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Abstract

This study presents an integrative bioacoustics approach to discriminate eight species of
odontocetes found on the outer continental shelf and slope of the western South Atlantic
Ocean. Spinner, Atlantic spotted, rough-toothed, Risso’s, bottlenose, short-beaked com-
mon dolphins, killer and long-finned pilot whales were visually confirmed during recordings
with a 3-element omnidirectional hydrophone array. Spectral and time parameters of whis-
tles and echolocation clicks were used in a discriminant function analysis and a classification
tree model. As a first step, whistles and clicks were analysed separately; a further analysis
consisted of both vocalisations jointly classified. All species showed species-specific proper-
ties in their vocalisations. Whistles had greater misclassification rates when compared to
clicks. The correct classification was enhanced by the joint step, given the 5.8% error in the
discriminant function analysis and a misclassification rate of 18.8% in the tree model. In
addition, Receiver Operating Characteristic curves resulting from the tree algorithm analysis
exhibited better model efficiency for all species in the joint classification. These findings on
acoustical discrimination of such abundant and cosmopolitan species contribute to delphinid
classification systems.

Introduction

Odontocetes species commonly emit tonal frequency-modulated whistles and broadband
pulsed clicks and burst sounds [1], and the production patterns of these acoustic signals vary
with geographic location, behavioural state, and geometric spacing of conspecifics [2-4].

Some progress has been made in discriminating delphinid whistles to species [5-8] and also
with respect to clicks for porpoises, sperm whales, beaked whales and dolphins [9-13].
Although, delphinid whistle and click classifications have received ample focus [14-20], most
whistle-based delphinid classifiers have a high misclassification rate.
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The interest in interpreting the dolphin sonar system has focused heavily on understanding
clicks produced on-axis [11]. For passive acoustic monitoring of free-range odontocetes, on-
axis clicks that are acquired may not accurately represent the full variety of clicks [8,11]. It is
known that the angle between the longitudinal axis of the odontocete and the hydrophone has
acoustical effects on echolocation clicks [11, 20-22]. Therefore, detailed spectral descriptions
of stable features and the observed variability across recorded clicks are of interest for wild dol-
phins, regardless of orientation [20].

The analysis of cetacean sounds at the species level is an important step in processing long-
term passive acoustic recordings made in a marine environment [8]. Most studies analysed
acoustical emissions separately, examining only click trains [23-25], or whistle sequences [26],
or even subunits derived from whistling [27]. However, Rankin et al. [28] proposed a com-
pound acoustic classification method for dolphins, which uses whistles, echolocation clicks
and burst pulses.

This study proposes an integrative bioacoustics approach using whistles and clicks to dis-
criminate the following eight delphinid species: spinner (Stenella longirostris), Atlantic spotted
(S. frontalis), rough-toothed (Steno bredanensis), Risso’s (Grampus griseus), bottlenose (Tur-
siops truncatus), short-beaked common (Delphinus delphis) dolphins, killer (Orcinus orca) and
long-finned pilot (Globicephala melas) whales which are found on the Brazilian outer conti-
nental shelf and slope of the western South Atlantic Ocean. There is still no data on the acous-
tic classification of cetaceans in Brazilian waters.

Materials and methods

Study area and data collection

The present study was conducted opportunistically, during the austral spring and autumn
from 2013 to 2015, onboard the R/V Atlantico Sul along the southern and southeastern Brazil-
ian outer continental shelf and slope from Chui (Rio Grande do Sul State, 33.7° S) to Rio de
Janeiro (Rio de Janeiro State, 22.9° S) (Fig 1). Pre-planned zig-zag transect lines, from approxi-
mately the 150- to the 1500-metre isobaths, were followed with the vessel’s steering speed vary-
ing between 8 and 10 knots. When sea state was below 6 on the Beaufort scale, the area was
surveyed during the day (6 am to 6 pm) with constant acoustic recordings and visual monitor-
ing by two observers and at least one experienced support observer. At each sighting, effort
was interrupted to approach the sighted group for photographic recording, group size estima-
tion, species identification and acoustic recording. In 65 days of acoustic surveys, the total of
recording time was approximately 382 hours. Detailed information of the observation effort is
described in Di Tullio et al. [29].

The recording system consisted of a 3-element omnidirectional hydrophone array (Auset)
coupled to a digital recorder (Fostex FR-2 LE). The sampling rate adopted was 96 kHz and 48
kHz/24 bits. For acoustic analysis, only one channel and recordings of groups that were
observed to contain a single species were considered. Table 1 summarizes the data used for
analysis and equipment information, and Fig 1 shows the recording locations of each species.

The acoustic monitoring was conducted passively; it did not require authorization from
ethics committee. The study area of this work is located in the Brazilian Economic Exclusive
Zone and, which did not include any protected area. Therefore, no specific permission was
required.

Signal processing

Whistle analysis. Recordings of cetaceans that had been visually identified to the species
level were analysed using Raven Pro 1.5 (Cornell Laboratory of Ornithology, NY). The
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Fig 1. Study area and the acoustic recording locations of each species. Map generated using ArcMap 9.3 (a module of ESRI ArcInfo
9.3,2006) (http://www.esri.com/).

https://doi.org/10.1371/journal.pone.0217977.9001
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Table 1. Overview of data used in the analysis, including the date of recordings, number of sightings/groups, time of recordings, and equipment information.

Species Date
Delphinus 8 May 2014
delphis 13 May 2014
12 November
2014
14 November
2014
Globicephala 12 May 2014
melas

12 November
2014

Grampus griseus | 04 June 2013
Orcinus orca 24 May 2013

21 November

2014
Stenella frontalis | 22 May 2013
Stenella 03 June 2013
longirostris
Steno 25 November
bredanensis 2014
18 May 2015
Tursiops 12 May 2014
truncatus 14 June 2013

Number of sightings/| Group Recording | Recording duration Recording Sample rate High pass
groups size time (min) coordinates (kHz)* filter (Hz)

Latitude | Longitude

30 2:05pm 83 -33.768 | -51.356 48 1592

230 5:13pm 88 -32.565 | -50.275

110 10:48am 52 -34.458 | -52.014 96 499

250 10:50am 17 -33.766 | -51.356

60 08:05am 165 -33.464 | -50.585 48 1592
45 4:10pm 35 34357 | -51.62 9 499

230 07:06am 159 -27.105 | -46.44 96 1592
15 09:10am 185 29.932 | -47.86 96 1592
8 05:52am 56 32,115 | -49.78 499
b 05:39am 37 -30.726 | -48.639 96 1592

400 08:29am 38 -27.41 -46.834 96 1592
20 4:38pm 57 -30.77 -49.172 9 499
50 2:46pm 55 -32.546 | -50.299

70 08:05am 165 -33.464 | -50.585 48 1592
b 1:31pm 9 -22.907 | -42.025 96

* Whistle analysis used files at 48 kHz and 96 kHz. Differences in sample rates did not affect the discriminant results, given that the maximum frequency of whistles did

not exceed the Nyquist frequency for both cases. Clicks were only analyzed in files with 96 kHz of sampling rate.

® Not possible to estimate the group size due to bad sighting conditions.

https://doi.org/10.1371/journal.pone.0217977.t001

spectrograms were aurally inspected, and sequences were selected out of all recordings that
showed high signal to noise ratio (at least 10 dB). Only whistles that were clear in overall con-
tour shape and did not overlap with other whistles were randomly chosen for analysis. The fol-
lowing parameters were extracted from the spectrograms (Hamming window of 1024 points
of FFT with 60% overlap): maximum frequency, minimum frequency, delta frequency (maxi-
mum frequency—minimum frequency), peak frequency, centre frequency, beginning fre-
quency, ending frequency, and duration. The whistles of killer whales and spinner dolphins
were previously reported in Andriolo et al. [30] and Moron et al. [31] respectively.

Click analysis. First, the spectrograms were visually inspected (sample rate of 96 kHz,
Hamming window of 256 points of FFT with 50% overlap, resolution of 2.67 ms in time and
188 Hz in frequency) and the echolocation trains were visually detected. Second, subsets of
data were created with each audio file containing only one click train from an identified spe-
cies. A high pass filter with a cut-off at 10 kHz was applied to minimize the influence of low
frequency noise. All selected echolocation signals, independent of the recorded animal’s angle
to the hydrophone array, were included in the analysis.

The subsets of recording files were analysed using a custom routine in MATLAB (Math-
works, Natick, MA). The following acoustic parameters were extracted: inter-click interval
(ICD), 3 dB bandwidth, and 10 dB bandwidth. In addition, for ICI measurements, only signals,
which could be aurally assigned to one vocalizing animal and which did not show any other
clicks belonging to a different train, were considered. This step was important for avoiding
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overlapped click trains, which underestimate the real ICI value (S1 Fig). For click analysis, the
acoustic system was configured to provide an anti-aliasing filter and because of the cut-off
limit of the equipment, peak frequency and centre frequency were not measured.

Statistical analysis

Discriminant function analysis. Prior to a discriminant function analysis (DFA), Krus-
kal-Wallis’ one-way analyses of the variance were applied to whistle and click parameters for
species discrimination. A post-hoc Dunn test with Bonferroni correction was run to single out
non-significant results among pairs of species.

Then, a DFA was performed with the software JMP 12 (SAS Institute Inc., Cary, NC) given
that the following assumptions were met: (1) Lack of incongruent observation or outliers: out-
liers were removed since they can affect normality and homogeneity of variance; (2) Normal-
ity: a Shapiro-Wilk test was used to evaluate normality and data were log transformed if
necessary; (3) Multicollinearity: a correlation matrix was used to verify the multicollinearity
among the variables. A Spearman correlation was then applied to check the association among
the acoustic parameters. Highly correlated acoustic parameters were not considered in the
DFA, since the predictive power can decrease with an increased correlation between predictor
variables; (4) Homoscedasticity: a Bartlett test for the equality of variances/covariance was
applied. Quadratic discriminant analysis was used when the covariances were not equal; (5)
Independence: vocalizations were randomly sampled. To ensure the independence of data and
to avoid oversampling groups or individuals, a maximum of 100 randomly selected whistles
were analysed from each recording session. For clicks, the data were reduced to avoid over
representation of the same individual signal and to maintain independence of the clicks ana-
lysed. At least 20 click trains for each species were randomly selected from the beginning to
the end of a recording (for the total number of clicks see Table 2). Then, from each sampled

Table 2. Spectral and temporal parameter of whistles and clicks for all species given as the median with the 10th and 90th percentile in parentheses. MinF: mini-
mum frequency, MaxF: maximum frequency, DeltaF: delta frequency, PeakF: peak frequency, CentreF: centre frequency, BeginF: beginning frequency, EndF: ending fre-
quency, Duration, ICI: inter-click interval, 3 dB bw: 3 dB bandwidth, 10 dB bw: 10 dB bandwidth. Number of analyzed vocalizations is given as N: number of whistles/

number of clicks.

Species
MinF
(kHz)
Delphinus delphis 8.6
(N: 202/397) (5.6-12.9)
Globicephala melas 8.8
(N:117/101) (2.8-13.3)
Grampus griseus 7.1
(N: 247/340) (1.81-11.2)
Orcinus orca 39
(N:70/187) (1.9-15.1)
Stenella frontalis 9.6
(N: 98/892) (5.4-11.9)
Stenella longirostris 9.9
(N: 147/768) (6.5-15.1)
Steno bredanensis 5.8
(N: 113/470) (4.0-8.3)
Tursiops truncatus 9.7
(N: 301/1005) (7.2-14.6)

https://doi.org/10.1371/journal.pone.0217977.t1002

MaxF
(kHz)
15.3
(10.7-20.2)
14
(4.1-19.2)
15.4
(3.1-18.7)
8.2
(3.8-24.6)
16.9
(15.8-19.6)
15.9
(10.5-20.9)
8.1
(6.7-10.1)
16.2
(12.5-19.7)

Whistles Clicks
DeltaF PeakF CentreF BeginF EndF Duration ICI 3 dB bw 10 dB bw
(kHz) (kHz) (kHz) (kHz) (kHz) (ms) (ms) (kHz) (kHz)
5.5 11.6 12.4 11.7 13 735 51.7 6.3 24.2
(1.8-10.3) (8.3-17.4) (8.4-17.9) (7.5-17.1) (6.8-17.0) (303.0-1270.0) (32.7-78.0) (6.1-6.5) (11.2-35.5)
4.1 10.9 11.1 11 12.3 460 294.1 12.3 28.1
(1.02-9.6) (3.5-17.8) (3.6-17.6) (3.5-17.6) (4.0-17.4) (162.0-978.0) (30.5-392.4) (8.3-33.4) (13.5-37.7)
7.7 11.1 11 10.7 9.7 690 131.3 9.6 25.7
(1.0-11.7) (2.6-15.5) (2.2-14.5) (2.6-14.8) (2.1-15.9) (220.0-1390.0) | (43.7-442.4) (7.2-15.3) (15.8-38.7)
4.1 5.6 7.1 4.3 8 295 28.2 16 14.8
(1.6-9.3) | (2.7-17.8) | (3.3-203) | (1.9-24.5) | (3.4-169) | (110.0-838.0) | (21.9-49.3) | (8.2-31.6) | (11.5-32.3)
7.7 15.4 14.5 9.9 16.8 320 52.2 12.9 31.1
(4.5-12.9) | (122-17.1) | (133-155) | (5.7-12.7) | (15.4-194) | (212.8-499.5) | (26.7-105.7) | (9.4-30.0) | (18.7-38.6)
4.6 13.8 13.5 11.8 13.7 690 100.7 19.4 26.2
(1.3-9.4) (9.1-16.7) (9.4-16.3) (6.8-17.3) (8.6-18.7) (200.0-1416.0) | (51.9-232.8) (10.9 37.5) (20.4-34.2)
2.2 7.4 6.9 6.3 7.6 409 55.2 19 32
(0.5-4.9) (5.6-8.8) (5.5-8.9) (4.1-8.8) (5.8-9.9) (126.6-974.4) (21.9-167.2) (9.3-35.7) (20.8-39.1)
5.6 12.7 12 12.6 13.8 370 37.1 30.5 24.5

(1.9-9.8) (9.1-17.9) (9.9-17.9) (8.7-16.4) (8.3-17.6) (140.0-966.0) (23.8-71.7) (13.4-34.4) | (22.4-294)
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train, a limited number of clicks were selected at random. The Entropy RSquare was calculated
as a measure of fit [32]. The level of significance adopted for all tests was o = 0.05.

In order to verify the accuracy of the DFA in classifying the species, whistles and clicks were
first tested separately, then in a joint analysis. This step consisted of input the merged vectors
of logarithmized parameters of both vocalizations (whistles and clicks) in the models, which
analysed them jointly as explanatory variables of each species regardless the type of vocaliza-
tion these parameters refer to. For each of these steps, the DFA assumptions were re-evaluated.

Classification tree algorithm analysis. Classification tree analysis was performed using
JMP 12. This method is a non-parametric classification technique, in which a tree is grown by
separating data into groups through sequential binary partitioning (splits) of the predictor var-
iables. Unlike DFA, classification trees are not sensitive to outliers and are tolerant of observa-
tions with missing values [32].

As was done with the DFA procedure, whistles and clicks were first tested separately, then
both were analysed jointly to verify whether the combined vocalisations were more efficient in
the discrimination. Finally, Receiver Operating Characteristic (ROC) curves were created in
order to verify the classifying efficiency of the model, and the G* (Likelihood-ratio Chi-square)
categorical statistics and the number of splits were computed to inspect the contribution of
each input parameter to the model. The misclassification rates were calculated using k-fold
cross validation (k = 10) and the RSquare values were computed.

Results

Differences among acoustic parameters of whistles and clicks of delphinid
species

When tested for differences with a Kruskal-Wallis test, all parameters for clicks and whistles
showed significant results (p<0.05) for all species (S1 Table). The click parameter inter-click
interval (Chi® = 1470.4) and the whistle ending frequency (Chi’ = 347.0) showed the highest
significance levels.

The overview of descriptive data for each species is presented in Table 2.

Short-beaked common dolphins had the lowest median value for the 3 dB bandwidth and
the highest whistle duration. Risso’s dolphins presented the lowest median values for inter-
click interval and the highest value for whistle delta frequency. Killer whales had lower values
for minimum frequency, peak frequency, beginning frequency, whistle duration and 10 dB
bandwidth. Atlantic spotted dolphins had the highest values for maximum frequency, delta
frequency, peak frequency, centre frequency and ending frequency, while spinner dolphins
had the highest median values for minimum frequency and inter-click interval. Rough-toothed
dolphins showed the lowest values for maximum frequency, delta frequency, centre frequency,
and ending frequency, and the highest value for 10 dB bandwidth. Finally, bottlenose dolphins
presented the highest values for beginning frequency and 3 dB bandwidth.

Integrative acoustic discrimination among delphinid species

Discriminant function analysis. Assuming equal prior probabilities among species, the
DFA showed that whistle classification had the highest number of false classifications (40.7%,
N =475, Wilks’ A = 0.18, p<0.0001, Entropy RSquare = 0.44); these numbers decreased when
only clicks were taken into account (25.0%, N = 158, Wilks’ A = 0.14, p<0.0001, Entropy
RSquare = 0.69). The discrimination result improved with the joint analysis of whistles and
clicks, given that the misclassification percentage was 5.8 (N = 30, Wilks’ A = 0.01, p<0.0001,
Entropy RSquare = 0.92) (Table 3). Discriminant scores reports of whistles, clicks and joint
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Table 3. Confusion matrix of discriminant function analysis. Entropy RSquare, Percentage and number of misclassifications are presented.

Whistles
Dd Gg Gm Oo Sb St Sl Tt Total
Dd 45.4 16.9 0.0 0.0 33 2.2 20.8 11.5 183
Gg 14.9 50.6 0.0 0.0 0.0 2.9 9.2 224 174
Gm 1.8 0.9 67.9 3.6 25.0 0.0 0.0 0.9 112
Oo 0.0 1.4 29 89.9 1.4 0.0 0.0 4.3 69
Sb 0.9 0.0 4.7 4.7 88.8 0.0 0.0 0.9 107
St 0.0 1.3 0.0 0.0 0.0 96.3 0.0 2.5 80
Sl 11.5 7.9 0.0 1.4 4.3 1.4 55.4 18.0 139
Tt 15.3 13.0 0.0 2.3 4.3 4.3 16.9 43.9 301
Entropy RSquare = 0.44
Percent misclassified = 40.7
Number misclassified = 475
Clicks
Dd Gg Gm Oo Sb St Sl Tt Total
Dd 93.8 6.3 0.0 0.0 0.0 0.0 0.0 0.0 64
Gg 0.0 98.9 0.0 0.0 1.1 0.0 0.0 0.0 89
Gm 0.0 3.0 54.5 12.1 24.2 3.0 3.0 0.0 33
Oo 0.0 0.0 0.0 89.4 3.8 6.7 0.0 0.0 104
Sb 0.0 11.4 2.3 12,5 60.2 6.8 2.3 4.5 88
St 0.0 0.0 4.4 33 3.3 31.9 12.1 45.1 91
Sl 0.0 0.0 0.0 0.0 1.2 9.9 74.1 14.8 81
Tt 0.0 0.0 0.0 2.4 0.0 6.1 2.4 89.0 82
Entropy RSquare = 0.69
Percent misclassified = 25.0
Number misclassified = 158
Whistles + clicks®
Dd Gg Gm Oo Sb St S1 Tt Total
Dd 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 55
Gg 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 44
Gm 0.0 0.0 83.9 0.0 16.1 0.0 0.0 0.0 31
Oo 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 69
Sb 0.0 0.0 3.6 0.0 95.2 0.0 1.2 0.0 83
St 0.0 0.0 0.0 0.0 0.0 95.7 1.4 2.9 70
Sl 0.0 0.0 0.0 0.0 2.5 0.0 86.3 11.3 80
Tt 0.0 0.0 0.0 1.2 1.2 1.2 4.9 91.5 82
Entropy RSquare = 0.92
Percent misclassified = 5.8
Number misclassified = 30

Dd: Delphinus delphis, Gm: Globicephala melas, Gg: Grampus griseus, Oo: Orcinus orca, Sf: Stenella frontalis, Sl: Stenella longirostris, Sb: Steno bredanensis, Tt: Tursiops
truncatus

* Joint analysis

https://doi.org/10.1371/journal.pone.0217977.t003

analysis providing the predicted classification of each observation are presented in S2, S3 and
S4 Tables respectively.

Within species, the DFA showed that whistle classification had the highest percentage of
correct classification for killer whales (89.9%), Atlantic spotted dolphins (96.3%) and rough-
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toothed dolphins (88.8%). For clicks, short-beaked common dolphins (93.8%), Risso’s dol-
phins (98.9%) and bottlenose dolphins (89.0%) had the highest percentage of correct classifica-
tion. The discrimination result improved in the joint classification. Common dolphins,
Rissos’s dolphins and killer whales were classified with 100% correct discrimination (Table 3).
Plots for the first two canonical discriminant functions are shown in Fig 2.

Classification tree analysis. Using all acoustic parameters, the optimal classification whis-
tle tree consisted of 28 splits and a misclassification rate of 60.6% (RSquare = 0.23). The opti-
mal click tree consisted of 60 splits and a misclassification rate of 26.0% (RSquare = 0.63). The
optimal tree of the joint analysis consisted of 90 splits and a false classification of 18.8%
RSquare = 0.71) (Table 4).

Correct classification scores for whistles of individual species ranged from 4.6% (Atlantic
spotted dolphin) to 95.3% (bottlenose dolphin). For clicks, the percentage of correct classifica-
tion was higher, ranging from 42.5% (rough-toothed dolphin) to 91.3% (bottlenose dolphin).
Correct classification scores for the whistle and click joint analysis ranged from 55.2% (killer
whale) to 95.7% (long-finned pilot whale) (Table 4).

The ROC curve of whistles showed that long-finned pilot whales best fitted the model
(area = 0.9569) and spinner dolphins had a lower efficiency fit with an area of 0.6096 (Fig 3A).
The goodness of fit increased when clicks were analysed. Long-finned pilot whale best fitted
the model with an area of 0.9851 and Atlantic spotted dolphin had the lower area of 0.9087
(Fig 3B). The ROC curve of the joint classification showed that long-finned pilot whale best fit-
ted the model with an area of 0.9993 and Atlantic spotted dolphin had the smallest area
(0.9360) (Fig 3C).

Whistle contribution parameter analysis showed that the maximum frequency contributed
greatly to the model (G = 1524.89) and the beginning frequency was the least important with
a G? value of 95.93. The delta frequency did not contribute to the discrimination of whistles
using the tree model. The 3 dB bandwidth was the parameter that most contributed to the
click tree (G* = 5065.64), whereas the 10 dB bandwidth was the least important with a G* of
699.95. When whistles and clicks were analysed together, the 3 dB bandwidth contributed the
most to discrimination (G* = 4977.24) and duration was the parameter that contributed the
least (G* = 25.20) (Table 5).

Discussion

Whistle and click parameters were significantly different among species considering the Krus-
kal-Wallis test, which was important to determine if such parameters were eligible for the fur-
ther discriminant analysis (e.g. [8]), then used all parameters. Unlike Kruskal-Wallis test that
compare parameter-by-parameter, the discriminant analysis distinguishes the species from the
result of an interaction among the acoustical parameters. Therefore, the observed significance
for Kruskal-Wallis is not necessarily associated to a clear separation among species, since the
discrimination is given by an interaction of parameters and not an individual analysis of each
one.

The results of both the DFA and the classification tree analysis suggest that whistles and
clicks may be suitable for delphinid species identification. Overall, whistle misclassification
was 40.7% in the DFA. Based on the whistle parameter, killer whales, rough-toothed dolphins
and Atlantic spotted dolphins have the most distinctive whistles. The correct association of
whistles with species may be determined by group composition, distinctive individual vocal
characteristics, and relative contribution in social contexts [14,33]. Therefore, it is likely that
the degree of differences scored in the whistle vocalisations among the eight species may have
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Fig 2. Discriminant function analysis results represented in multivariate space. (A) Whistle classification,

PCI = 81.98% and PC2 = 91.66% (cumulative percentage); (B) click classification, PC1 = 74.03% and PC2 = 99.13%
and (C) whistle and click classification, PC1 = 46.17% and PC2 = 74.75%. Ellipses contain approximately 50% of the
observations for each species. Dd: Delphinus delphis, Gm: Globicephala melas, Gg: Grampus griseus, Oo: Orcinus orca,
St: Stenella frontalis, Sl: Stenella longirostris, Sb: Steno bredanensis, Tt: Tursiops truncatus.

https://doi.org/10.1371/journal.pone.0217977.9002
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Table 4. Confusion matrix of tree algorithm analysis. Number of observations and misclassifications (M.R) are presented.

Whistles
Dd Gm Gg Oo Sf Sl Sb Tt Total
Dd 10.9 5.4 8.7 0.0 0.0 14.1 4.3 56.5 92
Gm 0.0 30.4 1.8 1.8 0.0 14.3 5.4 46.4 56
Gg 8.3 5.0 41.7 0.0 0.0 5.0 3.3 36.7 60
Oo 0.0 0.0 3.3 26.7 0.0 0.0 0.0 70.0 30
St 0.0 0.0 0.0 0.0 4.6 1.0 0.0 94.4 196
Sl 0.0 1.2 0.0 0.0 0.0 10.2 1.2 87.3 166
Sb 0.0 0.0 1.1 0.0 0.0 1.1 20.5 77.3 88
Tt 0.0 3.3 0.0 0.0 0.0 0.9 0.5 95.3 212
M.R = 60.6%
Clicks
Dd Gm Gg Oo Sf S Sb Tt Total
Dd 89.7 10.0 0.3 0.0 0.0 0.0 0.0 0.0 311
Gm 0.0 88.8 0.5 1.9 0.9 0.5 6.5 0.9 214
Gg 0.0 19.2 65.1 0.0 11.0 4.8 0.0 0.0 292
Oo 1.4 7.6 1.4 48.3 17.2 1.4 7.6 15.2 145
St 0.0 0.0 3.8 0.0 61.1 2.4 4.1 28.6 740
Sl 0.0 0.0 2.2 0.3 7.5 78.6 8.1 3.3 630
Sb 0.3 0.0 7.8 2.3 14.3 17.3 42.5 15.8 400
Tt 0.0 0.0 2.6 0.0 4.4 0.8 0.9 91.3 1003
M.R =26.0%
Whistles + clicks®
Dd Gm Gg Oo St S Sb Tt Total
Dd 90.5 0.0 9.5 0.0 0.0 0.0 0.0 0.0 316
Gm 0.0 95.7 0.8 1.2 0.0 0.4 2.0 0.0 253
Gg 0.7 0.4 90.2 0.0 4.3 2.2 0.7 1.4 276
Oo 1.1 0.0 6.3 55.2 17.8 5.2 2.3 12.1 174
Sf 0.0 0.0 0.0 0.1 73.7 2.5 4.6 19.0 673
Sl 0.0 0.0 0.2 0.0 4.9 86.0 5.6 3.3 629
Sb 0.3 0.0 0.0 1.7 15.4 11.0 56.8 14.8 345
Tt 0.0 0.0 0.2 0.0 4.1 0.4 0.6 94.8 1012
M.R =18.8%

Dd: Delphinus delphis, Gm: Globicephala melas, Gg: Grampus griseus, Oo: Orcinus orca, Sf: Stenella frontalis, Sl: Stenella longirostris, Sb: Steno bredanensis, Tt: Tursiops
truncatus

*Joint analysis

https://doi.org/10.1371/journal.pone.0217977.1004

a behavioural component, which could have resulted in higher misclassification scores com-
pared to clicks.

Considering clicks, the DFA misclassification score of 25.0% was considerably lower than
the whistle score. Animal morphology, particularly anatomical head structure, such as skull
morphology and sound producing organs, may have an influence on the spectral and temporal
patterns of clicks, and therefore, could be a relevant factor for acoustic discrimination of a spe-
cies [11,8]. Spectral and temporal parameters of echolocation clicks differ largely with the ori-
entation of the animals’ heads relative to the hydrophone [33,34]. Considering the field
methods, it was assumed that most clicks described were recorded off-axis. According to
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Fig 3. Receiver Operating Characteristic (ROC) curves. Each curve represents the sorting of the efficiency of the
model for all species. The area under the curve is the indicator of the goodness of fit; a value of 1 indicates a perfect fit.
The classical definition of ROC curves involves the count of True Positives by False Positives as the frequencies across a

rank ordering are accumulated. The True Positive Y-axis is labelled “Sensitivity” and the False Positive X-axis is

labelled “1-Specificity”. (A) Whistle analysis, (B) click analysis and (C) whistle and click analysis.

https://doi.org/10.1371/journal.pone.0217977.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0217977  June 6, 2019

11/17


https://doi.org/10.1371/journal.pone.0217977.g003
https://doi.org/10.1371/journal.pone.0217977

@ PLOS | O N E Integrative bioacoustics discrimination of delphinid

Table 5. Parameter contributions, G2 (Likelihood-ratio Chi-square) categorical statistics and the number of splits in discriminant tree model. MinF: minimum fre-
quency, MaxF: maximum frequency, DeltaF: delta frequency, PeakF: peak frequency, CentreF: centre frequency, BeginF: beginning frequency, EndF: ending frequency,
Duration, ICI: inter-click interval, 3 dB bandwidth, 10 dB bandwidth.

Whistles Clicks Whistles + clicks®

Parameters Number of splits G? Parameters Number of splits G? Parameters Number of splits G?
MaxF 4 1524.89 3 dB bandwidth 28 5065.64 3 dB bandwidth 33 4977.24
PeakF 5 672.97 ICI 20 3530.64 ICI 24 3546.21
Duration 5 271.07 10 dB bandwidth 12 699.95 DeltaF 1 548.34
MinF 4 256.22 10 dB bandwidth 8 528.42
CentreF 5 193.13 PeakF 6 452.75
EndF 3 172.02 MaxF 4 182.57
BeginF 2 95.93 CentreF 5 154.59
DeltaF 0 0.00 EndF 4 99.89
MinF 3 46.06
BegginF 1 32.66
Duration 1 25.20

? Joint analysis

https://doi.org/10.1371/journal.pone.0217977.1005

Soldevilla et al. [11] and Roch et al. [35] the sound reverberation inside the animals’ heads,
particularly in off-axis click emissions, can carry species-specific information.

The results of both the DFA and the classification tree analysis suggest that using clicks is a
reliable tool for species discrimination. This also relies on the fact that all species grouped
together more clearly on the canonical plots (Fig 2A and 2B), resulting in higher correct classi-
fication scores. Aside from that, descriptions of acoustical parameters (Table 2), considering
all variability, are of interest in studies of free-ranging species in their natural habitats. Thus,
not only clicks, but also whistle classification should be able to incorporate variability and still
be able to reliably identify to species level.

Opverall correct classification rates from the DFA (a parametric statistical method) and the
classification tree model (a non-parametric method) supports the use of either technique for
species identification. In both analyses, correct classification scores were higher when whistles
and clicks were jointly classified (Fig 2C, Tables 3 and 4). The values of entropy RSquare and the
areas of ROC curves corroborated that the joint analysis increases the efficiency of the models.

Likelihood-ratio Chi-square (G? of parameter contributions to the model (Table 5) showed
that maximum frequency had a greater contribution to whistle analysis, whereas 3 dB band-
width was the parameter that most contributed to the click tree, suggesting that these two vari-
ables may be important for species differentiation. The 3 dB bandwidth was still the parameter
with a higher G* when whistles and clicks were joint classified, thus it was the variable that
contributed the most in the integrative analysis of the tree algorithm. Inter-click interval was
the parameter that ranked second in contribution for both the click and joint analyses. There-
fore, ICI should be carefully considered, since it depends on the distance between the target
and the individual, which waits for the return of an echo before it emits the next click [36].
With the exception of the 3 dB bandwidth and ICI, the rank contribution of the other parame-
ters changed depending on the type of analysis. Delta frequency had zero splits in whistle anal-
ysis, while in the joint step this parameter was third in rank contribution. Therefore, the
importance of a variable may pertain only to its performance in the tree in question; it cannot
necessarily be generalised to the performance of the same variable in any other tree [14].

Based on the DFA, killer whales, rough-toothed dolphins and Atlantic spotted dolphins had
the most distinctive whistles, whereas the tree algorithm model showed this for bottlenose
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dolphins. For click discrimination, short-beaked common dolphins and Risso’s dolphins had
the highest correct classification in the DFA, and the tree model showed that for bottlenose
dolphins and Risso’s dolphins. When whistles and clicks were joint classified in the DFA,
short-beaked common dolphins, Risso’s dolphins and killer whales had 100% correct classifi-
cation; while in the tree model, short-beaked common dolphins, long-finned pilot whales and
bottlenose dolphins showed the highest classification scores. Therefore, these differences may
be because DFA is a parametric method for classification where it uses several assumptions
(see “Discriminant function analysis” in the “Statistical analysis” section). By contrast, the use
of classification trees is a non-parametric technique that neither assumes any specific distribu-
tion of the data nor is influenced by outliers; furthermore, trees are tolerant of observations
with missing values [37,38].

Considering the limited number of encounters for each species, the acoustic data presented
in this work represent only a portion of the acoustic repertoire and associated behavioural con-
texts and should not be extrapolated for all population in the South Atlantic or other basins.
Small sample sizes may increase the classification accuracy especially when prior probabilities
were calculated by from sample size [39]. In order to minimize sample size influence in the
DFA, the non-parametric classification tree were applied as complementary method and equal
probability was assign in the DFA. Also, since vocalizations were manually selected, the classifi-
cation performance for automatic detected signals should be investigated. Therefore, the pres-
ent findings are preliminary, requiring further investigation on a broader and diverse dataset.

Conclusions

The eight delphinid species, recorded on the outer continental shelf and slope of the western
South Atlantic Ocean, showed overall species-specific qualities in their whistles and clicks.
When taken individually, echolocation clicks were more efficient in distinguishing species;
this may be related to the behavioural context encoded in whistles, the relationship between
echolocation signal features, and an animal’s head morphology, particularly the organs associ-
ated with the production of sound, which make it feasible to accurately determine a species

by its clicks. However, analysing both signals in combination enhanced the correct classifica-
tion scores. An integrative approach potentially improves the classification process, once it
considers the different signals produced by the species as part of a whole bioacoustics system
employed in different ecological contexts. However, it is important to highlight that our find-
ings were resulted from a limited database, especially for whistles. Future work should further
investigate the effect of behaviour on whistle classification systems by including more data,
which would allow accessing the variability of species instead of individual variability. Addi-
tionally, future comparisons among acoustic recordings of the same species in different geo-
graphic regions may provide information that could be used to elucidate phylogenetic and
evolutionary patterns [18], particularly when associated to morphological and genetic aspects,
and to investigate inter- and intra-population variations based on differences observed in their
acoustic parameters.

Supporting information

S1 Fig. Spectrograms of clicks trains, Y-axis: Frequency (kHz) and X-axis: Time (ms).

(a) Shows a train that could be aurally assigned to one vocalizing animal and did not show any
other clicks belonging to a different train. (b) Overlapped clicks that were not considered for
ICI measurements.

(TIFF)
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S1 Table. Discrimination of whistles and clicks parameters for all species by Kruskal-Wallis
one-way analysis of variance. Values are given as Chi’ test results and their p-values. Signifi-
cant values (p<0.05) in bold. For post-hoc Dunn test only significant differences are shown.
MinF: minimum frequency, MaxF: maximum frequency, DeltaF: delta frequency, PeakF: peak
frequency, CentreF: centre frequency, BeginF: beginning frequency, EndF: ending frequency,
Duration, ICI: inter-click interval, 3 dB BW: 3 dB bandwidth, 10 dB BW: 10 dB bandwidth.
(XLSX)

$2 Table. Whistles discriminant scores report providing the predicted classification of
each observation. The columns are: species; Distance: Mahalanobis distance from an observa-
tion to group for the classification; Prob: estimated probability of the observation’s actual clas-
sification; -Log(prob): negative of the log of probability (large values identify observations that
are poorly predicted in terms of membership in their actual categories); Predicted: Predicted
classification of the observation; Prob (pred): estimated probability of the observation’s pre-
dicted classification. *indicates misclassified observations.

(XLS)

S3 Table. Clicks discriminant scores report providing the predicted classification of each
observation. The columns are: species; Distance: Mahalanobis distance from an observation
to group for the classification; Prob: estimated probability of the observation’s actual classifica-
tion; -Log(prob): negative of the log of probability (large values identify observations that are
poorly predicted in terms of membership in their actual categories); Predicted: Predicted clas-
sification of the observation; Prob (pred): estimated probability of the observation’s predicted
classification. *indicates misclassified observations.

(XLS)

$4 Table. Discriminant scores report of joint analysis providing the predicted classifica-
tion of each observation. The columns are: species; Distance: Mahalanobis distance from an
observation to group for the classification; Prob: estimated probability of the observation’s
actual classification; -Log(prob): negative of the log of probability (large values identify obser-
vations that are poorly predicted in terms of membership in their actual categories); Predicted:
Predicted classification of the observation; Prob (pred): estimated probability of the observa-
tion’s predicted classification. *indicates misclassified observations.

(XLS)

Acknowledgments

We would like to thank Auset and Gustavo Abreu Miranda for technical support and all efforts
in making the hydrophones. This acoustical investigation is a partnership between the UFJF
and FURG, as a subproject of the Talude Project. Special thanks goes to all researchers and the
crew of the Talude Project. Also, we extend special thanks to Zhitao Wang for providing
MatLab codes; and Gabriela Ramos, Raissa Rodrigues Mendes, Fabio Bignoto Palacio for anal-
ysis contribution. Thanks are also due to Bill Rossiter and the Cetacean Society International
for supporting our attendance at the 7th International DCLDE workshop.

Author Contributions
Conceptualization: Artur Andriolo.

Data curation: Thiago Orion Simdes Amorim, Franciele Rezende de Castro, Artur Andriolo.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217977  June 6, 2019 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217977.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217977.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217977.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0217977.s005
https://doi.org/10.1371/journal.pone.0217977

@ PLOS|ONE

Integrative bioacoustics discrimination of delphinid

Formal analysis: Thiago Orion Simdes Amorim, Franciele Rezende de Castro, Juliana Rodri-
gues Moron, Bruna Ribeiro Duque, Artur Andriolo.

Funding acquisition: Juliana Couto Di Tullio, Eduardo Resende Secchi, Artur Andriolo.

Investigation: Thiago Orion Simdes Amorim, Franciele Rezende de Castro, Juliana Couto Di
Tullio, Eduardo Resende Secchi, Artur Andriolo.

Methodology: Thiago Orion Simdes Amorim, Franciele Rezende de Castro, Artur Andriolo.
Project administration: Juliana Couto Di Tullio, Eduardo Resende Secchi, Artur Andriolo.
Resources: Juliana Couto Di Tullio, Eduardo Resende Secchi, Artur Andriolo.

Supervision: Eduardo Resende Secchi, Artur Andriolo.

Writing - original draft: Thiago Orion Simdes Amorim, Franciele Rezende de Castro, Juliana
Rodrigues Moron, Bruna Ribeiro Duque.

Writing - review & editing: Thiago Orion Simées Amorim, Franciele Rezende de Castro,
Bruna Ribeiro Duque, Juliana Couto Di Tullio, Eduardo Resende Secchi, Artur Andriolo.

References

1.  AuWWL, Hastings MC. Emission of Social Sounds by Marine Animals. In: Au WWL, Hastings MC, edi-
tors. Principles of marine Bioacoustic. New York: Springer; 2008. pp. 401-490.

2. Jones GJ, Sayigh LS. Geographic variation in rates of vocal production of free-ranging bottlenose dol-
phins. Mar. Mamm. Sci. 2002; 18: 374-393.

3. Lammers MO, Au WWL, Herzing DL. The broadband social acoustic signaling behavior of spinner and
spotted dolphins. J. Acoust. Soc. Am. 2003; 114:1629-1639. https://doi.org/10.1121/1.1596173 PMID:
14514216

4. Nowacek DP. Acoustic ecology of foraging bottlenose dolphins ( Tursiops truncatus), habitat-specific
use of three sound types. Mar. Mamm. Sci. 2005; 21: 587-602.

5. Steiner WW. Species-specific differences in pure tonal whistle vocalizations of five Western North
Atlantic dolphin species. Behav. Ecol. Sociobiol. 1981; 9: 241-246.

6. Azzolin M, Gannier A, Lammers MO, Oswald JN, Papale E, Buscaino G, et al. Combining whistle
acoustic parameters to discriminated Mediterranean odontocetes during passive acoustic monitoring.
J. Acoust. Soc. Am. 2014; 135: 502-512. https://doi.org/10.1121/1.4845275 PMID: 24437790

7. Soldevilla MS, Wiggins SM, Hildebrand JA. Spatial and temporal patterns of Risso’s dolphin echoloca-
tion in the Southern California Bight. J. Acoust. Soc. Am. 2010; 127: 124—132. https://doi.org/10.1121/
1.3257586 PMID: 20058956

8. Baumann-Pickering S, Wiggins SM, Hildebrand JA, Roch MA, Schnitzler H. Discriminating features of
echolocation clicks of melon-headed whales (Peponocephala electra), bottlenose dolphins ( Tursiops
truncatus), and Gray’s spinner dolphins (Stenella longirostris longirostris). J. Acoust. Soc. Am. 2010;
128: 2212-2224. https://doi.org/10.1121/1.3479549 PMID: 20968391

9. Madsen PT, Carder DA, Bedholm K, Ridgway SH. Porpoise clicks from a sperm whale nose-Conver-
gent evolution of 130 kHz pulses in toothed whale sonars? Bioacoustics. 2005; 15: 195-206.

10. Zimmer WMX, Johnson MP, Madsen PT, Tyack PL. Echolocation clicks of free-ranging Cuvier's beaked
whales (Ziphius cavirostris). J. Acoust. Soc. Am. 2005; 117: 3919-3927. https://doi.org/10.1121/1.
1910225 PMID: 16018493

11.  Soldevilla MS, Henderson EE, Campbell GS, Wiggins SM, Hildebrand JA, Roch MA, Classification of
Risso’s and Pacific white-sided dolphins using spectral properties of echolocation clicks. J. Acoust.
Soc. Am. 2008; 124: 609-624. https://doi.org/10.1121/1.2932059 PMID: 18647003

12. Baumann-Pickering SS., McDonald MA, Simonis AE, Solsona Berga A, Merkens KP, Oleson EM, et al.
Species-specific beaked whale echolocation signals. J. Acoust. Soc. Am. 2013; 134: 2293-2301.
https://doi.org/10.1121/1.4817832 PMID: 23967959

13. Hildebrand JA, Baumann-Pickering S, Frasier KE, Trickey JS, Merkens KP, Wiggins SM, et al. Passive
acoustic monitoring of beaked whale densities in the Gulf of Mexico. 2015; Sci. Rep. 5(16343): 1-15.

14. Oswald JN, Barlow J, Norris TF. Acoustic identification of nine delphinid species in the eastern tropical
Pacific Ocean. Mar. Mamm. Sci. 2003; 19: 20-37.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217977  June 6, 2019 15/17


https://doi.org/10.1121/1.1596173
http://www.ncbi.nlm.nih.gov/pubmed/14514216
https://doi.org/10.1121/1.4845275
http://www.ncbi.nlm.nih.gov/pubmed/24437790
https://doi.org/10.1121/1.3257586
https://doi.org/10.1121/1.3257586
http://www.ncbi.nlm.nih.gov/pubmed/20058956
https://doi.org/10.1121/1.3479549
http://www.ncbi.nlm.nih.gov/pubmed/20968391
https://doi.org/10.1121/1.1910225
https://doi.org/10.1121/1.1910225
http://www.ncbi.nlm.nih.gov/pubmed/16018493
https://doi.org/10.1121/1.2932059
http://www.ncbi.nlm.nih.gov/pubmed/18647003
https://doi.org/10.1121/1.4817832
http://www.ncbi.nlm.nih.gov/pubmed/23967959
https://doi.org/10.1371/journal.pone.0217977

@ PLOS|ONE

Integrative bioacoustics discrimination of delphinid

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

Oswald JN, Rankin S, Barlow J. The effect of recording and analysis bandwidth on acoustic identifica-
tion of delphinid species. J. Acoust. Soc. Am. 2004; 116: 3178-3185. https://doi.org/10.1121/1.
1804635 PMID: 15603163

Gillespie D, Caillat M, Gordon J, White P. Automatic detection and classification of odontocete whistles.
J. Acoust. Soc. Am. 2013; 134: 2427-2437. https://doi.org/10.1121/1.4816555 PMID: 23968040

Oswald JN, Rankin S, Barlow J, Oswald J, Lammers MO. Real-time Call Classification Algorithm
(ROCCA): software for species identification of delphinid whistles. In: Detection, Classification and
Localization of Marine Mammals using Passive Acoustics, 2003—-2013: 10 years of International
Research. Paris, France: DIRAC NGO; 2013. pp. 245-266.

Roch MA, Soldevilla MS, Burtenshaw JC, Henderson EE, Hildebrand JA. Gaussian mixture model clas-
sification of odontocetes in the Southern California Bight and the Gulf of California. J. Acoust. Soc. Am.
2007; 121:1737-1748. https://doi.org/10.1121/1.2400663 PMID: 17407910

Paradaa PP, Cardenal-Lopez A. Using Gaussian mixture models to detect and classify dolphin whistles
and pulses. J. Acoust. Soc. Am. 2014; 135: 3371-3380. https://doi.org/10.1121/1.4876439 PMID:
24907800

Baumann-Pickering SS., Simonis AE, Oleson EM, Baird RW, Roch MA, Wiggins SM. False killer whale
and short-finned pilot whale acoustic identification. Endang. Species Res. 2015; 28: 97—108.

Au WWL, Branstetter B, Moore PW, Finneran JJ. The biosonar field around an Atlantic bottlenose dol-
phin (Tursiops truncatus). J. Acous. Soc. Am. 2012a; 131: 569-576.

Au WWL, Branstetter B, Moore PW, Finneran JJ. Dolphin biosonar signals measured at extreme off-
axis angles: Insights to sound propagation in the head. J. Acous. Soc. Am. 2012b; 132: 1199-1206.

Verfub UK, Honnef CG, Meding A, Dahne M, Mundry R, Benke H. Geographical and seasonal variation
of harbour porpoise Phocoena phocoena presence in the German Baltic Sea revealed by passive
acoustic monitoring. J. Mar. Biol. Assoc. U.K. 2007; 87: 165-176.

Roch MA, Klinck H, Baumann-Pickering S, Mellinger DK, Qui S, Soldevilla MS. Classification of echolo-
cation clicks from odontocetes in the Southern California Bight. J. Acoust. Soc. Am. 2011; 129: 467—
475. https://doi.org/10.1121/1.3514383 PMID: 21303026

Verfub UK, Dahne M, Gallus A, Jabbusch M, Benke H. Determining the detection thresholds for harbor
porpoise clicks of autonomous data loggers, the Timing Porpoise Detectors. J. Acoust. Soc. Am. 2013;
134: 2462-2468. https://doi.org/10.1121/1.4816571 PMID: 23968043

Oswald JN, Rankin S, Barlow J, Lammers MO. A tool for real-time acoustic species identification of del-
phinid whistles. J. Acoust. Soc. Am. 2007; 122: 587-595. https://doi.org/10.1121/1.2743157 PMID:
17614515

Frasier KE, Henderson EE, Bassett HR, Roch MA. Automated identification and clustering of subunits
within delphinid vocalizations. Mar. Mamm. Sci. 2016; 32: 911-930.

Rankin S, Archer F, Keating JL, Oswald JN, Oswald M, Curtis A, et al. Acoustic classification of dolphin
in the California Current using whistles, echolocation clicks and burst pulses. Mar. Mamm. Sci.2016;
33: 520-540.

Di Tullio JC, Gandra TBR, Zerbini AN, Secchi ER. Diversity and distribution patterns of cetaceans in the
Subtropical Southwestern Atlantic outer continental shelf and slope. PlosOne. 2016; 11(5): e0155841.
https://doi.org/10.1371/journal.pone.0155841 PMID: 27243455

Andriolo A, Reis SS, Amorim TO, Sucunza F, Castro FR, Maia YG, et al. Killer whale (Orcinus orca)
whistles from the western South Atlantic Ocean include high frequency signals. J. Acoust. Soc. Am.
2015; 138: 1696—1701. https://doi.org/10.1121/1.4928308 PMID: 26428807

Moron JR, Amorim TO, Sucunza F, Castro FR, Rossi-Santos M, Andriolo A. Spinner dolphin whistle in
the Southwest Atlantic Ocean: Is there a geographic variation? J. Acoust. Soc. Am. 2015; 138: 2495—
2498. https://doi.org/10.1121/1.4931900 PMID: 26520331

SAS Institute Inc. 2010. JMP 9. Modeling and Multivariate Methods. Cary, NC: SAS Institute Inc.

Au WWL, Branstetter B, Moore PW, Finneran JJ. The biosonar field around an Atlantic bottlenose dol-
phin (Tursiops truncatus). J. Acoust. Soc. Am. 2012; 131:569-576. https://doi.org/10.1121/1.3662077
PMID: 22280618

Au WWL, Pawloski JL, Nachtigall PE, Blonz M, Gisner RC. Echolocation signals and transmission
beam pattern of a false killer whale (Pseudorca crassidens). J. Acoust. Soc. Am. 1995; 98: 51-59.
https://doi.org/10.1121/1.413643 PMID: 7608405

Roch MA, Soldevilla MS, Hoenigman R, Wiggins SM, Hildebrand JA. Comparison of machine learning
techniques for the classification of echolocation clicks from three species of odontocetes. Can. Acoust.
2008; 36:41-47.

Au WWL. Characteristics of the Receiving System for Complex Signals. In: Au WWL. The Sonar of Dol-
phins. New York: Springer-Verlag; 1993. pp. 59-74.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217977  June 6, 2019 16/17


https://doi.org/10.1121/1.1804635
https://doi.org/10.1121/1.1804635
http://www.ncbi.nlm.nih.gov/pubmed/15603163
https://doi.org/10.1121/1.4816555
http://www.ncbi.nlm.nih.gov/pubmed/23968040
https://doi.org/10.1121/1.2400663
http://www.ncbi.nlm.nih.gov/pubmed/17407910
https://doi.org/10.1121/1.4876439
http://www.ncbi.nlm.nih.gov/pubmed/24907800
https://doi.org/10.1121/1.3514383
http://www.ncbi.nlm.nih.gov/pubmed/21303026
https://doi.org/10.1121/1.4816571
http://www.ncbi.nlm.nih.gov/pubmed/23968043
https://doi.org/10.1121/1.2743157
http://www.ncbi.nlm.nih.gov/pubmed/17614515
https://doi.org/10.1371/journal.pone.0155841
http://www.ncbi.nlm.nih.gov/pubmed/27243455
https://doi.org/10.1121/1.4928308
http://www.ncbi.nlm.nih.gov/pubmed/26428807
https://doi.org/10.1121/1.4931900
http://www.ncbi.nlm.nih.gov/pubmed/26520331
https://doi.org/10.1121/1.3662077
http://www.ncbi.nlm.nih.gov/pubmed/22280618
https://doi.org/10.1121/1.413643
http://www.ncbi.nlm.nih.gov/pubmed/7608405
https://doi.org/10.1371/journal.pone.0217977

@ PLOS | O N E Integrative bioacoustics discrimination of delphinid

37. De’ath G, Fabricius KE. Classification and regression trees: a powerful yet simple technique for ecologi-
cal data analysis. Ecology. 2000; 81: 3178-3192.

38. Vayssiéres MP, Plant RE, Allen-Diaz BH. Classification trees: An alternative non-parametric approach
for predicting species distributions. J. Veg. Sci. 2000; 11: 679-694.

39. White JW, Ruttenberg BI. Discriminant function analysis in marine ecology: some oversights and their
solutions. Mar. Ecol. Prog. Ser. 2007; 329: 301-305.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217977  June 6, 2019 17/17


https://doi.org/10.1371/journal.pone.0217977

