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proportion of false negatives by the detector. A total of 14,815
detections were visually checked in sequences of 20 s duration
starting at time 0 and at every 500 s thereafter (resulting in 23, 11
and 37 windows of 20 s for gg11_216a, gg13_190a and gg13_267a,
respectively) (Fig. 1). Clicks were classified as ‘tagged-dolphin’
or ‘untagged-dolphin’ using the same AoA criterion as for
tagged-dolphin click validation (variations up to ±20 deg in the
AoA were accepted for tagged-dolphin clicks). Two types of false
positive detections were expected: untagged-dolphin Grampus
clicks and transients that were not Grampus clicks. We did not
separate these two categories. The proportion of ‘tagged-dolphin’
and ‘untagged-dolphin’ clicks was determined from the ratio
between the number of clicks reported by the observer per category
and the total number of detections, for a given time window. Results
indicate that the majority (94%) of detections corresponded to
tagged-dolphin clicks with a 5% false positive rate (Table 1). This
false detection rate is expected to remain relatively constant for
buzzes and purported social sounds, as the energy content below
15 kHz should be consistent, independent of variations in the
directionality, frequency band or off-axis angle of the recorded
vocalizations.

Pulsed sounds
To maintain a nomenclature for vocalizations consistent with the
cetacean literature, we used the term ‘pulsed sound’ for a rapid
sequence of pulses (clicks). Pulsed sounds were distinguished from
regular echolocation in tagged-dolphin click sequences by fitting a
Gaussian mixture model (with two distributions) using the log-
transformed ICIs following the method of Tolkamp and Kyriazakis

(1999) and the package mixtools (Benaglia et al., 2009) in R
statistical software (R Foundation for Statistical Computing,
Vienna, Austria) (Fig. 2). The � tted normal distributions had a
mean±s.d. log(ICI) of –5.78±0.41 for pulsed sound clicks and a
mean±s.d. log(ICI) of –1.94±0.71 for regular echolocation clicks.
The mean ICI was 0.003 s for pulsed sound clicks and 0.143 s for
the regular echolocation clicks. According to this model, the 99.5th
percentile of pulsed sound clicks had an ICI of 0.0090 s whereas the
0.5th percentile of regular echolocation clicks had an ICI of 0.023 s.
The point halfway between those two values (0.016 s) was taken as
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Fig. 1. Identification of echolocation clicks
produced by tagged Grampus griseus and
recorded on the tag. (A) Spectrogram [Hamming fast
Fourier transform (FFT) length 1024, 512 overlap] of a
10 s audio sequence, (B) signal envelope (Hilbert
transform), and (C) angle of arrival (AoA) of the clicks
to the stereo tag hydrophones, colored by received
level (RL). Click level is calculated as the peak value
of the Hilbert transform for each click, in
dB re. max RL. Lower dotted line in C is judged as
clicks produced by the tagged dolphin based on their
stable AoA (within ±20 deg, see Materials and
methods for details), which remains relatively
consistent across the tag record. Note the wider
variation on the AoA of clicks not produced by the
tagged individual (upper dotted line in C).

Table 1. Clicks of tagged Grampus griseus identified by an energy
detector and checked visually by the authors to estimate the proportion
of detections corresponding to tagged-dolphin clicks

Tag record

Clicks
selected by
the detector
and checked
by the
authors

Tagged-
dolphin clicks
(%) –
correct
classification
by the detector

Untagged-
dolphin clicks
(%) – false
positives
identified by
the detector

gg11_216a 4675 98 2
gg13_190a 2133 91 9
gg13_267a 8007 94 6

Clicks selected by the detector and checked by the authors: number of click
detections checked. Tagged-dolphin clicks – correct classification by the
detector: proportion of detections correctly classified by the detector as clicks
produced by the tagged dolphin. Untagged-dolphin clicks – false positives
identified by the detector: proportion of detections corresponding to clicks
produced by other (nearby) dolphins or transients that are not Grampus clicks.
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a threshold to classify clicks as regular echolocation or pulsed
sound. To discard potential individual differences in ICI patterns,
data for each dolphin were checked visually. Vocalizations
consisting of a simultaneous whistle and pulsed sound (Corkeron
and Van Parijs, 2001) were identified on the recordings but not
analyzed for this paper.

Classification
Using a multivariate Gaussian mixture model, pulsed sounds were
classified into two classes, buzzes and burst pulses, on the basis of
their associated jerk ratio (detailed below), the time since the last
regular click, and the duration of the sound. Models were fitted
using the package mixtools (Benaglia et al., 2009) in R statistical
software. The derivative of acceleration, termed jerk, was computed
as the absolute value of the difference of the triaxial acceleration
signal divided by the sampling interval (sensu Simon et al., 2012).
The RMS jerk, calculated as the square root of the mean of the
squares of the jerk values, was estimated over the duration of the
pulsed sounds and also over control intervals with the same duration
starting prior to the onset of the sound. The ratio of the RMS jerk
during the pulsed sound to RMS jerk during a preceding control
interval was computed for each sound. To avoid having controls
overlapping with sounds, sounds with a preceding inter-pulse sound
interval (IPSI) less than two times the sound duration were
compared against the control from the nearest preceding sound
with an IPSI over this threshold. All controls started within 10 s
prior to the onset of the sound. The time since last click was
estimated as the time elapsed since the end of the last echolocation
click recorded prior to the onset of the pulsed sound (in minutes).
The duration of each pulsed sound was estimated as the time
difference between the last and first clicks (in seconds). To assess
whether this categorization separated sounds into two functional
groups, we explored the acoustic properties and context of
production associated with each pulsed sound type.

Acoustic properties
Click envelopes were produced by computing the Hilbert transform
of the 5 kHz high-pass filtered one-channel audio signal. Average
peak values of the clicks in buzzes and preceding clicks were

normalized by maximum click amplitude recorded in the 10 regular
clicks prior to each sound and subtracted to obtain a relative measure
of differences in click amplitude. The receiver placement may
introduce some distortion in spectral content and amplitude of clicks
recorded from the tagged dolphin. This is because clicks are
recorded off-axis from a tag placed behind the sound-producing
structures (Madsen et al., 2004), so the tag is capturing low-
frequency energy likely associated with click production (Zimmer
et al., 2005) and the animal’s body may act as a sound-absorbing or
-reflecting surface (Johnson et al., 2006). Moreover, several
odontocetes adjust directionality of outgoing clicks (Moore et al.,
2008; Wisniewska et al., 2012; Jensen et al., 2015). This would
influence properties of recorded clicks and result in regular
differences in the transfer function from outgoing to recorded
clicks between different sound types, if the directionality adjustment
is the same for different sound types.We expect these factors to have
little impact on the discrimination of such sounds on the tag,
although we acknowledge that the sounds recorded on the tag are
not necessarily accurate representations of outgoing sounds. The
pattern of adjustment of ICIs of pulsed sound clicks over time was
explored using a Spearman rank correlation coefficient, pooling all
pulsed sounds, and the sign of the slope of the first-order regression
of the ICI, normalized by mean ICI for each pulsed sound. The
above acoustic parameters were explored for a subset of 35 sounds
of each of the two sound types (representing approximately 5% of
buzzes and 20% of burst pulses) that were selected using a random
permutation procedure. Only pulsed sounds for which the full click
sequence could be identified were used in this analysis.
Completeness of click sequences was confirmed by checking
whether the click detector reported a click for every visually
distinguishable peak in the envelope plot.

Dive context of sound production
To determinewhether buzzes were concentrated in the bottom phase
of the dives where foraging is expected, descent, bottom and ascent
phases were identified in dives following a method modified from
Hooker and Baird (2001). The descent phase of each dive was
defined as the period from when the dolphin left the surface to the
first time the depth exceeded 70% of maximum dive depth. This
criterion was decided based on visual inspection of a random subset
of 25% of dives and adjusting the percentage of maximum depth to
cover the variation in depth (Bost et al., 2007) during the deepest
part of most dives. The ascent phase started at the last time the depth
exceeded the 70% of maximum dive depth and ended when the
dolphin reached the surface. The bottom phase was defined as the
period from the first to the last time the depth exceeded 70% of the
maximum dive depth. Co-occurrence of pulsed sounds from tagged
and non-tagged dolphins was assessed by visual inspection of 10 s
window audio recordings centered at the onset of the sound
produced by the tagged dolphin, from a random subsample of 20
sounds.

RESULTS
Overall, 49.4 h of audio and sensor pre-CEE data were analyzed
from 127 complete dives exceeding 20 m depth. The mean (range)
maximum depth was 128 m (20–566 m) and dive duration was
4.6 min (0.5–8.1 min). Overall, 258,560 clicks were identified as
produced by the tagged dolphins. Tagged dolphins were clicking on
average (mean±s.d.) for 70±20% of the time during each dive
(Fig. 3). The first and last click in each dive was recorded at a mean
(range) depth of 13 m (3–43 m) on descent and 24 m (4–164 m) on
ascent, respectively.
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Fig. 2. Histogram of log-transformed inter-click intervals (ICIs) with fitted
normal distributions overlaid, for clicks produced by 15 tagged
Grampus (N=258,560 clicks).Clicks pertaining to regular echolocation (black
fitted line) and pulsed sounds (gray fitted line) are separated into two groups
using a threshold of 0.016 s, based on the point halfway between the 99.5th
percentile of pulsed sound clicks and the 0.5th percentile of regular
echolocation clicks.
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Pulsed sounds
A total of 890 pulsed sounds were identified in tagged-dolphin click
sequences. From those, 82% were classified as buzzes (N=734) and
18%were classified as burst pulses (N=156). According to the fitted

model, buzzes corresponded to sequences of high-repetition-rate
clicks starting within 0.0036 min (0.22 s) of the last regular
echolocation click, with an average duration of 1.1 s (Fig. 4). The
mean ratio of the RMS rate of change of body acceleration ( jerk)
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Fig. 3. Example of dive profiles and associated
sounds, including click trains, buzz and burst
pulses, recorded from Grampus tagged off
California.
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Fig. 4. Examples of a click train followed by a buzz (left) and two burst pulses (right) produced by a tagged G. griseus. The sounds were emitted
by the same dolphin, diving at 414 and 100m depth, respectively. (A) Spectrogram (Hamming FFT length 1024, 512 overlap), (B) signal envelope (Hilbert
transform), (C) inter-click interval (ICI), (D) rate of change in acceleration ( jerk) and (E) depth of the dolphin when emitting the sound. Note the downward
adjustment of ICI during buzz clicks in comparison to the upward ICI pattern of burst pulses (inner boxes in C with different time scale). The jerk peaks occurring
near the end of the buzz are absent during burst pulses (D).
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