo channels on the recorder (e.g., left for heterodyne and right
for time expansion).

CONCLUDING REMARKS
The beginner needs to make many recordings and
analyze sounds as part of the training process. With
increasing experience and skill, the need to make recordings is reduced to situations when identification must be
verified. This is either to test oneself or to produce direct
and verifiable evidence of observations.

Figure 17:
Territorial call
of Pipistrellus
nathusii.
Three sonar
pulses at
about 43 kHz
in the spectrogram are from
a second
individual.
Figure 18: Social calls inserted bet ween sonar calls of E ptesicus
nilssonii.
Figure 19:
Social call of
Nyctalus
azoreum.

Figure 20: Territorial song of Vespertilio murinus.
Section 3: Ultrasound Species Identification
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A FI N A L W O R D

Figure 21: Heterodyne (A) and time expansion (B) of Eptesicus nilssonii
showing how a time segment containing a buzz is tri g gered and replaye d.

An interesting phenomenon is the fact that experienced people use criteria for identifying some species
differently from the ones they teach their students. The
reason is that teaching must show what is possible to
m e a s u re and what differs significantly between the
species. With experience, the observer becomes familiar
with other “fingerprints” of a species, such as rhythm or
tonal qualities, that are easily heard but more difficult to
quantify or pinpoint. Still, it is possible to recognize
many species immediately, in a manner analogous to the
subconscious manner in which our brains enable voice
recognition on the telephone.
With experience teaching the art of identifying bats
under natural conditions, I have found substantial individual variation in learning ability (Fig. 22). While this
may be due to variation in training or the dedication of
students; innate ability and disposition are also important. The perception of subtle sound differences is a
sophisticated activity that requires practice and skill.
When identification of bats using ultrasound detectors
started, some scientists argued that the method was not
reliable. Most now dismiss this idea, but there are still
different views on the usefulness of ultrasound detectors
(Barclay 1999, O’Farrell et al. 1999).
Learning how to identify bats by their calls is difficult
and requires more practice than to identify birds from
song. Especially when beginning, it is important to work
with experienced colleagues. One way to increase skill is
to work in a limited area with a few known species.
When familiar with those species, their sonar types and
behaviors in various situations, then the study area can
be expanded to where additional species occur.
Bat detector courses or workshops which combine a
mixture of theory and practical training in the field will
improve skills rapidly. However, continual practice and
training are usually needed to maintain skills and promote self-development.
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Most European bat species can be identified acoustically using a combination of heterodyne and timeexpansion detectors (Ahlén and Baagøe 1999). This
method is efficient and reliable provided that the following three considerations are respected:
(1) Use the best available equipment with the highest sound quality.
(2) Sample species-specific sequences for most reliable identification.
(3) A well-developed sound memory and musical ear
are prerequisites for skillful observations.
Some difficult cases, especially among the Myotis
species, require long and careful studies until characteristic ‘fingerprints’ of sounds or behavior are learned.
Such species must be grouped during surveys and monitoring.
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Figure 22: Individual variation in
learning ability.
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