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ABSTRACT
Ultrasound detectors are becoming an increasingly used tool in bat research. Still, 
the lack of standardization of measurement criteria in the analysis of recordings is 
problematic when attempting identifications. For instance, the analytical procedures 
depend on the technique for obtaining the spectral content of an echolocation pulse 
(eg. zero-crossing, Fourier analysis) –which is directly related to the detection device 
and software-, and they should be as consistent as possible among studies’ and 
observers’ to allow comparisons. Using full-spectrum recordings of a Myotis species, 
we measured the minimum frequency and maximum frequency on the spectrogram, 
as well as considering four thresholds on the power spectrum: at -55 and -50 decibels 
from 0 decibels, and at 18 and 6 decibels below peak frequency. Focusing on the 
minimum frequency, we found statistically significant differences of measurements 
obtained on the spectrogram vs. power spectrum, with higher mean values in the 
latter as product of pulse truncation, as well as statistically significant differences 
between two trained observers. The measurements relative to the peak frequency 
were less variable. Without proper considerations, these issues may represent 
confounding factors and derive data unsuitable for cross-studies comparisons and 
potential misidentifications. We make recommendations about measurement 
criteria and emphasize the importance of replication and more rigorous reports. 

INTRODUCTION
Acoustic detection has become a useful tool for 

the study of bats. The possibility to transform sound 
to study its properties (eg. structure), and to measure 
acoustic parameters, bring clues about the identity of the 
recorded bats on different taxonomic levels. Some species 
vocalizations exhibit highly stable features, and are referred 
to as vocal signatures (see O’Farrell & Miller 1999, O’Farrell 
et al. 1999). Others, depending on the magnitude of 
intraspecific-to-interspecific variability, and as a product of 
phylogenetic relatedness and adaptive convergence, may 
exhibit similar structure and overlap of acoustic parameters 
(see Russo et al. 2018). 

In the Neotropics, many research groups have 
implemented ultrasonic detection as a sampling method 
for bats; however, they usually follow different analytical 
procedures that can prevent cross-studies comparisons. This 
situation can be attributed to many factors, but an obvious 
one is the availability of detection devices that vary in 

performance, with direct implications on the characteristics 
of the recording (see Fenton 2000, Adams et al. 2012). 
Moreover, the measurement criteria of acoustic parameters 
are not set by the recording device itself but during post-
processing, so standardization is important. 

For instance, for full-spectrum recordings, there is a 
criterion for the measurement of the minimum frequency 
and maximum frequency based on the spectrogram 
(hereafter FMINS and FMAXS, respectively). There are also 
different criteria, based on thresholds, for the measurement 
of the minimum frequency and maximum frequency on the 
power spectrum (hereafter FMINP and FMAXP, considered 
synonyms of the lowest frequency and highest frequency, 
respectively): 1) measurement of the frequency at -60, -55 
or -50 decibels (dB sound pressure level SPL) from 0 dB (eg. 
Fenton 2002, Fenton et al. 2004, Biscardi et al. 2004), 2) 
measurement of the frequency at 18, 15, 12, 10, or 6 dB 
below peak frequency (= frequency of maximum energy or 
amplitude) (eg. Obrist 1988, Barclay et al. 1999, Surlykke & 
Moss 2000, MacSwiney et al. 2008). Some of the arguments 
found in the literature supporting the latter criteria are: that 
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the thresholds set -50 to -60 dB from 0 dB are adequate for 
the elimination of background noise (Fenton 2002); that 
the threshold 6 dB below peak frequency marks half of the 
energy in the signal (Fenton 2002); that the threshold 15 dB 
below peak frequency controls for differences in signal level 
(Surlykke & Moss 2000). 

Presumably, the different measurement criteria will 
produce different results, although it is not clear to what 
magnitude. Here, we aimed to test for differences between 
measurement criteria of frequency-based parameters, 
using full-spectrum recordings. Also, to test for differences 
of measurements between two trained observers. If there 
are differences, these might represent confounding factors, 
which might derive data unsuitable for cross-studies 
comparisons and potential misidentifications. Finally, we 
make recommendations about measurement criteria and 
emphasize the importance of replication and more rigorous 
reports. 

MATERIALS AND METHODS
The recordings came from 14 individuals of Myotis 

nigricans (Schinz, 1821) (Chiroptera, Vespertilionidae) (for 
details see Kraker-Castañeda et al. 2019), obtained with 
a high-speed recording device (Pettersson Ultrasound 
Detector D1000X, Pettersson Elektronik AB, Sweden). The 
echolocation pulses were displayed with the software 
BatSound Standard – Sound Analysis v. 3,31 (Pettersson 
Elektronik AB, Sweden): 1) on the spectrogram (frequency 
vs. time; Fig. 1a), 2) on the oscillogram (amplitude vs. time; 
Fig. 1b), 3) on the power spectrum (amplitude vs. frequency; 

Fig. 1c). We obtained the frequency-based parameters on 
the fundamental harmonic, specifically from one pulse with 
a high signal-to-noise ratio (see Fig. 1b), per sequence and 
file. 

First, we displayed the entire recording on the 
spectrogram and once we zoomed in the pulse of interest, 
we configured the milliseconds (ms) per plot to 100 ms, 
maximum frequency depending on the pulse bandwidth, 
threshold to 10, amplitude contrast to 3, Fast Fourier 
Transformation (FFT) size to 1024 samples to enhance 
frequency resolution (see Parsons et al. 2000), and FFT 
window to Hanning. We obtained FMINS and FMAXS in kHz 
(Fig. 1a). Then, we marked the pulse and displayed it on 
the power spectrum, which we configured with a relative 
intensity minimum level at -60 dB, and FFT size to 1024 
samples. We obtained FMINP and FMAXP in kHz, considering 
four thresholds (Fig. 1c): at -55 and -50 dB from 0 dB, and at 
18 and 6 dB below peak frequency. To allow two observers 
to measure the same pulse with the same criterion, we 
relied on references on the time axis (pulse location in ms).

We plotted the data for a graphic comparison of 
measurement criteria and observer’s measurements, and 
calculated the mean and coefficient of variation. We chose 
to limit the statistical analyses to minimum frequency 
because it is an acoustic parameter proposed to be key for 
differentiating vespertilionid species (see O’Farrell & Miller 
1999, Arias-Aguilar et al. 2018). We corroborated normality 
in the data sets with the Kolmogorov-Smirnov test to proceed 
with parametric analyses. Then, we performed the following 
tests to explore for differences between means: 1) standard 

Fig. 1 - Echolocation pulses of Myotis nigricans recorded with a Pettersson Ultrasound Detector D1000X (Pettersson Elektronik AB, 
Sweden), displayed as: a) spectrogram (frequency vs. time), b) oscillogram (amplitude vs. time), c) power spectrum (amplitude vs. 
frequency). In the spectrogram, we highlight the pulse of interest along with the cursor position for obtaining the minimum frequency 
(FMINS) and maximum frequency (FMAXS), which is subsequently displayed on the oscillogram and power spectrum. On the oscillogram, it 
can be appreciated that the pulse exhibits a good signal-to-noise ratio (above 20%). On the power spectrum, the arrows are differentiated 
for minimum frequency (FMINP) and maximum frequency (FMAXP), and indicate four thresholds: 1) at -55 and -50 dB from 0 dB, and at 
18 and 6 dB below peak frequency. 
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one-way Analysis of Variance (ANOVA) for measurements 
on the same pulses with different criteria by each observer, 
2) paired t-tests for measurements on the same pulse with 
the same criterion between observers. Depending on the 
probability values, we proceeded with paired comparisons 
based on the Tukey-Kramer (TK) post hoc test. The box plots 
were elaborated in Statistica v. 8,0 (Statsoft, Inc.), and the 
calculations were performed in PAST v. 2,17c (Hammer et 
al. 2001).

RESULTS
The data can be visualized graphically and comparatively 

between measurement criteria and observer’s 
measurements in Fig. 2 (FMIN) and 3 (FMAX). For FMINS 
and FMINP, based on the coefficient of variation (CF), we 
obtained the following results in descending order of 
variation: for observer 1, FMINS (mean = 47,4, CF = 6,6), 
FMINP at -50 dB from 0 dB (mean = 49,4, CF = 4,4), FMINP 
at -55 dB from 0 dB (mean = 49,2, CF = 4,3), FMINP at 18 dB 
below peak frequency (mean = 50,0, CF = 3,8), and FMINP 
at 6 dB below peak frequency (mean = 51,1, CF = 3,2); for 
observer 2, FMINS (mean = 45,4, CF = 6,8), FMINP at -55 dB 
from 0 dB (mean = 48,3, CF = 5,4), FMINP at -50 dB from 
0 dB (mean = 48,8, CF = 5,0), FMINP at 18 dB below peak 
frequency (mean = 49,4, CF = 4,4), and FMINP at 6 dB below 
peak frequency (mean = 50,3, CF = 3,7). 

For the observer 1 parameter’s measurements, we found 
statistically significant differences (F = 5,24, p = 0,001). Based 
on the TK test paired comparisons, we found statistically 
significant differences between FMINS and FMINP at 18 dB 
below peak frequency (q = 4,441, p = 0,02); FMINS and FMINP 
at 6 dB below peak frequency (q = 6,267, p = 0,0004). In both 
cases, with higher mean values in the power spectrum. For 
all the other comparisons the probability values indicated 
no statistically significant differences (p > 0,05). 

For the observer 2 parameter’s measurements, we 
found statistically significant differences (F = 7,932, p = 
2,857E-05). Based on the TK test paired comparisons, we 
found statistically significant differences between FMINS and 
FMINP at -55 dB from 0 dB (q = 4,412, p = 0,02); FMINS and 
FMINP at -50 dB from 0 dB (q = 5,169, p = 0,004); FMINS and 
FMINP at 18 dB below peak frequency (q = 6,066, p = 0,0006); 
FMINS and FMINP at 6 dB below peak frequency (q = 7,439, p 
= 0,0001). In all cases, with higher mean values in the power 
spectrum. For all the other comparisons the probability 
values indicated no statistically significant differences (p > 
0,05).

Between observers 1 and 2, we found statistically 
significant differences for FMINS (mean = 47,4 kHz and 45,4 
kHz, respectively, difference = 2,0 kHz, t = 9,274, d.f. = 13, p = 
4,281E-07); FMINP at -55 dB from 0 dB (mean = 49,2 kHz and 
48,3 kHz, respectively, difference = 0,9 kHz, t = 3,455, d.f. = 
13, p = 0,004); FMINP at -50 dB from 0 dB (mean = 49,4 kHz 
and 48,8 kHz, respectively, difference = 0,6 kHz, t = 3,176, 
d.f. = 13, p = 0,007); FMINP at 18 dB below peak frequency 
(mean = 50,0 kHz and 49,4 kHz, respectively, difference = 0,6 
kHz, t = 3,518, d.f. = 13, p = 0,003); FMINP at 6 dB below 
peak frequency (mean = 51,1 kHz and 50,3 kHz, respectively, 
difference = 0,8 kHz, t = 4,067, d.f. = 13, p = 0,001). 

DISCUSSION
By analyzing the minimum frequency, we provide 

evidence of significant differences between measurement 
criteria (spectrogram vs. power spectrum), and no significant 
differences between thresholds on the power spectrum, 
so these might be considered equally useful. Between 
observers, we found the highest difference of measurements 
(mean’s difference) on the spectrogram, and significant 
differences in all paired comparisons. It is important to note 
that, although the differences of measurements between 
observers were not of great magnitude, the test applied 
(paired t-test) is highly sensible. The measurements on the 
power spectrum were less variable compared to those on 
the spectrogram, as well as the ones relative to the peak 
frequency which were less variable as they approach the 
peak compared to those relative to 0 dB. 

Fig. 2 - Spectrogram-based and power spectrum-based 
measurements (minimum frequency), obtained by observer 1 
(Obs1) and observer 2 (Obs2). The middle line indicates the median, 
the box indicates the percentiles (25% and 75%), and the whisker 
indicates the non-outlier values. The open circle represents the 
outliers.

Fig. 3 - Spectrogram-based and power spectrum-based 
measurements (maximum frequency), obtained by observer 1 
(Obs1) and observer 2 (Obs2). The middle line indicates the median, 
the box indicates the percentiles (25% and 75%), and the whisker 
indicates the non-outlier values. The open circle represents the 
outliers, and the asterisk represents the extreme values.
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To our knowledge, there is not much information on 
this subject in the bat literature, specifically as a source of 
confusion. Fenton (2002) reports that, for a small sample 
of pulses (n = 10) of Otomops martiensseni, the difference 
for minimum frequency and maximum frequency between 
-55 dB from 0 dB vs. 6 dB below peak frequency, was less 
than 0.5 kHz. The latter difference seems to be insignificant 
and nothing to worry about; however, we argue that it can 
represent a potential confounding factor when attempting 
identifications, and include some examples below.

We obtained the following minimum and maximum 
values for observers 1 and 2, respectively: 1) for FMINS: 
38,9-51,6 kHz and 37,0-49,2 kHz, 2) for FMINP (including all 
thresholds): 44,6-54,6 kHz and 42,4-53,6 kHz. We compared 
our data with measurements reported by MacSwiney 
et al. (2008; supplementary material), as well as with 
measurements from recordings provided by C. MacSwiney 
(pers. comm.), of small vespertilionid bats. MacSwiney et al. 
(2008) extracted FMINP from full-spectrum recordings with 
a threshold at 10 dB below peak frequency. We determined 
that the FMINS of M. nigricans (37,0-51,6) overlapped with 
the FMINP of Rhogeessa aeneus (free-flying bats, n = 13 
pulses, 42,7-51,9) and Eptesicus furinalis (free-flying bats, 
n = 22 pulses, 33,0-39,5), so the variation is large enough 
to represent a confounding factor. On the other hand, the 
FMINP of M. nigricans (42,4-54,6) did not overlap with 
E. furinalis. Rhogeessa aeneus is a lowland species and E. 
furinalis has been reported along with M. nigricans (see 
Williams-Guillén & Perfecto 2011); a similar situation could 
happen with potential sympatric species of Rhogeessa and 
E. brasiliensis. 

Regarding Myotis species, the FMINS of M. pilosatibialis 
(8 captured bats, n = 8 pulses, 52,9-59,1) overlapped with the 
FMINP of M. nigricans, while the FMINP of M. pilosatibialis 
(free-flying bats, n = 48 pulses, 55,4-61,8) did not overlap 
with the FMINP of M. nigricans. We also compared our data 
to measurements of M. velifer obtained by Rizo-Aguilar 
(2008) (6 captured bats, n = unreported pulses, mean = 38,6, 
s.d. = 2,7), which is considered a large size representative 
in this genus, specifically FMINP with a threshold at 25 dB 
below peak frequency. We determined that the FMINS of M. 
nigricans encompassed the mean FMINP of M. velifer, while 
the FMINP of M. nigricans did not. 

It is important to recognize that the samples are small, 
and this could have an effect on the calculations and the 
possibility of more robust data (B. Miller, pers. comm.); 
however, we consider it is important evidence that should 
be taken into account. There is also the possibility that the 
hand-release technique for bat recordings might affect 
pulse features vs. free-flying bat recordings (B. Miller, pers. 
comm.) Unfortunately, we had difficulties finding published 
comparable data of other potential sympatric Myotis species 
distributed in the area. 

To decide what measurement criterion is adequate, 
it is important to define the level of precision required 
depending on the objectives of the research. For instance, 
the acoustic differentiation of very similar species relies on 
high-resolution data. In other situations, this is not critical 
and even potential differences between measurement 

criteria and/or observers will not impede identifications. 
Another consideration is long-term and large-scale vs. short-
term and local acoustic surveys, which produce different 
amounts of data. The processing of large amounts of data 
has to be time-efficient, and manual measurements might 
be not practical. Anecdotally, we experienced a variation 
on the time spent with the different measurement criteria, 
which was higher on the power spectrum because it involves 
marking the pulse on the spectrogram and subsequent 
change of display. However, it should be noticed that as an 
alternative to manual analysis, the classifiers incorporated 
in many software reduce workload by filtering noise, and 
also assign identities to recordings and provide acoustic 
parameters (Skowronski & Fenton 2009, Lemen et al. 2015, 
Rydell et al. 2017). Nevertheless, the automated methods 
should be used with caution and it is important to validate 
the output (performance level), as well as determine 
confidence levels (Rydell et al. 2017).    

Some limitations should be acknowledged based on the 
characteristics of the pulse and recording to proceed with 
analyses on the power spectrum. For instance, if the intensity 
level of the pulse of interest is too low it may not reach the 
desired threshold, and if the recording exhibits a low signal-
to-noise ratio then background noise might mask the pulse 
of interest (Surlykke & Moss 2000, Fenton 2002). Also, it is 
important to note that the measurements on the power 
spectrum are not faithful to the “real” frequency emitted by 
the bat, as these are truncated. The measurements on the 
spectrogram can be closer to the real frequency, as well as 
less impacted by the signal-to-noise ratio. This is because 
the high-amplitude noise often exhibits lower spectral 
density and a lower frequency than the pulse of interest 
(see Parsons et al. 2000); however, it is also expected the 
measurement criteria will have attributes such as inter-
observer bias, therefore representing a trade-off.

In bat acoustic research, it is common to make use 
of references that include spectrograms to aid species 
identification; however, it can be inadequate to do so for 
recordings obtained with detection devices that incorporate 
different transformation techniques for obtaining the 
spectral content of the pulse, and hence produce signals 
with differences in the information retained (see Parsons et 
al. 2000). These kinds of comparisons are only appropriate 
for species that can be identified with a high degree of 
confidence, such as those that exhibit vocal signatures that 
are characterized by low structure variability (O’Farrell & 
Miller 1999, O’Farrell et al. 1999). As mentioned before, 
even when considering the same detection device and 
software, the measurement criteria can be different during 
post-processing. Moreover, we have found published 
articles that omit details about the measurement criteria 
and measurements itself, and/or do not provide enough 
detail about the configuration settings. For instance, a basic 
consideration is that the appearance of the pulse is affected 
by the windowing on the spectrogram (see Parsons et al. 
2000, Avila-Flores & Fenton 2005, MacSwiney et al. 2009), 
and this can have important implications on identifications. 

Here, we found that the measurements relative to the 
peak frequency are less variable and this should be an 
important criterion depending on the research objectives, 
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as well as to reduce inter-observer bias. The criteria 
selection should also be based on supporting references. 
We recommend including detailed information on the 
software configuration (see methods section), measurement 
criteria, and basic descriptive statistics (mean, coefficient 
of variation, minimum-maximum), to allow cross-studies 
comparisons. The acoustic analysis should always be 
complemented with the qualitative approach (eg. structure 
of the pulse and diagnostic features) and coupled with time-
based parameters (eg. duration of the pulse and interpulse 
interval). Finally, we include an important premise by Fenton 
(2002: 138): “clearly articulate the procedures you followed 
to collect data and the criteria you used in the analysis to 
ensure that others can replicate your study”. 
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