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Abstract
Acoustic recording can be a very interesting way of monitoring cetaceans for conservation purposes. However, some
sympatric species produce very similar sounds and are thus difficult to study specifically. In this work, we are interested
in characterizing the narrow band high frequency (NBHF) clicks emitted by several species of odontocetes, among
which all porpoises and some species of dolphins. The traditional acoustic parameters (durations, frequencies, band-
widths) of NBHF clicks show several drawbacks, such as redundancy, lack of precise definition, and poor robustness to
noise. In this study, we propose a new method of characterizing NBHF clicks by fitting a Gabor wavelet to the signal
and thus extracting two specific metrics, the Gabor frequency and the Gabor duration. We first assess the theoretical
usefulness of this mathematical model, and then test it against traditional measurements in numerical examples with
varying levels of noise. Our method is then applied to two empirical datasets recorded in South America, a place were
many sympatric species are found to emit NBHF clicks. Two large sets of signals of Peale’s dolphins (Cephalorhynchusaustralis) from Chaihuin bay, Chile on one hand, and Franciscana dolphins (Pontoporia blainvillei) from San Clemente
del Tuyu, Argentina on the other hand, are thus analysed and compared. Our metrics allow a good characterization
of each species’ clicks in quick and efficient computation, with good reproducibility across different recording devices,
and a clear separation of the two species. We suggest it could be applied to more datasets from different species, and
possibly be used to classify NBHF of sympatric species.
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Introduction2

Coastal NBHF (Narrow Band High Frequency) odontocetes are resident species which are3

potentially threatened by human activities such as fishing, harbor development or fish farms4

(Jaramillo Legorreta et al., 2019; Silva et al., 2020). In this conservation context, it is very im-5

portant to estimate which species are present in a specific zone or habitat, through long term6

monitoring (Amundin et al., 2022; Jaramillo Legorreta et al., 2019). However, visual monitoring7

of small cetaceans is costly and sometimes very difficult to implement in remote areas. As these8

species emit echolocation sounds most of the time (Andriolo et al., 2014), long term passive9

acoustic monitoring (PAM) is a good alternative to answer long term presence and density is-10

sues (Kimura et al., 2010; Marques et al., 2013; Soldevilla et al., 2008, 2010). When only one11

species is present in one site, unique data has been achieved in various instances through PAM12

(Amundin et al., 2022; Jaramillo Legorreta et al., 2019; Paitach et al., 2023). However sympatric13

species are also common in various zones (Kamminga et al., 1993; Kyhn et al., 2013). The con-14

text of the Southern Cone of Latin America is special since up to three from six NBHF species15

can share the same habitat (Acevedo, 2011; Heinrich et al., 2019; Hucke-Gaete et al., 2024;16

Malige et al., 2024; Morgenthaler et al., 2014). It is thus very important to be able to acousti-17

cally discriminate these species to assure the presence or measure the density of one particular18

species.19

To acoustically describe the sound emitted by small cetaceans, a few classic indicators are20

usually used in bioacoustics. Since (Au, 1993), there has been a relative standardization of the21

measurements, mainly concerning frequency and duration parameters. This standardization al-22

lows reproducibility and the declared aim is often to find a way to differentiate species (Amorim23

et al., 2022; Reyes Reyes et al., 2018). For odontocetes species emitting narrow band high fre-24

quency echolocation clicks, however, this classification is difficult due to the high similarity of the25

clicks between species (see for example the comparison of NBHF clicks species from the South26

cone of America reported in Malige et al., 2025; Reyes Reyes et al., 2018). The classical NBHF27

clicks usually have a dominant frequency around 125-130 kHz, -10 dB duration around 50-10028

µs , -3 dB bandwidth around 10 kHz andQ−3 dB value around 10-15 (Kamminga et al., 1996; Kyhn29

et al., 2009; Morisaka et al., 2011; Reyes Reyes et al., 2018). The differences in the averages of30

parameters coming from two species or two places (for the same species) is often of the order31

of the standard deviation of the series of values (Reyes Reyes et al., 2018). In the study by Kyhn32

et al., 2013, for example, clicks from two species of porpoises across two geographic regions33

are compared. In British Columbia, Canada, they recorded sympatric harbor porpoise (Phocoena34

phocoena) and Dall’s porpoise (Phocoenoides dalli) while in Denmark, they recorded harbor por-35

poise, the only porpoise species present in that region. They found that "Danish harbour porpoise36

clicks were more similar to Dall’s porpoise than to their conspecifics in Canada". Captive Yangtze fin-37

less porpoises (Neophocaena asiaeorientalis) and dwarf spermwhales (Kogia sima) produce NBHF38

clicks which parameters are statistically different from their free-ranging conspecifics (Fang et39

al., 2015; Malinka et al., 2021). Franciscana dolphins (Pontoporia blainvillei), another exclusive40

NBHF species, showed a different source of acoustic variation : neonates produce broader band-41

widths and greater parameter dispersion (Giardino et al., 2024; Melcon et al., 2016) adding more42

complexity to the challenge of classification. Some NBHF species, such as the members of the43

Cephalorhynchus genus, emit other types of clicks, along with the typical NBHF click (Martin et44
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al., 2019, 2018, 2021; Martin et al., 2024; Nielsen et al., 2024), which could be useful to differ-45

entiate species. However, this behavior is not systematically observed (Malige et al., 2025) and46

has been little studied to date. Thus, precise acoustic description of the classical NBHF ecoloca-47

tion clicks is very important for numerous studies. To our knowledge, except the pioneer work48

of C. Kamminga (Kamminga et al., 1996, 1993) no other method than the statistical study of the49

classical acoustic parameters has been proposed to date to discriminate between NBHF species50

and the results are still disappointing and lack reproducibility (Reyes Reyes et al., 2018).51

Along with the high similitude between species, the classical acoustic parameters used to52

date show several problems. The first one is that the duration and frequency of a click are not53

easily defined. Clicks are transient signals for which frequency is difficult to define precisely.54

Usually, at least two distinct measures of the “frequency” content of a click are used : the peak55

frequency and the centroid frequency (Au, 1993). As we show in this work, both have several56

drawbacks, and can be seriously affected by noise, by the choice of the recording device param-57

eters (set up, position), or by post-recording processing (filtering). Similarly, the definition and58

measurement of the duration of a click is not trivial. It is usually estimated by means of the com-59

putation of its envelope and can be highly dependent on the SNR (signal to noise ratio). What’s60

more, many clicks present replicas of the first oscillations (sometimes difficult to separate from61

the first signal), thus increasing the duration of the click. A clarification and quantitative study of62

the estimation of the usual parameters of a NBHF click seems a prerequisite to achieve a success-63

ful classification based on acoustic detections (Song et al., 2017; Zimmer, 2011). In this paper,64

we describe in detail the drawbacks which appear when using the classical acoustic parameters65

to classify NBHF clicks. Then, bymeans of numerical tests on synthesized clicks (Gabor wavelets,66

Gabor, 1946), we present the influence of noise, distortion and replicas over the potential bias67

and the precision of the measurements.68

In our study, the Gabor wavelets are also used as a theoretical tool to better understand the69

link between several classical parameters and to show their possible redundancy, as well as a70

practical tool to measure these parameters (by the fitting of this mathematical function to the71

signal as was proposed several decades ago by (Kamminga et al., 1996;Wiersma, 1982) (see also72

Lelandais and Glotin, 2008; Madhusudhana et al., 2015; Trone et al., 2015). The methods devel-73

oped in this paper are finally applied to two data sets, recorded with two different devices in two74

different places. The first data set was obtained in Chaihuin, región de los Rios, Chile, in Septem-75

ber 2023 where a group of Peale’s dolphins (Cephalorhynchus australis) is present (Galatius et76

al., 2025; Malige et al., 2024). The second data set was obtained near San Clemente del Tuyu,77

in Samborombón bay, región de Buenos Aires, Argentina, in September 2025 with presence of78

Franciscanas (Pontoporia blainvillei) (Bastida et al., 2022; Wells et al., 2021). Analyzing these two79

data sets, we were able to compare the results of the different methods (classical parameters,80

fitting of a Gabor wavelet) to discriminate between NBHF species.81

1. Materials and methods82

In this section, we first present the data sets collected in the fieldworks. Secondly, we present83

the parameters used to characterize the NBHF clicks and several problems in their estimation.84

Then, a presentation of theGaborwaveletmathematical function and the analytical computation85

of its acoustic parameters is done and, using this function, we analyze the possible effects of86

replicas on the measurements of the parameters. Finally we present the numerical tests, which87
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aim to provide values of the bias and precision on the parameters estimation, and the statistical88

analysis done afterwards.89

1.1. Data set and click detections90

We collected visual and acoustic data during 3 days in September 2023 in Chaihuin bay,91

Región de los rios, in Chile, in a zone where Peale’s dolphins (Cephalorhynchus australis) were92

known to be present. The duration of the recordings was 75 hours, from the 21st to the 24th of93

September 2023. Twodeviceswere installed at latitude 39o57′16.9′′S and longitude 73o36′14.5′′W94

in a sandy 17 m depth zone, around 100 m from the shore, at the South entrance of the bay :95

• the recording system HighBlue (Barchasz et al., 2020) along with two hydrophones (C57, channel96

1, and C55, channel 2, from Cetacean Research, http://cetaceanresearch.com/). The distance be-97

tween the two hydrophones is 60 cm. C55 andC57 have a cylindrical transducer (omni-directional98

until 10 kHz, sensitive in the mid-plane for high frequencies). Their frequency sensitivity is linear99

within -12 dB from 8 Hz to 100 kHz (manufacturer’s documentation). We checked that the ac-100

quisition chain has a flat response in frequency up to over 150 kHz, based on our subsequent101

calibrations, realized in the LMA laboratory of Aix-Marseilles university. A more complete de-102

scription of the recording device is given in (Patris et al., 2023). The set up chosen was a dynamic103

of 16 bits, a sampling frequency of 512 kHz, a duty cycle of 9 min IN/ 1 min OFF, two channels.104

The device was installed on the sea floor (as in Malige et al., 2025; Patris et al., 2023), 17 m below105

the surface.106

• a Soundtrap model 600 HF was also installed, at a horizontal distance of 1 m to the HighBlue107

device, 10 m below the surface and 7 m above the sea floor, in a moored line with a submerged108

buoy. The set up chosen was a dynamics of 16 bits, a sampling frequency of 384 kHz, continuous109

recording, one channel. Files of 10 min durations were obtained.110

We collected visual and acoustic data during 6 days in September 2025 near San Clemente111

del Tuyu, in Samborombón bay, provincia de Buenos Aires, in Argentina, in a zone where Francis-112

canas (Pontoporia blainvillei) were known to be present. The duration of the recordings was 120113

hours, from the 10th to the 15th of September 2025. Three devices were installed at latitude114

36o15′00.0′′S and longitude 56o52′05.0′′W in a 2-4 m depth zone (depending on the tide), around115

9 km from the shore (Punta Rasa, San Clemente del Tuyu) :116

• the recording systemHighBlue alongwith twoC57 hydrophones. The set up chosenwas a dynam-117

ics of 24 bits, a sampling frequency of 512 kHz, continuous recording. The device was installed on118

an iron structure on the sea floor, at a mean depth of 3 m. Files of 5-min duration were obtained.119

• a Soundrap model ST300HF was also installed in the iron structure, at 40 cm to the channel 2 of120

the HighBlue device. The set up chosen was a dynamics of 16 bits, a sampling frequency of 576121

kHz, continuous recording, one channel. Files of 10 min durations were obtained.122

• a FPOD (a commercial click detector developed by Chelonia Limited, Tregenza, 2014), was also123

installed in the iron structure at 47 cm from the channel 1 of the HighBlue. The F-POD works in124

the 20 kHz - 160 kHz range, detects and logs all potential clicks in this frequency range, registering125

several parameters for each detection (central frequency, duration, etc.) as well as the ambient126

sea water temperature and its vertical angle.127

For the San Clemente data set, we used the FPOD detections (achieved with the dedicated128

software from Chelonia) to select wav files from the two other devices. These detections are129

usually reliable to indicate periods when odontocetes are present (Malige et al., 2025; Patris130

et al., 2023). The click detection in the two data sets was then achieved as presented in (Patris131

et al., 2023) in all the wav files of the Chaihuin data set and in the selected wav files for San132
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Clemente. The click detector, written in OCTAVE (Eaton et al., 2009), is based on a three step133

procedure. First, all files are high pass filtered (100 kHz). Second, a first level of detection is se-134

lected when the amplitude of the filtered signal is above a chosen threshold (V1) multiplied by135

the whole energy of the filtered signal of the file. Finally, for each first detection, a FFT (fast136

Fourier transform) of 1 ms (512 pts) of the signal (without filtering) is performed. Then we mea-137

sure the energy of the obtained spectrum in the frequency band of 120-140 kHz (E120−140), and138

discard the detections that have high energy in the 30-90 kHz bandwidth (E30−90). These signals139

are usually broadband signals considered as noise : knocks on the devices (from sand grain for140

example) or shrimps clicks (Verluis et al., 2000). In practice, we compared E120−140 to V2 ×E30−90141

where V2 is another adaptable threshold. Details for each data set and each device are presented142

in supplementary materials. The aim of our study is to measure the acoustic parameters of the143

high SNR NBHF clicks from Peale’s dolphins and Franciscanas recorded by distinct instruments.144

Thus, we chose to have a true positive rate higher than 95%, regardless of the false negative rate.145

As clicks usually come in groups, we discarded files containing less than 20 detections for pa-146

rameters estimation, to further reduce the number of false positives, also at the risk of missing a147

few individual clicks. Finally, a manual revision of all detections was achieved for all the selected148

files to remove eventual false positives such as artificial sonars, broadband signals or cluttering.149

The signal to noise ratio (SNR) was computed for each detection as SNR = 10× log(Esignal
Enoise

) where150

Esignal is the variance of the signal during 0.1 ms centered on the click, while Enoise is the variance151

of a portion 0.1 ms of the sound, centered at 0.3 ms before the detection.152

1.2. Parameters of odontocetes clicks153

1.2.1. Classical parameters. The classical acoustical parameters used in marine bioacoustic (Au,154

1993) and in studies of NBHF clicks are : the mean date of the signal tc , the duration of the signal155

at -10 dB (∆t−10 dB) and at -20 dB (∆t−20 dB), the ’rms’ duration (∆trms for ’root mean square’),156

the ’peak’ frequency fp of the signal, the ’centroid’ frequency fc , the bandwidths at -10 dB and157

-3 dB (∆f−10 dB and ∆f−3 dB), the characteristic bandwidth ’rms’ (∆frms) and the factor of quality158

at -3 dB (Q−3 dB). The definitions of the parameters associated with a signal s(t) (and its Fourier159

transform, defined by the formula S(f ) =
∫ +∞

−∞ s(t)e−2iπftdt) are :160

• The energy of the signal E =
∫ +∞

−∞ |s(t)|2dt =
∫ +∞

−∞ |S(f )|2df161

• The mean date of the signal defined by tc =
∫ +∞

−∞ t|s(t)|2dt∫ +∞
−∞ |s(t)|2dt

.162

• The duration ’rms’ : ∆trms =
√∫ +∞

−∞ (t−tc)2|s(t)|2dt∫ +∞
−∞ |s(t)|2dt

.163

• The duration at -10dB (∆t −10dB ) is defined as the duration when the envelope of the164

signal is above the maximum of the envelope divided by
√

10. In practice, we get the165

envelope taking the modulus of the Hilbert transform of the signal.166

• The duration at -20dB (∆t −20dB ) is defined as the duration when the envelope of the167

signal is above the maximum of the envelope divided by 10168

• The peak frequency fp is the frequency where the modulus of the spectrum |S(f )| of the169

signal is maximum.170

• The ’centroïd’ frequency fc is defined by the formula fc =
∫ +∞

−∞ f |S(f )|2df∫ +∞
−∞ |S(f )|2df

.171

• The ’rms’ bandwidth : ∆frms =
√∫ +∞

−∞ (f −fc)2|S(f )|2df∫ +∞
−∞ |S(f )|2df

172
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• The bandwidth at -3dB (∆f −3dB ) is the length of the interval around fp where themodulus173

of the spectrum is larger than max(|S(f )|)√
2174

• The bandwidth at -10dB (∆f −10dB ) is the length of the interval around fp where the175

modulus of the spectrum is larger max(|S(f )|)√
10 .176

• The quality factor at -3dB is Q −3dB = fc
∆f−3dB

.177

• The quality factor ’rms’ is Qrms = fc
∆frms

.178

• The duration-bandwidth product ’rms’ is ∆trms × ∆frms179

All these classical parameters were computed for each click detection in our data set, as180

presented in (Patris et al., 2023).181

1.2.2. Issues with classical parameters.182

• The centroid frequency is confusedly defined in Au, 1993 : considering the normalized183

energy of the spectrum as a density probability of the random variable f , it is defined as184

the mean of the frequency (eq (10-1), page 217, in Au, 1993) or the median of the fre-185

quency (the frequency dividing the spectra in two parts of equal energy, in the paragraph186

following eq (10-1)). The reference Au, 1993 is given for the computation of centroid fre-187

quency in most papers dealing with NBHF clicks species, some authors use a definition,188

others use the other one, and most don’t specify.189

• The peak frequency distribution of measured NBHF clicks are plurimodal (several local190

maxima in the distribution) in various studies, such as (Kamminga et al., 1986; Malige191

et al., 2025; Malinka et al., 2021; Merkens et al., 2018; Morisaka et al., 2011; Patris192

et al., 2023; Reyes Reyes et al., 2015). This comportment of the peak frequency is in193

contrast with the comportment of the centroid frequency which has usually only one194

mode. Thus the plurimodal distribution of peak frequency may not reflect a diversity of195

clicks’ production but rather be a consequence of propagation (see section 1.3.4).196

• Signals recorded in the field often have one or more replicas and these replicas can have197

a significant influence on the calculation of the parameters and therefore their accuracy198

(Li et al., 2005) and section 1.3.4.199

• The robustness of these parameters to the usual sources of noise has not been quantified,200

thus the parameters may be differently affected in different experiments.201

1.3. Use of Gabor wavelets202

1.3.1. Definition. In an attempt to improve the classification and clarify the importance of each203

parameter in this classification, we studied the adjustment of a mathematical function to these204

signals. Indeed, NBHF clicks from various species, including Franciscanas and Peale’s dolphins205

(presented in figure 1, left), highly resemble a Gabor wavelet, as can be seen in figure 1 (right)206

and in (Au et al., 1999; Kamminga et al., 1996, 1993; Macaulay et al., 2020).207

Gabor wavelets are given by the formula:208

(1) g(t) = A e− (t−t0)2

T2 cos(2πf0(t − t0) + ϕ)

6
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Figure 1 – Left : waveform (above) et spectrum (below) of a typical click from a Peale’s dolphin(Cephalorhynchus australis) recorded in Chaihuin, sept 2023 - sampling frequency of 512 kHz.Right : a Gabor wavelet (waveform and spectrum), with A = 1, t0 = 0.0001 s, f0 = 125 kHz,
T = 30 µs and ϕ = 0 and a sampling frequency of 512 kHz (see formula 1).

This set of mathematical functions is defined by 5 independent parameters (A, t0, T , f0 and209

ϕ) : a Gaussian, of amplitude A, centered at t0, and with a standard deviation σ = T√
2 multiplies a210

cosine function of frequency f0 and phase shift ϕ at t = t0. The Gaussian A e− (t−t0)2

T2 is the enve-211

lope of the signal. One of the most important traits of NBHF clicks is that they are narrowband212

signals, which is related to the fact that we ”see” a lot of oscillations in the signal (Zimmer, 2011).213

This is the case when the Gabor wavelet has f0 > 1
T or, equivalently T > T0 where T0 = 1

f0 cor-214

responds to the period of the cosine. These signals have been named polycyclic (we see several215

oscillations) in opposition to oligocyclic signals, such as bottlenose dolphin’s or sperm whale’s216

clicks, for example, which usually have less than four visible oscillations (Goold and Jones, 1995;217

Kamminga et al., 1996) and are broadband signals. The use of Gabor wavelet has three advan-218

tages. First, we can use them as a good model to compare to odontocete signals (figure 1). The219

second advantage is that for these functions, the analytical computation of the classical acoustic220

parameters is quite simple, as we will see in the following section. The third advantage is that221

we can also easily compute these parameters in the presence of a replica (see section 1.3.4).222

1.3.2. Classical parameters for a Gabor wavelet . Table 1 gives the classical parameters computed223

for a Gabor wavelet (proofs are given in the supplementary materials). The typical and conserva-224

tive values for NBHF clicks of f0 ≃ 100 kHz and T ≃ 20µs leads to f0 × T ≃ 2. For these values,225

the classical factor e−π2T 2f 2
0 present in various results (see supplementary materials) is close to226

10−17 and can be considered equal to zero (polycyclic approximation).227

In the polycyclic approximation, the peak frequency fp is equal to f0 (see table 1). Due to the228

symmetry of the spectrum with respect to zero (see proofs in the supplementary materials), the229

centroid frequency fc of a Gaborwavelet is zero. Nevertheless, in practice, if we compute fc using230

only positive values of f in the spectrum, then fc = f0. The parameters fp and fc are therefore231

good estimators of the parameter f0 of this signal, without bias. They are strongly redundant232

when estimating the frequency of a signal having the shape of a Gaborwavelet. In table 1, we can233

also see that durations and bandwidths depend only on the parameter T . Thus, these classical234

parameters are strongly redundant to classify signals with the characteristics of a Gabor wavelet.235

The quality factor at -3 dB is π√
2ln(2)

f0T and the ’rms’ quality factor is 2πf0T . These two quality236

7
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Table 1 – List of computed parameters for Gabor wavelets (formula 1) in the polycyclic
approximation (e−π2T 2f 2

0 → 0)

Parameters symbol Gabor wavelet

Signal g(t) Ae− (t−t0)2

T2 cos(2πf0(t − t0) + ϕ)

Fourier transform G(f )
√

πAT
2 [e−π2T 2(f −f0)2eiϕ

+e−π2T 2(f +f0)2e−iϕ]e−2iπft0

Energy E
√

π
2 A2T

Average date tc t0

Duration at -10dB ∆t−10dB
√

2ln(10) T ≃ 2.15 T

Duration at -20dB ∆t−20dB
√

4ln(10) T ≃ 3.03 T

Duration ’rms’ ∆trms
1
2 T

Peak frequency fp f0

Centroid frequency fc 0 (or f0 if we consider
only positive frequencies)

Bandwidth at -3dB ∆f−3dB

√
2ln(2)
π

1
T ≃ 0.37 1

T

Bandwidth at -10dB ∆f−10dB

√
2ln(10)

π
1
T ≃ 0.68 1

T

Bandwidth ’rms’ ∆frms
1

2π
1
T ≃ 0.16 1

T

Quality factor at -3dB Q−3dB
π√

2ln(2)
f0T ≃ 2.67 f0T

Quality factor ’rms’ Qrms 2πf0T ≃ 6.28 f0T

’rms’ duration-bandwidth product Pincert
1

4π

factors are proportional to the product f0T = T
T0

and are therefore proportional to the number237

of oscillations that we ”see” in the signal. Finally, for a Gabor wavelet, the duration-bandwidth238

product ’rms’,∆t ×∆f is always equal to 1
4π (in the polycyclic approximation). It has been proven239

that any other signal has a duration-bandwidth product ’rms’ larger than 1
4π (Gabor, 1946) which240

proves that Gabor wavelet presents a good compromise between time and frequency precision.241

1.3.3. Fitting. For each click detection, we fitted a Gabor function to the waveform of the click242

(after a high pass filter at 100 kHz), bymeans of the function leasqr in Octave. The estimation of f0243

is called Gabor frequency of the click (fGabor), the estimation of T is called Gabor duration of the244

8
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click (TGabor) and 1
T is called Gabor bandwidth of a click (∆fGabor). We set the initial parameters245

of the fitting as : Ainit is the maximum value of the waveform of the detected click, t0,init is246

the date of the maximum of the waveform (we fitted the Gabor wavelet only on 50 µs of the247

signal, centered on this value), Tinit is 50 µs, f0,init is the peak frequency of the click (previously248

computed, see section 1.2.1), ϕ a uniformly random angle between 0 and 2π. We oversampled249

the signal by a factor 4 (function interp in Octave), because the convergence of the OCTAVE250

function leasqr was easier. For analysis, we selected only clicks for which the fitting of a Gabor251

wavelet converged as given by the leasqr function in OCTAVE.252

1.3.4. Replicas . Another difficulty for the measurement of the parameters is the presence of253

signal’s replica in NBHF clicks (see figure 2 and comparison with figure 1, left), usually after a254

few tens of µs , for various species of dolphins and porpoises (Finfer et al., 2012; Kamminga et al.,255

1996; Kyhn et al., 2009; Merkens et al., 2018; Morisaka et al., 2011; Song et al., 2017; Tougaard256

and Kyhn, 2009; Villadsgaard et al., 2007).257
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Figure 2 – Waveform (above) et spectrum (below) of a typical click from a Peale’s dolphinwith a replica, recorded in Chaihuin, sept 2023 - sampling frequency of 512 kHz.

These replicas can have three origins. First, dolphins or porpoises could emit a signal com-258

posed of various similar signals. Secondly, replicas could come from internal reflexions in the259

body of the animal : the fact that the signal is strongly attenuated and distorted when off axis260

(Macaulay et al., 2020) indicates the influence of internal processes. Finally, replicas could come261

from external reflections during propagation (in the surface of the sea, the ground or even262

the recording instrument). This last phenomenon of external reflections is particularly present263

in shallow waters where cluttering can be intense. In deeper waters, replicas are not so com-264

mon (Malinka et al., 2021). In any case, we can approximate the signal containing a replica as265

x(t) = g(t) + a g(t − τ) where τ is the time delay of the replica, a is a real coefficient represent-266

ing the attenuation of the main signal and g is a Gabor wavelet. The value of a is usually between267

-1 and 1 but in some case can have a modulus greater than 1 (Song et al., 2017). In the following268

sections we examine the effect of the replica on the classical parameters of the signal.269

9



10 Franck Malige et al.

Effect of replicas on frequencies. As we demonstrated, for a simple signal without noise, peak270

frequency fp and centroid frequency fc are good estimators of the parameter f0 of the Gabor271

wavelet. Nevertheless, in the presence of one or more replicas, the precision of the two estima-272

tors is strongly degraded. The Fourier transform of x is X(f ) = G(f ) × (1 + ae−2iπf τ ) where273

G is the Fourier transform of the Gabor wavelet g (see proof in the supplementary materials).274

The modulus of the coefficient 1 + ae−2iπf τ is a periodic function of f , with a period of 1/τ and,275

therefore, in the spectrum, oscillations of period 1/τ appear. An example of a synthesized click,276

composed of a Gabor wavelet and its replica, is given in figure 3. The replica arrives at τ = 200 µs277

after the signal and produces an oscillation of the spectrum at 1
τ = 5 kHz. Another example can278

be seen when we compare figure 1 (left) where the peak is well defined in the spectrum and279

figure 2 where the position of the peak is not clear, due to the presence of the replica.280
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Figure 3 – Left Top : Waveform of a signal composed of a Gabor wavelet (with parameters
A = 1, t0 = 350µs , f0 = 127kHz, T = 38.6µs , ϕ = 3.248) and a replica separated by
τ = 200µs with an attenuation coefficient a = 0.7. Left Bottom : The spectrum is composedof the Gaussian centered at f0 = 127 kHz and periodic variations which are superimposed, ofperiod 1

τ =5kHz. Right :Histogramof peak frequencies for 10000 theoretical clicks, composedof a gabor wavelet with one replica (parameters : A = 1, f0 = 125 kHz, t0 = 0, T = 30
µs , ϕ = 0. The coefficient a follows a normal distribution with a mean of 0.8 and standarddeviation of 0.2. The delay τ follows a uniform distribution in the interval [10 µs ; 150 µs].

Therefore, in the case of a signal corresponding to figure 3 (left), due to the replica, it is281

difficult to measure accurately the peak frequency using the spectrum. Typically, we have an un-282

certainty of the order of 1
τ for the estimation of the frequency peak (Song et al., 2017; Wiersma,283

1982). In figure 3 (right), we present an histogram of the peak frequencies obtained for 10000284

synthesized clicks composed of a Gabor wavelet (with f0 = 125 kHz) and a replica, computed285

using the formulas presented above. The chosen values of τ follow a uniform distribution in the286

interval [10 µs ; 150 µs], which are common values for the delay in real clicks. We clearly see287

that the presence of replicas increase the uncertainty of themeasure and that modes are present288

around 123 and 127 kHz. The average value of fp is very close to 125 kHz but the standard de-289

viation is quite high (around 3 kHz) when in the absence of replica the standard deviation of the290

measure is close to zero. Therefore, the presence of the replica strongly degrades the precision291

of the measure of fp . Regarding the centroid frequency of a Gabor wavelet with replica, a similar292

phenomenon appears. It can be shown (see supplementary materials) that:293
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Franck Malige et al. 11

(2) fc = f0 −
aτ

πT 2 sin(2πf0τ))e− τ2
2T2

1 + a2 + 2a cos(2πf0τ)e− τ2
2T2

When a tends toward zero (faint replica) we found logically that fc tends toward f0. Con-294

versely, when a is not close to zero, fc and f0 can differ a few kHz.295

Effect of replicas on durations and bandwidths. The click duration logically increases when a296

replica is present. For example, the duration “rms” can be computed analytically in the case of a297

Gabor wavelet with a replica. The formula (proven in supplementary materials, for t0 = 0) is :298

(3) ∆trms =

√√√√√√ t2
c + T 2

4 + a2

1+a2 τ(τ − tc) + 2a
1+a2 t2

c cos(2πf0τ)e− τ2
2T2

1 + 2a
1+a2 cos(2πf0τ)e− τ2

2T2

where299

(4) tc ≃ a2τ + aτ cos(2πf0τ)e− τ2
2T2

1 + a2 + 2a cos(2πf0τ)e− τ2
2T2

300

This formula is not easily interpretable but shows that the duration of a signal with a replica301

increases in a complex way. In the case of the durations ∆t−10dB or ∆t−20dB, commonly used302

in various studies, the presence of the replica changes also the value due to the change of the303

envelope of the signal, usually in a non obvious way. The different measures of bandwidths of a304

signal with a replica are also changed. For example, “rms” bandwidth is given by the formula :305

(5) (∆frms)2 = (f0 − fc)2 + 1
4π2T 2 − ae− τ2

2T2
cos(2πf0τ) τ2

π3T 4 + 4sin(2πf0)(f0 − fc) τ
2πT 2

1 + a2 + 2acos(2πf0τ)e− τ2
2T2

Conclusions. Globally, the presence of the replica degrades the precision of the measures of all306

acoustic parameters. We chose to fit only one Gabor wavelet to our signals, hoping that the307

fitting of one function on the main signal will reduce the influence of the replica in estimating308

the parameters. This hypothesis is tested numerically in the next section.309

1.4. Numerical tests310

The clicks of NBHF odontocetes are often quite similar between species and consequently,311

the parameters calculated are also similar. Even if the cited studies present statistical indicators312

of data dispersion, there is rarely a study of the error made in estimating these parameters. Dis-313

persionmay come from the diversity of the clicks emitted but also from theway ofmeasuring the314

signals. This implies the need to assess estimators of the parameters in terms of potential bias315

and in terms of precision. In order to have a clearer view of the errors in estimating the acoustic316

parameters of the real signal, we performed these estimations in synthetic, known clicks : noisy317

Gabor wavelets.318

Noisy Gabor wavelet. The computation of clicks acoustic parameters and the Gabor fitting have319

been tested on simulated clicks, using a dedicatedOCTAVEprogram (available at https://zenodo.org/320

11



12 Franck Malige et al.

records/18223438) in order to compare methods of estimation. We have generated noisy Gabor321

wavelets (N = 40000) of the form :322

(6) x(t) = A e− (t−t0)2

T2 cos(2πf0(t − t0) + ϕ) + n(t)

The chosen parameters were the following : the duration of the signal is 1 ms (t is taken in the323

interval [0;1ms]), A = 0.8+0.4X[0;1] where X[0;1] is the random variable of continuous uniform dis-324

tribution on the interval [0; 1]. Similarly, theGabor frequency is f0 = 125000×(0.98+0.04X[0;1])Hz,325

the average date of the wavelet is t0 = 450 + 100X[0;1] (in micro seconds), the characteristic time326

of duration is T = 20 + 60X[0;1] (in micro seconds), phase shift ϕ = 2πX[0;1] rad. We then added327

a Gaussian noise n(t) to the signal for which the values follow a gaussian distribution N(0; σ).328

The values of the standard deviation σ where taken from 0.001 to 0.4 (100 synthetic clicks for329

each value of σ) in order to have a uniform repartition of the SNR. The created function is then330

sampled at 512 kHz. For each signal the SNR was measured as presented in section 1.1.331

Parameters estimation. We measured the acoustic parameters of the signal in various ways,332

which we compare with the exact value of the parameters of the Gabor wavelet, given in table333

1. For each synthesized signal, the frequency f0 was estimated by four methods, as presented334

in section 1.2 : the peak frequency of the spectrum, the centroid frequency, the number of335

sign changes of the waveform and the adjustment of a Gabor wavelet. Similarly, we measured336

the various values of the duration of a click (duration -10 dB, duration -20 dB, rms duration,337

adjustment by Gabor wavelet) and we compared it to the actual value depending on T of the338

Gabor wavelet using the table 1. We also measured the various values of the frequency band339

of a click (∆f−3dB, ∆f−10dB , ∆frms) and the corresponding value depending on T given in table340

1. For all the measures of frequencies, durations and bandwidths, we estimated the bias (resp.341

precision) of the measures as the average (resp. standard deviation) of the percentage of the342

errors. Then we represented the bias and precision of each method, as a function of the SNR.343

Other numerical tests. The same measurements were also conducted for two other types of344

signal :345

• a “distorted” Gaborwavelet (theGaborwavelet wasmultiplied by an affine function equal346

to 1 in t0 and 0 when t = t0 − 2T ).347

(7) x(t) = A e− (t−t0)2

T2 cos(2πf0(t − t0) + ϕ) × (1 + t − t0
2T ) + n(t)

• a Gabor wavelet with replica :348

(8) x(t) = A e− (t−t0)2

T2 cos(2πf0(t − t0) + ϕ) + a A e− (t−t0−τ)2

T2 cos(2πf0(t − t0 − τ) + ϕ) + n(t)

In the latter case, the delay τ and the attenuation a follow the following laws: τ =349

20 + 80X[0;1] (in µs) and a = 0.1 + 0.5X[0;1] (weak replica) or a = 0.5 + 0.6X[0;1] (strong350

replica).351
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1.5. Statistical analysis352

We studied the statistical difference of the relevant acoustic parameters of the NBHF clicks353

from the two species (Peale’s and Franciscana dolphins) of the two datasets. Mean and standard354

deviation of the acoustic parameters were calculated. Histograms of the acoustic parameters355

were plotted to visualize the statistical distribution of these parameters. When it was adequate356

a gaussian was fitted to the parameters histogram. A linear discriminant analysis (LDA) for the357

two datasets was conducted using values of fGabor, fpeak, TGabor and∆T−10dB . Prior probabilities358

were estimated from the observed proportion of confirmed detections of each dataset. These359

statistical analyses were conducted in R version 4.4.0 (R Foundation for Statistical Computing,360

2024). Linear discriminant analysis (LDA) was performed using the MASS package (Venables361

and Ripley, 2002). We computed a non-parametric Wilcoxon rank-sum test (Mann–Whitney)362

for each relevant parameter between the two different data sets using Octave. Finally a test363

was proposed to estimate if the parameters from a randomly extracted subset of 10 clicks from364

San Clemente are compatible with the distribution of these parameters in the Chaihuin dataset365

(following Krzywinski and Altman, 2013).366

2. Results and Discussion367

2.1. Numerical tests368

In this section, we present some of the results of the estimation of frequencies, durations369

and bandwidths of the synthesized clicks by different methods presented in section 1.4. All the370

results of the numerical tests are presented in supplementary materials.371

2.1.1. Frequency estimation. For each integer value of the SNR (from 0 to 60 dB), we selected372

the signals corresponding to this SNR and plotted the average (left) and standard deviation (right)373

values of the corresponding errors in estimating the frequency (figure 4). The average indicates if374

there is a bias in measuring the frequency by this method while the standard deviation indicates375

the precision of the measure when there is no bias.376

We clearly see, in the figure 4 (left), that all methods give good results when the SNR is377

high (greater than 40 dB). However, all methods but the Gabor fitting are biaised when SNR is378

low, with an average of overestimation of 10 to 30 % for SNR lower than 10 dB. An interesting379

case is the case of the centroid frequency. The value for this parameter is an average between380

the centroid frequency of the signal and the centroid frequency of the noise. As we used a381

gaussian noise of centroid frequency around 178 kHz (after high pass filtering at 100 kHz) and382

as the Gabor frequency of the synthetic clicks is on average 125 kHz, the centroid frequency383

has, in this case, a bias toward higher values. In the supplementary materials we show the case384

where signals have an average frequency of 190 kHz : the bias is then negative. This is quite385

important, since it means that, for a noisy signal, the centroid frequency measurement depends386

on the frequency window on which it is computed, and thus both on the instrument (such as387

the sample frequency fs , usually varying from 384 kHz in modern Soundtraps to 576 kHz in the388

ST 300, which means a maximum frequency of fs/2 in the spectrum) and on the post processing389

methods (high pass filtering at 100 kHz for instance). As a consequence, it is very delicate to390

compare centroid frequency between different experiments. The “sign change” method is also391

biased when the SNR is less than 12 dB. The fitting of a Gabor wavelet is also sensitive to noise,392

although it is not biased : when the SNR is less than 5 dB, the convergence of the fitting is393
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Figure 4 – Left : Average of errors (in %) on the estimation of the parameter f0 as a
function of signal to noise (in dB) for the 40000 synthesized Gabor wavelet clicks with
added noise (see section 1.4). In black, estimation of f0 by peak frequencymeasurement fp
(i.e. maximum of the spectrum). In blue, estimation of f0 by centroid frequency fc (i.e. the
weighed mean frequency of the spectrum). In red, the estimation of f0 by sign changes of
the temporal signal. In green, the estimation of the frequency f0 by the fitting of a Gabor
wavelet. Right : Standard deviation of the errors (in %) on estimating parameter f0 as a
function of signal to noise (in dB) for the 40000 synthesized Gabor wavelet clicks (see
section 1.4)

not good. When SNR is higher or equal to 5 dB, though, the convergence is achieved in more394

than 80% of the case (99% of the cases when SNR is higher than 8 dB). The peak frequency395

and fitting of a Gabor wavelet gives the best results and are non biaised methods. In general,396

for all methods, the precision is degraded when the SNR is below a defined threshold so we397

recommend to select only clicks with a SNR above this threshold for parameter estimation. In398

our case, only clicks with a SNR higher than 10 dB were selected for analysis in the following399

sections.400

In the case of a distorted Gabor wavelet (see section 1.4), the results are quite similar (see401

supplementary materials). In the case of a Gabor wavelet with a replica, the results are similar402

concerning the average error. The estimation of the frequency is usually less precise, in accor-403

dance to section 1.3.4 (see figure 5 and supplementary materials). In this case, the precision of404

Gabor wavelet fitting is around 1% in average, better than peak frequency estimation (error of405

2% in average, in coherence with figure 3, right). Thus, as replicas of the signal are quite common406

in the field recordings, it seems difficult to achieve a precision less than 1% in the measurements407

of the frequency of the NBHF clicks.408

2.1.2. Duration and bandwidth estimation . For each integer value of the SNR (from 0 to 60 dB),409

we selected the signals corresponding to this SNR and average (left) and standard deviation410

(right) values of the corresponding errors in estimating the duration were computed (figure 6).411

It is clear that, regardless of the method, the click duration is more difficult to measure than412

the frequency. The estimation of the duration T by Gabor fitting usually is not biased (fig. 6,413

left) when the SNR is above 5 dB. The other duration estimations are usually biased and the414

duration ’rms’ seems very sensitive to noise and generally gives poor results as soon as the SNR415

is lower than 40 dB. Thus, this method of estimation of the duration of NBHF clicks has to be416

avoided. The precision in the estimation of the parameterT seems again better by fitting a Gabor417

wavelet, especially in a noisy context (fig. 6, right), however, nomethod reached a precision better418
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Figure 5 – Left : Average of errors (in %) on the estimation of the parameter f0 as a
function of signal to noise (in dB) for the 40000 synthesized Gabor wavelet clicks with a
strong replica (see section 1.4). In black, estimation of f0 by peak frequencymeasurement
fp (i.e. maximum of the spectrum). In blue, estimation of f0 by centroid frequency fc (i.e.
theweighedmean frequency of the spectrum). In red, the estimation of f0 by sign changes
of the temporal signal. In green, the estimation of the frequency f0 by the fitting of a
Gabor wavelet. Right : Standard deviation of the errors (in %) on estimating parameter f0
as a function of signal to noise (in dB) for the 40000 synthesized Gabor wavelet clicks
(see section 1.4)
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Figure 6 – Average (left) and standard deviation (right) of the percentage of error on
the estimation of the duration parameters according to the signal to noise (in dB) by the
four methods presented in section 1.4 : ∆t−10dB , ∆t−20dB , ∆trms or Gabor fitting. The
real value of each parameter is obtained by means of formulas of the table 1.

than 15 % for SNR lower than 10 to 15 dB. Estimation for distorted Gabor wavelet and Gabor419

wavelet with replica are presented in supplementary materials. For a distorted Gabor wavelet,420

all estimators tend to slightly underestimate the value of the duration which is coherent with421

an attenuation of the beginning of the wavelet by the distortion. In the presence of a replica422

these indicators are strongly degraded, as the duration of the signal is difficult to estimate (see423

section 1.3.4) but the Gabor wavelet fitting also gives the best results (precision of 10 to 30%,424

when the replica is not so strong, see supplementary materials). Concerning the estimation of425

T by means of bandwidth calculations, the classical methods to estimate frequency bandwidth426

present a bias for almost all SNR and could be discarded for the study of these signals (see figure427

7). In particular, the estimations of ∆f−3dB or ∆f−10dB are not precise as the error in measuring428

these values is around 1 kHz while the actual values are of the order of 10kHz.429
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Figure 7 – Average (left) and standard deviation (right) of the percentage of error on the
estimation of the bandwidths∆f−10dB,∆f−20dB,∆frms and bandwidth estimated byTGabor
(see table 1) according to the signal to noise (in dB). The real value of each parameter is
obtained by means of formulas of the table 1.

Taking into account these results we analyzed only clicks with a SNR above 10 dB in the430

data set of real clicks from Chaihuin and San Clemente del Tuyu and we computed only the431

frequencies estimations and the duration estimations.432

2.2. Recordings, clicks detections and visual surveys433

2.2.1. Acoustic and visual monitoring in Chaihuin, september 2023. During the four days of visual434

monitoring (33 hours of visual effort) only Peale’s dolphins were seen in the Chaihuin bay. These435

moments of visual confirmation of the species correspond to 85 % of all clicks detected in the436

data set. No other NBHF species has been seen in the bay during September for several years437

(E. Montti personal communication). Therefore, we are rather confident that the NBHF clicks438

recorded during the experiment are from Peale’s dolphins. The clicks from all instruments were439

first manually checked, and then only thosewith a SNR greater than 10 dB andwith convergence440

of the Gabor fitting were selected (table 2).441

Table 2 – Number of clicks for each recording device (HighBlue channel 1, channel 2 andSoundtrap) at each step of the detections and selection process for the Chaihuin dataset.First line : all detections from the Octave routine. Second line : detections after manual re-vision. Third line : detections after manual revision with a SNR above 10 dB. Fourth line : de-tections after manual revision with a SNR above 10 dB and for which the fitting of a Gaborwavelet converged
.

HighBlue channel 1 HighBlue channel 2 Soundtrap
Detections 7743 8024 11718

Detections manually confirmed 6681 6580 9909
SNR > 10dB 6537 6456 9529
SNR > 10dB 5243 4615 8052

and convergence of the Gabor fitting

To better compare the detections, we counted, for the two devices, only manually confirmed442

clicks in the 9minutes chunks corresponding to theHighBlue files (N=6681 forHighBlue channel443

1 / N=6580 for HighBlue channel 2 / N=9232 for Soundtrap) (fig. 8).444

Both devices mostly agree on the moments where clicks are detected, as presented in other445

studies (Malige et al., 2025; Patris et al., 2023). Nine files were lost for the HighBlue device,446
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Figure 8 – Chaihuin dataset. Number of manually confirmed detections of clicks by
chunks of 9 minutes in the HighBlue’s files (canal 1 in blue and canal 2 in red) and sound-
trap’s files (in pink). The time is in local time and goes from the 21st of September until
the 24th.

illustrating some failures of this device, which was still in development by SMIoT from Toulon447

university at the time of the experiment. Most of the clicks were detected in the morning, which448

is consistent with the visual survey : each day, various groups of Peale’s dolphins of less than ten449

individuals entered the bay by the south between 8 am and 1 pm (local time). Their behavior was450

usually slow traveling toward the beach of the Chaihuin bay where they spent most of the day.451

There is a significant difference in the number of clicks recorded for each device. This difference452

could be due to the position and / or of the sensitivity of the recording devices. The self noise of453

the Soundtrap device is much lower than the self noise of the HighBlue device : the clicks have454

generally a better SNR for the Soundtrap (see figure 10 in supplementary materials). Sound files455

containing signals of Peale’s dolphins are available at https://zenodo.org/records/18019712.456

2.2.2. Acoustic and visual monitoring in San Clemente del Tuyu, september 2025. During the six457

days of acoustic monitoring, three visual surveys of 4h each were done, by boat, in the zone458

between the instruments and Punta Rasa (North of San Clemente del Tuyu). Only Franciscanas459

were seen during these surveys. San Clemente del Tuyu is within the extension zone of Burmeis-460

ter’s porpoise (Phocoena spinipinnis), but the low depth (2-4 m) in a large zone (few km wide)461

makes it very unlikely to find them there, and they have never been seen near San Clemente del462

Tuyu. Therefore, we are rather confident that the NBHF clicks recorded during the experiment463

are from Franciscanas, which are resident and have a very short range of displacement in this464

zone (Wells et al., 2021). The F-POD measures of the angle of the instrument indicated that the465

iron structure fell and was in horizontal position several times during the experiment. However,466

this F-POD was set up to record in any position and clicks were registered irrespectively when467

the structure was up or down. The same processing was applied as in the Chaihuin dataset, and468

table 3 gives the number of clicks at each step of the selection. Sound files containing signals of469

Franciscana’s dolphins are available at https://zenodo.org/records/18026145.470
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Table 3 – Number of clicks in each device (HighBlue channel 1, channel 2 and Soundtrap) ateach step of the detections and selection of the clicks for San Clemente data set. First line : alldetections from the Octave routine. Second line : detections after manual revision. Third line :detections aftermanual revisionwith a SNRabove10dB. Fourth line : detections aftermanualrevision with a SNR above 10 dB and for which the fitting of a Gabor wavelet converged
.

HighBlue channel 1 HighBlue channel 2 Soundtrap
Detections 3101 3144 7337

Detections manually confirmed 3037 3047 5642
SNR > 10 dB 2575 2619 4642
SNR > 10 dB 2215 2335 4202

and convergence of the Gabor fitting

2.3. Click parameters471

In this section,we give the results of themeasurements of acoustic parameters of the datasets472

fromChaihuin and San Clemente del Tuyu. Only clicks with a SNR above 10 dB and for which the473

Gabor wavelet fitting converge are analyzed in this section according to the results of numerical474

tests (section 2.1).475

2.3.1. Frequencies. In figure 9, we give the histograms of the peak frequency fp , centroid fre-476

quency fc and the Gabor frequency f0 for the three devices (HighBlue, channel 1, top, HighBlue,477

channel 2, center and Soundtrap, bottom). The histograms of the peak frequency are rather dif-478

ferent for the three devices (included between the two HighBlue channels) for both datasets.479

The histogram for the Soundtrap device has two marked different peaks. This is consistent with480

the remarks of section 1.3.4 and with figure 3 where the histogram of peak frequencies can be481

strongly dependent on the presence of the replicas. Because of the different sensitivities and482

positions of each instrument, the presence and intensity of replicas are quite variable. There-483

fore, peak frequency does not seem to be a stable way of measuring the frequency of NBHF484

clicks. As for the centroid frequency, the measure of this parameter is very sensitive to the back-485

ground noise (as seen in section 2.1) and to the setting of each instrument (frequency cut off)486

and therefore for each device the distributions and averages are distinct. On the contrary, the487

Gabor frequency fGabor present histograms that are more similar, and with a distribution with488

less dispersion, which is also coherent with the remarks of section 1.3.4 (see table 4).489

Table 4 –Mean, standard deviation (mean ± standard deviation) and mode of peak, centroidand Gabor frequencies for HighBlue channel 1, channel 2 and Soundtrap (only clicks withfrequencies less than 150 kHz were taken for the computation of the mean and standarddeviation, in coherence with the histograms presented in figure 9)
Frequency Peak frequency fp Centroid frequency fc Gabor frequency fGabor

Chaihuin dataset / Peale’s dolphins
H.Blue, c. 1 124 ± 5 kHz / mode = 123 kHz 141 ± 5 kHz / mode = 140 kHz 124 ± 4 kHz / mode = 125 kHz
H.Blue, c. 2 127 ± 6 kHz / mode = 128 kHz 142 ± 5 kHz / mode = 143 kHz 126 ± 5 kHz / mode = 126 kHz
Soundtrap 126 ± 6 kHz / mode = 127 kHz 135 ± 4 kHz / mode = 133 kHz 125 ± 4 kHz / mode = 126 kHz

San Clemente dataset / Franciscana dolphins
H.Blue, c. 1 133 ± 4 kHz / mode = 134 kHz 155 ± 4 kHz / mode = 153 kHz 134 ± 2 kHz / mode = 135 kHz
H.Blue, c. 2 133 ± 3 kHz / mode = 135 kHz 154 ± 4 kHz / mode = 155 kHz 133 ± 2 kHz / mode = 134 kHz
Soundtrap 131 ± 4 kHz / mode = 134 kHz 154 ± 6 kHz / mode = 157 kHz 132 ± 2 kHz / mode = 132 kHz

The averages of centroid frequency are not stable between instruments for the Chaihuin490

dataset, probably because of the lower frequency cut off of the ST 600,which biases the centroid491
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Figure 9 – Top : Histograms of the frequency parameters for the two devices in Chai-
huin dataset. Bottom : Histograms of the frequency parameters for the two devices in San
Clemente del Tuyu data set. Only clicks for which the SNR is above 10 dB and the conver-gence of the Gabor wavelet fitting is achieved are selected. From top to bottom : HighBlue,channel 1, HighBlue, channel 2 and Soundtrap. from left to right : Peak frequency, centroidfrequency, Gabor frequency.

frequency towards low frequency (table 4). The values of the centroid frequency are on average492

much higher than the other frequency measures, which is coherent with the bias present when493

estimating this parameter (see supplementary materials and section 2.1, figure 4, left). As for494

peak frequency and Gabor frequency, the averages are rather stable between instruments and495

present a typical standard deviation around 5 kHz for the Chaihuin dataset, and around 3 kHz for496
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the SanClemente dataset, in both cases giving less dispersion for theGabor frequency. Themode497

of the distribution is stable for the Gabor frequency and less stable for other measurements.498

There seems to be a robust difference between the frequencies of the two datasets, pointing499

towards a different signal from Franciscana and Peale’s dolphin (see section 2.4).500

2.3.2. Durations. Concerning the estimation of the duration of the signal, we give the histograms501

of ∆t−10dB, ∆t−20dB, ∆trms, and Gabor duration TGabor for each dataset in the supplementary502

materials. Globally, the estimation of the duration by means of the Gabor duration is more stable503

than the othermeasures : the distributions of the durations aremore stable between instruments504

for the Gabor duration (especially the modes and averages) (table 5). The dispersion of the data505

is similar for the measure of the durations except for the “rms” duration which is very sensitive506

to noise (see section 1.4) and has a very large dispersion.507

Table 5 –Mean, standard deviation (mean± standard deviation) andmode (inµs ) of∆t−10dB,
∆t−20dB,∆trms, and Gabor durationTGabor for HighBlue channel 1, channel 2 and Soundtrap.

Durations ∆t−10dB ∆t−20dB ∆trms TGabor

Chaihuin dataset/ Peale’s dolphins
H.Blue, c. 1 81±28 / mode = 66 133±48 / mode = 106 120±70 / mode = 92 37±13 / mode = 32
H.Blue, c. 2 72±26 / mode = 68 122±45 / mode = 92 125±69 / mode = 46 34±14 / mode = 32
Soundtrap 81±26 / mode = 76 129±44 / mode = 102 96±50 / mode = 38 37±13 / mode = 32

San Clemente dataset / Franciscana dolphins
H.Blue, c. 1 83± 23 / mode = 74 138 ± 41/ mode = 124 167 ± 69 / mode = 100 43 ± 11 / mode = 40
H.Blue, c. 2 85± 22 / mode = 74 139± 40 / mode = 118 149 ± 70 / mode = 72 43 ± 11 / mode = 42
Soundtrap 89 ± 22 / mode = 96 146 ± 46 / mode = 128 138± 45 / mode = 122 41 ± 11 / mode = 42

There is a strong link between the four computed durations for a Gabor wavelet (see table 1).508

To check this relation (and therefore to estimate the proximity of the dataset clicks and Gabor509

wavelet), for each selected click, we computed the ratio between ∆t−10dB , ∆t−20dB , ∆trms and510

the value TGabor. These ratios are then compared with the theoretical value for a Gabor wavelet511

(see section 1.3.2). The ratios measured for the clicks of our data set are on average larger than512

the theoretical ratios ( table 6). It could be due to the presence of replicas of the signal as seen in513

the section 1.3.4. Nevertheless, the ratios for ∆t−10dB are rather close to the theoretical values514

for a Gabor wavelet (table 1 and 6), and we can presume that the signals measured are then515

rather close to Gabor wavelets. The values in table 6 indicate that the parameter∆t−10dB seems516

a bit less sensible to the replicas or to the noise than ∆t−20dB and clearly less than the “rms”517

duration ∆trms. The fact that the measurement of ∆trms
TGabor

is overestimated is mainly due to the518

fact that the computation of ∆trms is biased toward higher values, including when the SNR is519

rather high (figure 6).520

2.4. Comparison of the two datasets521

2.4.1. Heat maps. A graphical comparison of the two datasets (fig. 10) was achieved by means522

of the use of the parameters fGabor and TGabor and, for comparison, with the parameters fpeak and523

∆t−10dB, which are the most robust within the parameters classically used in other studies (see524

section 2.1). The heat maps presented in figure 10 show that the Gabor parameters give more525

focused heat maps and thus enable to better separate the two datasets.526
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Table 6 –Mean and standard deviation (mean ± standard deviation) of the ratio of durationsof the selected clicks and theoretical values for a Gabor wavelet (as presented in table 1)
Ratio ∆t−10dB

TGabor

∆t−20dB
TGabor

∆trms
TGabor

Chaihuin dataset
HighBlue, channel 1 2.25±0.55 3.85±1.63 3.64±2.73
HighBlue, channel 2 2.25±0.60 4.01±1.89 4.44±3.49

Soundtrap 2.29±0.56 3.86±1.67 2.94±2.05
San Clemente dataset

HighBlue, channel 1 1.99±0.47 3.40±1.07 4.23±2.23
HighBlue, channel 2 1.99±0.44 3.30±0.95 3.71±2.16

Soundtrap 2.19±0.45 3.78±1.64 3.56±1.57
Theorical value

for a Gabor wavelet 2.15 3.03 0.5
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Figure 10 – Heat maps of the clicks analyzed in HighBlue channel 1 (in each of the twofigures, the Chaihuin dataset is represented in blue, and the San Clemente dataset in red).Left : heat map based on the Gabor frequency and duration (for each pixel of size 1 kHz/1µs,the normalized log of the number of clicks corresponding to this value is computed and athe contour of the density is plotted). Right : heat map based on the peak frequency andduration -10 dB (for each pixel of size 1kHz/2µs, the normalized log of the number of clickscorresponding to this value is computed and the contour of the density is plotted).
2.4.2. Statistical analysis. The statistical analysis was centered on the four parameters (fGabor,527

fpeak , TGabor and ∆t−10dB). Considering the linear discriminant analysis, as expected for a two-528

group comparison, the analysis yielded a single discriminant axis, which separated the two species,529

with Peale’s dolphins showing predominantly negative scores and Franciscana’s dolphin positive530

scores. The discriminant function was dominated by the Gabor frequency (fgabor; coefficient =531

1.224), followed by the Gabor duration (TGabor; coefficient = 0.485), whereas the remaining pa-532

rameters showedminor contributions. Cross-validated classification accuracywas approximately533

85%, indicating a consistent multivariate separation between species. This analysis shows the534

importance of these two parameters (Fgabor, TGabor) to classify the clicks and their redundancy535

with fpeak and ∆t−10dB.536

For the four parameters, the Wilcoxon rank-sum test gave extremely small p-values (smaller537

than 10−15) when the two datasets were compared. It was expected as our datasets contain538

several thousands of clicks and significantly different average values. Therefore, we computed539

the p-value corresponding to the probability that a subset of 10 values (corresponding roughly540
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to the number of clicks in a click train) of a parameter coming from the San Clemente data set541

could belong to the Chaihuin data set, following the methodology proposed in Krzywinski and542

Altman, 2013. Accordingly to the figures 9 and the histograms for duration parameters in sup-543

plementary materials, we supposed that the statistical distribution of the parameters fGabor, fpeak ,544

TGabor and∆t−10dB is normal. The values of the average and standard deviation were computed545

by the fitting of a Gaussian function (see supplementary materials). The p-values computed are546

extremely small for the frequency parameters fGabor and fpeak (1 10−12, 3 10−10). As for TGabor and547

∆t−10dB, the p-value are 0.08 and 0.31 respectively. These values tend to indicate that the two548

species have very different frequency content and that it is possible to associate a train of clicks549

to one of these two species using the Gabor frequency estimation or the peak frequency. How-550

ever, for the Gabor duration TGabor and∆t−10dB, there is respectively 8% and 31% of chances of551

attributing clicks from the studied group of Franciscana to the group of studied Peale’s dolphins552

using these parameters. This clear separation into very different frequencies and closer values553

in durations can be seen in heat maps from figure 10.554

3. Conclusions555

3.1. Mathematical study, numerical tests and comparison of the signal with Gabor wavelets556

Analytical study and numerical tests are a good way to assess the eventual bias present in es-557

timating acoustic parameters, as presented in section 2.1. Such an analysis, when it can be done,558

enables to better understand biological sounds. In our case, the use of a mathematical function559

(Gabor wavelet) as a model for NBHF clicks allows a clearer view of the interdependence of the560

parameters as well as their robustness considering the environment, the devices used and the561

replicas of the signal. Ratios in table 6, first column, indicate clearly that the echolocation clicks562

from Peale’s dolphins or from Franciscana are globally close to Gabor wavelets.563

A first conclusion of this study is that many classical acoustic parameters measured in various564

studies on NBHF clicks are redundant and that is is probably better to use few of them, well565

chosen and measured, in order to classify the clicks (by species or places for example). The fact566

that the five parameters of the Gabor wavelet (A,t0,f0,T ,ϕ) are independent is of interest in the567

aim of classification. The parameters A and T are linked to the energy (table 1) and source level568

of a click. Thus the values of A and T have to be considered in propagation studies. We showed569

that Gabor frequency f0 and duration T are stable parameters which are less impacted by the570

presence of replicas and could be used in future classification studies. The precise computation571

of values of t0 could also help in studies of TDOA (time delay of arrival) when using an array to572

estimate the position of an animal. It is difficult to estimate the importance of the phase shift ϕ,573

which does not appear in most formulas of table 6 in the case of the polycyclic approximation.574

Nevertheless, the distribution of this parameter is coherent between devices in each dataset (see575

supplementary materials). It does not have a uniform repartition and the distribution is different576

in each data set. A more precise study of this parameter is still to be done and could be the577

purpose of future works.578

Gabor wavelet is probably not the best mathematical model for other odontocetes emitting579

clicks with larger band and lower frequency as sperm whale or bottlenose dolphins. In this case,580

a set of other mathematical wavelets could be used, for example the "Mexican hat" function,581

best suited for oligocyclic signals (Ryan, 1994).582
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3.2. Species discrimination by acoustic parameters583

The aim of our study was to assess several measures of acoustic parameters of the NBHF584

clicks and try to separate the dispersion coming from the data itself from the dispersion coming585

from the measurement method. By the use of synthesized signals and their analytical study we586

were able to estimate the error coming from the measurements. In the case of Gabor frequency587

measurement, this error is, for a good signal to noise ratio, less than 1% for a simple signal and588

about 2% for a signal with replica. This is the order of magnitude we find for field data in the589

case of the Franciscana, however, the dispersion of the data of the Peale’s dolphin is about590

twice, which could be a signal that the Peale’s dolphin emits less stereotyped NBHF signals, a591

conclusion consistent with the finding of other types of signals for Cephalorhynchus species592

(Martin et al., 2018, 2021; Martin et al., 2024) and not for the Franciscana.593

A second conclusion of this study is that the frequency estimations present less uncertainty594

than duration and bandwidth estimations and are probably best suited to classify NBHF species595

(see results, section 2.1.2). Moreover, some acoustic parameters present some bias when esti-596

mated in a noisy context : centroid frequency and rms duration have to be avoided to measure597

the frequency and duration of these signals. The bandwidth measurements also present high598

uncertainty and are probably not the best tools to classify NBHF clicks.599

The analysis done in this paper does not try to discriminate between on-axis or off-axis clicks600

as proposed in other studies (Götz et al., 2010; Kyhn et al., 2010). Such a distinction is difficult601

when the precise position of the emitter cannot be computed, all the more since coastal odonto-602

cetes like Franciscana are known to have a very mobile head. We simply decided to select only603

the high SNR clicks, considering that the animals, in the wild, are far enough so that a large part604

of the off-axis clicks (possibly attenuated by 20 dB or more, Macaulay et al., 2020), are probably605

lost.606

The following step will be to use the Gabor frequency and Gabor duration parameters to try607

to separate between the six sympatric NBHF species that inhabit the South Cone of America608

: Peale’s dolphin (Cephalorhynchus australis), Chilean dolphin (Cephalorhynchus eutropia), Com-609

merson dolphin (Cephalorhynchus commersonii), Franciscana (Pontoporia blainvillei), Burmeister’s610

porpoise (Phocoena spinipinnis) and spectacled porpoise (Phocoena dioptrica). This method (or a611

similar one with other mathematical models, more suited to the signal studied) could also be612

used to assess the acoustic separation of other species :613

• between other sympatric NBHF species (harbor porpoise and Dall’s porpoise in British614

Columbia, Kyhn et al., 2013),615

• between similar species as pygmy and dwarf spermwhale (Kogia breviceps and Kogia sima)616

(Hildebrand et al., 2019),617

• between Sotalia and Inia species in the Amazon river (Kamminga et al., 1993),618

• between the Zyphius species, where the acoustic classification is still very incomplete619

(Cheung and O’Brien, 2025).620

3.3. Summary /main conclusions621

• The combination of analytical and numerical studies of mathematical functions enables622

to have a clearer view of the acoustic parameters of NBHF clicks and of the best way to623

measure them.624
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• Some classical acoustic parameters used to classify odontocetes are redundant and some625

have to be avoided because they are very sensitive to noise or propagation.626

• Peale’s and Franciscana dolphins from the two data sets studied emit different NBHF627

clicks. The main difference resides in the frequency content of the clicks.628
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