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The ability to identify delphinid vocalizations to species in real-time would be an asset during
shipboard surveys. An automated system, Real-time Odontocete Call Classification Algorithm
共ROCCA兲, is being developed to allow real-time acoustic species identification in the field. This
Matlab-based tool automatically extracts ten variables 共beginning, end, minimum and maximum
frequencies, duration, slope of the beginning and end sweep, number of inflection points, number of
steps, and presence/absence of harmonics兲 from whistles selected from a real-time scrolling
spectrograph 共ISHMAEL兲. It uses classification and regression tree analysis 共CART兲 and
discriminant function analysis 共DFA兲 to identify whistles to species. Schools are classified based on
running tallies of individual whistle classifications. Overall, 46% of schools were correctly classified
for seven species and one genus 共Tursiops truncatus, Stenella attenuata, S. longirostris, S.
coeruleoalba, Steno bredanensis, Delphinus species, Pseudorca crassidens, and Globicephala
macrorhynchus兲, with correct classification as high as 80% for some species. If classification
success can be increased, this tool will provide a method for identifying schools that are difficult to
approach and observe, will allow species distribution data to be collected when visual efforts are
compromised, and will reduce the time necessary for post-cruise data analysis. © 2007 Acoustical
Society of America. 关DOI: 10.1121/1.2743157兴
PACS number共s兲: 43.80.Ka 关WWA兴
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I. INTRODUCTION

Acoustic techniques have been used to monitor a variety
of species, ranging from birds 共Mills, 1995; Chesmore,
2001兲, bats 共Vaughan et al., 1997; Parsons and Jones, 2000兲,
and fallow deer 共Reby et al., 1997兲 to insects such as crickets
and grasshoppers 共Chesmore, 2001兲. Increasingly, acoustic
techniques are being used to monitor marine mammal populations 共Leaper et al., 1992; Clark et al., 1996; Stafford et al.,
2001; Gordon et al., 2000; van Parijs et al., 2002; Wang et
al., 2005兲. Many marine mammals produce distinctive
sounds and therefore acoustic techniques can be used to detect not only their presence, but also species identity. Several
species of large whales produce calls that are easily recognized 共Thompson et al., 1992; Goold and Jones, 1995; Thompson et al., 1996兲, but the calls produced by many delphinid species are highly variable and overlap in frequency
characteristics, making them more challenging to identify to
species.
The calls produced by delphinids have generally been
placed into three distinct categories: echolocation clicks,
burst pulse sounds, and whistles. Echolocation clicks are
short, broadband pulses with peak frequencies that vary from
tens of kilohertz to well over 100 kHz 共Norris and Evans,
a兲
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1966; Au, 1980兲. Echolocation clicks generally occur in
trains containing few to hundreds of clicks and are used for
navigation and object detection and discrimination 共Au,
1993兲. Burst pulse signals are broadband click trains with
very short interclick intervals. These sounds take on a tonal
quality to human ears because the clicks are repeated at such
high rates that the rate itself, rather than the individual clicks,
is audible 共Watkins, 1967; Herzing, 2000兲. It is thought that
these signals play a role in social interactions, although they
may also function in echolocation tasks. Whistles are continuous, narrow band, frequency modulated signals that often
have harmonic components. They range in duration from
several tenths of a second to several seconds 共Tyack and
Clark, 2000兲. The fundamental frequency of most whistles
ranges from 2 to 30 kHz 共Lammers et al., 2003; Oswald et
al., 2004兲. Whistles are believed to function as social signals
共Janik and Slater, 1998; Herzing, 2000; Lammers et al.,
2003兲.
Delphinid species identification studies have commonly
focused on whistle characteristics to develop classification
algorithms 共Steiner, 1981; Wang et al., 1995; Matthews et
al., 1999; Rendell et al., 1999; Oswald et al., 2003兲. Correct
classification scores obtained in these studies are generally
significantly greater than expected by chance alone, suggesting that whistles contain information that could be used to
identify delphinid species. Roch et al., 共2007兲 included both
whistles and clicks in their species identification algorithms.
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Their correct classification scores of 67% to 75% for four
species suggest that clicks may also be useful for species
identification, however, their method does not distinguish the
relative contribution of whistles and clicks to the classifier.
In most areas, such as the eastern tropical Pacific Ocean
共ETP兲, whistle sounds propagate much farther than echolocation clicks, so whistles are likely to be more useful for
long-distance species identification. For example, whistles
were the only sounds detected from 60% of 1867 schools
detected acoustically during five visual and acoustic surveys
in the ETP 共unpublished data兲. Therefore, species identification algorithms based on whistles are likely to be more useful than those that depend on clicks.
Species identification algorithms are developed by postprocessing of field recordings. While postprocessing provides valuable information, the ability to identify vocalizations to species in real time would be a great asset during
shipboard marine mammal abundance surveys. Traditionally
during these surveys, a team of visual observers searches for
marine mammals and then directs the ship towards them for
school size estimation and species identification 共Wade and
Gerrodette, 1993; Barlow, 1995兲. Recently, methods have
been developed to tow a hydrophone array behind research
vessels during standard visual cetacean surveys 共Fristrup and
Clark, 1997; Barlow and Taylor, 2005兲. While the addition of
acoustic techniques has been shown to increase rates and
distances of detection 共Leaper et al., 1992, Clark and Fristrup, 1997; Gordon et al., 2000; Barlow and Taylor, 2005兲,
real-time acoustic species identification would provide several further advantages. This capability would allow the
acoustic team to aid visual observers with the identification
of groups that are difficult to approach and observe due to
factors such as animal behavior, inclement weather, and reduced visibility. In addition, because marine mammals spend
much of their lives under water, schools are often detected
acoustically but not visually 共Barlow and Taylor, 2005兲. The
ability to identify these detections would allow the use of
acoustic methods when conditions do not allow for visual
observations. Finally, real-time acoustic species identification can reduce the bottleneck of post-cruise data analysis.
Until now, no methods have been available for real time
acoustic identification of delphinid whistles. In this paper we
present a new software tool that is being developed for this
task: Real-time Odontocete Call Classification Algorithm
共ROCCA兲. ROCCA is a Matlab-based tool that extracts,
measures, and classifies whistles to species in real-time.
II. METHODOLOGY
A. Data collection

Acoustic recordings were made during six shipboard
marine mammal abundance surveys conducted by the Southwest Fisheries Science Center 共NOAA, NMFS兲. Each
4-month survey occurred between the months of July and
December. Four of the surveys took place in the ETP:
Stenella Population and Abundance Monitoring 共SPAM兲
1998, and Stenella Abundance Research 共STAR兲 1999, 2000,
and 2003. This study area extended from the United States/
Mexico border southward to the territorial waters of Peru,
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FIG. 1. Pacific Ocean study area boundaries for the HICEAS 2002, PICEAS
2005, SPAM 1998, and STAR 1999, 2000, and 2003 Southwest Fisheries
Science Center 共NOAA, NMFS兲 marine mammal abundance surveys.

and from the continental shores of the Americas west to the
longitude of Hawaii 共Fig. 1兲. The Hawaiian Islands Cetacean
and Ecosystem Assessment Survey 共HICEAS 2002兲 study
area covered the waters within the 200 nmi Exclusive Economic Zone 共EEZ兲 around the Hawaiian Island chain from
the island of Hawaii in the southeast to Kure Atoll in the
northwest 共Fig. 1兲. The Pacific Islands Cetacean Ecosystem
Assessment Survey 共PICEAS 2005兲 took place in the US
EEZ waters of Palmyra and Johnston Atoll and adjacent waters south of Hawaii 共Fig. 1兲.
During all surveys, a team of three experienced visual
observers actively searched for marine mammals using two
25⫻ 150 binoculars and by naked eye 共Kinzey et al., 2001兲.
When cetaceans were sighted, they were approached for species identification and school size estimation. Cetacean vocalizations were monitored and recorded using a towed hydrophone array and Type SSQ-57 sonobuoys. The array was
towed 200 m behind the research vessel during daylight
hours at a depth of approximately 4 – 6 m. Table I gives the
frequency response characteristics of the arrays used during
the surveys. During the SPAM 1998 survey, signals from the
array were recorded onto digital audio tape 共DAT兲 using
Sony TCD-D7 and TCD-D8 DAT recorders 共48 kHz sampling rate兲. During the STAR 2000 survey and all subsequent
surveys, signals from the array were sent through a Mackie
CR1604-VLZ mixer for equalization and were recorded directly to computer hard drive via an analog-to-digital conversion card 共National Instruments BNC-2110 and DAQCard6062E兲 using a 200-kHz sampling rate.
An acoustic technician monitored signals from two hydrophones in the array using a stereo headset and real-time
scrolling spectrographic software 共ISHMAEL, Mellinger,
2001兲. Whaltrak, a mapping program with a GPS interface,
automatically logged time and position every 5 min while
the array was being monitored. During the STAR 2000 survey and all subsequent surveys, acoustic detections were localized using ISHMAEL and Whaltrak. Bearing angles were
Oswald et al.: Real-time acoustic species identification of delphinids

TABLE I. Frequency response and gain characteristics of hydrophone arrays used during Southwest Fisheries
Science Center 共NOAA, NMFS兲 marine mammal abundance surveys. Two arrays were used during the SPAM
1998 and STAR 2000 surveys. The array used during the PICEAS 2005 survey had four elements, three
relatively narrow band and one relatively broadband.

Array frequency response

No. of hydrophone
elements

500 Hz to 150 kHz± 3 dB at −163 dB re 1 V / mPa
32 Hz to 25 kHz± 3 dB at −173 dB re 1 V / mPa
2 – 45 kHz± 4 dB at −132 dB re 1 V / mPa
2 – 120 kHz± 3 dB at −164 dB re 1 V / mPa
500 Hz to 30 kHz± 5 dB at −155 dB re 1 V / mPa
500 Hz to 30 kHz± 5 dB at −155 dB re 1 V / mPa
1 – 40 kHz± 5 dB at −150 dB re 1 V / mPa
2 – 150 kHz± 2 dB at −166 dB re 1 V / mPa

3
5
5
3
2
3
3
1

Survey
SPAM 1998
STAR 2000
HICEAS 2002
STAR 2003
PICEAS 2005

determined using phone-pair cross-correlation algorithms in
ISHMAEL, and distance was determined by examining the
convergence of bearing angles plotted on Whaltrak. Comparisons of the angle and distance to the acoustic detection
with the location of the sighting allowed confirmation that
the vocalizations detected were produced by the sighted dolphins.
A hydrophone array was not towed during the STAR
1999 survey. Instead, U.S. Navy sonobuoys 共type SSQ-57兲
were deployed in close proximity to dolphin sightings. These
sonobuoys had a flat frequency response from approximately
2 to 20 kHz and were deployed at a hydrophone depth setting of either 18 or 27 m. Sonobuoy signals were transmitted
to a multichannel receiver aboard the research vessel and
were recorded onto DAT using Sony TCD-D7 DAT recorders.
Single-species acoustic recordings were obtained from
nine delphinid species during the six surveys: bottlenose dolphins 共Tursiops truncatus兲, spotted dolphins 共Stenella attenuata兲, spinner dolphins 共S. longirostris兲, striped dolphins

共S. coeruleoalba兲 rough-toothed dolphins 共Steno bredanensis兲, short-beaked common 共Delphinus delphis兲, long-beaked
common dolphins 共D. capensis兲, false killer whales 共Pseudorca crassidens兲, and short-finned pilot whales 共Globicephala macrorhynchus兲. A total of 2606 whistles from 176
schools were included in the analysis. Table II lists the number of whistles analyzed for each species.
B. Spectrographic analysis

Recordings of schools that had been visually identified
to species and confirmed to contain only one species were
chosen for analysis. Recordings were included only if the
school was sighted at least 3 nmi from any other school in
the area. This helped to ensure that the whistles analyzed
were produced by the school being observed and not another
nearby school. This was especially important during the
SPAM 1998 and STAR 1999 surveys, when acoustic localization techniques were not available.
We randomly selected 50% of loud and clear whistles

TABLE II. Total number of whistles analyzed for each species, number of schools that those whistles were recorded from, and means and standard deviations
共in parentheses兲 for continuous variables measured from the whistles. Frequency variables are given in kHz, duration is given in seconds, and number of
inflection points 共IP兲 and number of steps are count data.
No. of
whistles

No. of
schools

Beginning
frequency

Ending
frequency

Minimum
frequency

Maximum
frequency

Duration

No. of
IP

No. of
steps

Bottlenose dolphin

306

15

Spotted dolphin

399

26

Striped dolphin

401

38

Spinner dolphin

259

19

Rough-toothed dolphin

192

14

Short-beaked common dolphin

314

25

Long-beaked common dolphin

174

11

False killer whale

340

10

Short-finned pilot whale

221

18

11.61
共5.11兲
9.92
共3.94兲
10.80
共3.96兲
11.85
共4.42兲
7.41
共3.15兲
11.63
共4.84兲
10.87
共4.89兲
5.77
共1.62兲
4.40
共2.72兲

10.24
共4.78兲
14.92
共5.66兲
12.01
共3.40兲
12.94
共4.33兲
8.33
共2.95兲
12.18
共4.38兲
14.46
共5.12兲
6.27
共1.52兲
5.59
共3.60兲

7.92
共2.49兲
8.41
共2.39兲
8.48
共2.21兲
9.99
共3.18兲
6.46
共2.33兲
8.30
共2.69兲
8.48
共2.70兲
5.28
共1.23兲
3.73
共2.04兲

17.07
共4.55兲
17.99
共4.69兲
14.98
共3.61兲
15.09
共4.57兲
9.53
共2.97兲
15.04
共4.39兲
16.21
共4.94兲
6.95
共1.83兲
6.39
共3.89兲

1.11
共0.69兲
0.75
共0.38兲
0.69
共0.35兲
0.61
共0.42兲
0.64
共0.36兲
0.70
共0.39兲
0.62
共0.34兲
0.44
共0.22兲
0.48
共0.35兲

2.85
共2.67兲
1.29
共1.45兲
1.84
共1.82兲
1.89
共3.53兲
2.56
共3.00兲
1.64
共1.87兲
1.59
共3.29兲
0.85
共0.90兲
0.86
共1.58兲

2.17
共3.61兲
3.06
共3.84兲
2.36
共3.19兲
0.83
共1.64兲
1.51
共1.84兲
1.76
共2.31兲
1.74
共2.19兲
0.03
共0.18兲
0.21
共0.81兲

Species
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FIG. 2. Spectrogram of a bottlenose
dolphin whistle 共512-point FFT, Hanning window兲, showing the ten variables that were measured from each
whistle. 共1兲 Beginning frequency
共kHz兲, 共2兲 end frequency 共kHz兲, 共3兲
minimum frequency 共kHz兲, 共4兲 maximum frequency 共kHz兲, 共5兲 duration
共s兲, 共6兲 number of inflection points
共defined as a change from positive to
negative or negative to positive slope兲,
共7兲 number of steps 共defined as a 10%
or greater increase or decrease in frequency over two contour points兲, 共8兲
slope of the beginning sweep 共positive, negative, or zero兲, 共9兲 slope of the
end sweep 共positive, negative, or
zero兲, and 共10兲 presence/absence of
harmonics 共a binary variable兲.

from each recording session, up to a total of 35 whistles per
recording session. This level of subsampling was chosen in
order to obtain a sufficient sample size while avoiding oversampling of groups or individuals 共which can lead to nonindependence of data兲. Overlapping whistles were included
only if each individual whistle contour could be discerned
without question. Whistles were considered to be “loud and
clear” if they were at least 9 dB above ambient noise.
Ten variables were measured from the fundamental contour of each whistle: 共1兲 beginning frequency 共kHz兲, 共2兲 end
frequency 共kHz兲, 共3兲 minimum frequency 共kHz兲, 共4兲 maximum frequency 共kHz兲, 共5兲 duration 共s兲, 共6兲 number of inflection points 共defined as a change from positive to negative or
negative to positive slope兲, 共7兲 number of steps 共defined as a
10% or greater increase or decrease in frequency over two
contour points兲, 共8兲 slope of the beginning sweep 共positive,
negative, or zero兲, 共9兲 slope of the end sweep 共positive, negative, or zero兲, and 共10兲 presence/absence of harmonics 共a
binary variable兲. These variables are shown in Fig. 2. Some
whistles from the SPAM 1998 and STAR 1999 surveys were
missing measurements for one or more variables because a
portion of the whistle extended beyond the upper bandwidth
limit of the recording equipment. These whistles were excluded from the analysis. Otherwise, all whistles from all
years were combined by species for analysis. Table II gives
descriptive statistics for the seven continuous whistle variables.
C. Classification algorithms

Following Oswald et al. 共2003兲, classification algorithms were created using multivariate discriminant function
analysis 共DFA兲 and classification and regression tree analysis
共CART兲. Discriminant function analysis classifies whistles to
prespecified groups based on orthogonal linear functions derived from the ten variables listed above. Mahalanobis dis590
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tances were calculated for each whistle being classified. The
Mahalanobis distance is a measure of the distance in multivariate space of the whistle in question to the group centroid
of each species in the analysis. A whistle was classified as the
species that it was closest to in multivariate space. Prior to
running DFA, continuous variables 共frequency variables, duration, and number of steps and inflection points兲 were tested
for normality and log or square-root transformed as necessary. Classification and regression tree analysis creates decision trees by separating data into groups known as nodes
through a series of binary splits. Each split is based on the
value of a single variable. Final classification is reached at
terminal nodes. Terminal node probabilities reflect the certainty of the classification based on the purity of the node.
Because CART is nonparametric, it was not necessary to
transform variables for normality.
Two different methods of classification using DFA and
CART were evaluated. In the first method, whistles were
classified directly to species level. This will be referred to as
the “direct” method for the remainder of this paper. The second method was hierarchical. Whistles were first classified to
the broad categories of “blackfish” or “delphinid.” The
blackfish category consisted of two species: false killer
whales and short-finned pilot whales. The delphinid category
consisted of five species and one genus: bottlenose, spotted,
spinner, striped, rough-toothed, and common dolphins. Common dolphin species 共Delphinus delphis and D. capensis兲
were pooled in this analysis 共see Sec. III兲. Once classified to
category using the hierarchical approach, whistles within
each category were then classified to species.
A jackknife method was used to calculate correct classification scores for DFA and CART. Six versions of the DFA
and CART classification algorithms were created, each omitting all of the whistles from one cruise 共one year of sampling兲. Whistles were classified using the algorithms that did
Oswald et al.: Real-time acoustic species identification of delphinids

not include them. In this way, classification algorithms were
created from data that were independent of the whistles being classified. This helped ensure that whistles were classified based on species-specific characteristics rather than
group- or individual-specific characteristics. Fisher’s exact
test was used to test whether correct classification scores
were significantly greater than expected by chance alone.
Statistical significance was evaluated at ␣ = 0.05 without corrections for multiple testing.
D. ROCCA

ROCCA was created using Matlab and interfaces with
real-time scrolling spectrograph software, ISHMAEL 共Mellinger, 2001兲. ISHMAEL is used to monitor signals detected
by the hydrophone array. When a whistle of interest is detected, the user stops the scrolling spectrograph and selects
the whistle. A Matlab routine called through ISHMAEL
opens Matlab and saves the selection as a wav file. ROCCA
is then run through Matlab. First, ROCCA automatically extracts the whistle contour from the wav file by stepping
through the file one FFT window at a time. The fundamental
frequency of the whistle contour is selected based on the
peak frequency in each window. A routine within ROCCA
ensures that random transient peaks in the spectrum are not
mistaken for the fundamental peak frequency. For this study,
a Hanning window was used. Window size was set at 1024
points and window overlap was set at 0.25.
When the whistle contour has been extracted, ROCCA
automatically measures the ten variables described previously from the fundamental frequency contour of the whistle.
The ten variables are then processed using DFA and CART
classification algorithms and ROCCA outputs two predicted
species, one based on each analysis. It takes approximately
20– 45 s for ROCCA to extract a whistle contour, measure
whistle variables, and provide an estimate of species identification. As multiple whistles from a single school of dolphins are processed, ROCCA keeps a running tally of species
predictions. When all of the whistles from a school have
been analyzed, ROCCA classifies the school as the species
that the majority of whistles were predicted to be. When
DFA and CART results do not agree, the algorithm that resulted in the greatest number of whistles classified as one
species is chosen. For example, if DFA classifies 65% of the
whistles in a school as bottlenose dolphins and CART classifies 58% of the same whistles as spotted dolphins, the
school is classified as bottlenose dolphins. When the same
numbers of whistles are classified as two or more species
within DFA or CART, the species with the smallest mean
Mahalanobis distance is chosen for DFA and the species with
the largest mean terminal node probability is chosen for
CART. In order to ensure that all whistles analyzed are from
one discrete school, whistles are localized using ISHMAEL
and Whaltrak before they are analyzed using ROCCA.
As whistles are analyzed, ROCCA creates three text files
for each school. One contains the extracted whistle contours
共time, frequency, and intensity of the peak frequency in each
window兲. The second contains the ten whistle variables measured from each whistle in the school. The third contains
J. Acoust. Soc. Am., Vol. 122, No. 1, July 2007

DFA and CART predicted species, as well as Mahalanobis
distances 共DFA兲 and terminal node probabilities 共CART兲 for
each whistle in the school.
III. RESULTS

When ROCCA was run on all nine species, only 17.8%
of short-beaked common dolphin whistles were correctly
classified by DFA and 5.7% by CART. Similarly, 6.1% of
long-beaked common dolphin whistles were correctly classified by DFA and 2.9% by CART. To explore the possibility
that this result was caused by an inability to differentiate
between the two common dolphin species, a version of
ROCCA was created that included only short-beaked and
long-beaked common dolphins. Overall correct classification
scores in this analysis were not significantly greater than the
50% expected by chance 共DFA: 49.7%, p = 1, CART: 46.8%,
p = 0.45兲. Because the two common dolphin species could
not be distinguished reliably from one another, they were
pooled in subsequent analyses.
When the direct version of ROCCA was run on seven
species and the pooled common dolphin species, DFA correctly classified 33.5% of whistles and CART correctly classified 33.6% of whistles. These correct classification scores
are significantly greater than the 12.5% expected by chance
共p ⬍ 0.0001 for both DFA and CART兲. For individual species, DFA correct classification scores ranged from 14.7%
共striped dolphins兲 to 63.8% 共short-finned pilot whales兲. Correct classification scores were significantly greater than expected by chance for every species except striped dolphins
共p = 0.41兲. Correct classification scores for CART ranged
from 18.5% 共spinner dolphins兲 to 57.1% 共false killer
whales兲. All correct classification scores were significantly
greater than chance with the exception of spinner dolphins
共p = 0.07兲. Based on the pooled tallies of individual whistle
classifications, 43.8% of schools were correctly classified by
DFA and CART combined. Correct classification scores for
schools ranged from 31.6% 共spinner dolphins兲 to 73.3%
共bottlenose dolphins兲. Half were significantly greater than
chance, with the exceptions being common dolphins 共p
= 0.24兲, spinner dolphins 共p = 0.23兲, spotted dolphins 共p
= 0.10兲, and striped dolphins 共p = 0.06兲.
The hierarchical version of ROCCA resulted in no significant difference in the overall correct classification of either individual whistles or schools compared to the direct
version of ROCCA 共individual whistles: DFA p = 0.23;
CART p = 0.31; schools p = 0.75兲. However, several significant differences were found for individual species when the
hierarchical version of ROCCA was run. The correct classification of individual whistles increased significantly from
22.6% to 35.9% for false killer whales 共DFA, p ⬍ 0.001兲 and
from 33.8% to 41.4% for spotted dolphins 共CART, p = 0.03兲
and decreased significantly from 26.2% to 14.7% for striped
dolphins 共CART, p ⬍ 0.001兲. Correct classification scores for
individual whistles were significantly greater than chance for
every species with the exception of striped dolphins 共CART,
p = 0.41兲.
The hierarchical version of ROCCA resulted in a significant difference in the correct classification of schools for
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TABLE III. Classification results for schools classified based on multiple whistles using the hierarchical DFA and CART method. Percent of schools correctly
classified for each species are in bold. Correct classification scores that are significantly greater 共Fisher’s exact test, ␣ = 0.05兲 than the 12.5% expected by
chance are marked by an asterisk, and p values are given in the last column. The number of schools included in the analysis for each species 共n兲 is given in
the second to last column. Overall, 46.0% of schools were classified to the correct species. This is significantly greater 共p ⬍ 0.0001兲 than expected by chance.
% Classified as

Actual species
Bottlenose dolphin
Spotted dolphin
Striped dolphin
Spinner dolphin
Rough-toothed dolphin
Common dolphin
False killer whale
Short-finned pilot whale

Bottlenose
dolphin

Spotted
dolphin

Striped
dolphin

Spinner
dolphin

Roughtoothed
dolphin

Common
dolphin

False
killer
whale

Shortfinned pilot
whale

n

p

80.0*
23.1
26.3
21.1
14.3
22.2
10.0
5.6

0.0
50.0*
23.7
5.3
0.0
13.9
0.0
0.0

0.0
7.7
15.8
21.1
7.1
5.6
0.0
0.0

6.7
7.7
7.9
26.3
0.0
0.0
10.0
5.6

6.7
0.0
0.0
10.5
64.3*
2.8
0.0
0.0

6.7
7.7
26.3
15.8
7.1
55.6*
0.0
5.6

0.0
3.8
0.0
0.0
0.0
0.0
80.0*
38.9

0.0
0.0
0.0
0.0
7.1
0.0
0.0
44.4

15
26
38
19
14
36
10
18

⬍0.001
0.006
0.76
0.96
0.02
⬍0.001
0.005
0.06

only one species. Correct classification of common dolphin
schools increased significantly from 27.8% to 55.6% 共p
= 0.03兲. Schools of all species were correctly classified significantly more often than expected by chance, with the exception of short-finned pilot whales 共p = 0.06兲, striped dolphins 共p = 0.76兲, and spinner dolphins 共p = 0.96兲. The
confusion matrix for this analysis is given in Table III as an
example of classification errors. Overall, 46.0% of whistles
were classified to the correct species. With the exception of
false killer whales and short-finned pilot whales, whistles
from most species were commonly misclassified as bottlenose dolphins. Short-finned pilot whales were most commonly misclassified as false killer whales. Striped dolphins
were misclassified as bottlenose dolphins, common dolphins,
and spotted dolphins more often than they were correctly
classified.
To evaluate the effect of combining DFA and CART
predictions and basing classification decisions on all whistles

analyzed during an encounter rather than on individual
whistles, correct classification scores were compared for
three approaches: 共1兲 classifying one whistle at a time, 共2兲
classifying schools based on tallies of species predictions for
DFA and CART individually, and 共3兲 classifying schools
based on a combination of DFA and CART predictions.
These comparisons were made for both the direct version of
ROCCA and the hierarchical version. Correct classification
scores and p values for these comparisons are given in
Tables IV and V. Basing classification decisions on schools
rather than individual whistles for DFA and CART individually resulted in no significant differences in correct classification scores in the direct version of ROCCA. Correct classification of common dolphins increased significantly for
both DFA and CART 共p = 0.004 and p = 0.006, respectively兲
in the hierarchical version of ROCCA. When classification
decisions were based on a combination of DFA and CART
predictions, rather than on individual whistles, overall cor-

TABLE IV. Correct classification scores for individual whistles classified to species by DFA and CART individually and for schools classified based on
multiple whistles using DFA and CART individually and DFA and CART combined. p values are given for comparisons of correct classification scores for
individual whistles versus schools 共DFA and CART individually兲 and for individual whistles versus schools 共DFA and CART combined兲. Significant
differences are marked by asterisks.
Individual
whistles

Schools

CART
%
correct

p
Whistles versus
schools
共CART兲

DFA
and
CART
%
correct

p
Whistles
共DFA兲 versus
schools 共DFA
and CART兲

p
Whistles
共CART兲 versus
schools 共DFA
and CART兲

DFA %
correct

CART
%
correct

DFA %
correct

p
Whistles
versus schools
共DFA兲

Bottlenose dolphin
Spotted dolphin
Striped dolphin
Spinner dolphin
Rough-toothed dolphin
Common dolphin
False killer whale
Short-finned pilot whale

60.8
29.6
14.7
24.7
46.9
28.3
22.6
63.8

35.9
33.8
26.2
18.5
34.4
21.7
57.1
50.7

86.7
38.5
13.2
26.3
64.3
41.7
0.0
72.2

0.06
0.4
1.0
1.0
0.3
0.1
0.1
0.6

40.0
34.6
34.2
21.1
57.1
22.2
80.0
44.4

0.8
1.0
0.3
0.8
0.2
1.0
0.2
0.6

73.3
34.6
34.2
31.6
71.4
27.8
70.0
61.1

0.4
0.7
0.005*
0.6
0.1
1.0
0.002*
0.8

0.005*
1.0
0.3
0.2
0.008*
0.4
0.5
0.5

Overall

33.5

33.6

39.8

0.1

36.4

0.5

43.8

0.007*

0.007*

Species
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TABLE V. Correct classification scores for individual whistles classified to species by hierarchical DFA and CART individually and for schools classified
based on multiple whistles using hierarchical DFA and CART individually and DFA and CART combined. p values are given for comparisons of correct
classification scores for individual whistles versus schools 共DFA and CART individually兲 and for individual whistles versus schools 共DFA and CART
combined兲. Significant differences are marked by asterisks.
Whistles

DFA %
correct

p
Whistles
versus schools
共DFA兲

CART
%
correct

p
Whistles versus
schools
共CART兲

DFA and
CART %
correct

p
Whistles
共DFA兲 versus
schools
共DFA and
CART兲

37.9
25.4
14.7
19.7
41.7
25.4
60.6
50.2

86.7
34.6
10.5
15.8
57.1
52.8
40.0
55.6

0.06
0.7
0.2
0.6
0.4
0.004*
0.8
1.0

53.3
50.0
15.8
21.1
57.1
47.2
90.0
44.4

0.3
0.4
0.8
0.8
0.3
0.006*
0.1
0.8

80.0
50.0
15.8
26.3
64.3
55.6
80.0
44.4

0.2
0.04*
0.7
0.8
0.2
0.001*
0.007*
0.5

0.002*
0.4
0.8
0.6
0.2
⬍0.001*
0.3
0.8

35.0

39.8

0.2

40.8

0.09

46.0

0.004*

0.004*

DFA %
correct

CART
%
correct

Bottlenose dolphin
Spotted dolphin
Striped dolphin
Spinner dolphin
Rough-toothed dolphin
Common dolphin
False killer whale
Short-finned pilot whale

60.8
29.6
20.2
24.3
42.7
28.5
35.9
56.1

Overall

35.1

Species

Schools

rect classification increased significantly in both versions of
ROCCA. Individual species correct classification scores increased significantly for bottlenose dolphins 共p = 0.005 when
individual whistles classified by CART兲, rough-toothed dolphins 共p = 0.008 when individual whistles classified by
CART兲, striped dolphins 共p = 0.005 when individual whistles
classified by DFA兲, and false killer whales 共p = 0.002 when
individual whistles classified by DFA兲 in the direct version
of ROCCA, and for bottlenose dolphins 共p = 0.002 when individual whistles classified by CART兲, spotted dolphins 共p
= 0.04 when individual whistles classified by DFA兲, false
killer whales 共p = 0.007 when individual whistles classified
by DFA兲, and common dolphins 共p = 0.001 when individual
whistles classified by DFA, p ⬍ 0.001 when individual
whistles classified by CART兲 in the hierarchical version of
ROCCA.
IV. DISCUSSION

Traditional visual monitoring techniques during shipboard marine mammal surveys are limited by animal behavior, environmental conditions, and logistical constraints. The
addition of a passive acoustic component to these surveys
provides a method for overcoming some of these limitations.
Real-time acoustic species identification offers an additional
tool for identifying schools that are difficult to approach and
observe and allows species distribution data to be collected
even when visual effort is compromised by factors such as
poor visibility, inclement weather, and high sea states.
Real-time acoustic species identification is especially
valuable during surveys dedicated to specific species. For
example, the focus of the PICEAS 2005 survey was to determine the population status of false killer whales in an area
of high fishery bycatch in the central tropical Pacific Ocean.
Visual detection of these animals was extremely difficult due
to animal behavior and high sea states. During the first
month of this survey, five schools of false killer whales were
J. Acoust. Soc. Am., Vol. 122, No. 1, July 2007

p
Whistles
共CART兲 versus
schools
共DFA and
CART兲

encountered. Three of the five schools were detected and
located by the acoustic team and identified as false killer
whales using ROCCA. The acoustic identifications were confirmed visually. Time constraints demanded that the ship deviate from the survey trackline for acoustic detections of this
focal species only, and therefore real-time acoustic identification was crucial. The combination of high correct classification scores for the species identity of false killer whale
whistles, combined with high vocal rates and poor visual
detection of this species, created a situation in which passive
acoustics played an indispensable role. Without the capability for real-time species identification provided by ROCCA,
the acoustic detections would not have been investigated and
valuable data would have been lost. ROCCA was also used
to estimate the fraction of schools of false killer whales
missed by visual methods within 4.5 km of the transect line
during the PICEAS 2005 survey 共Barlow and Rankin, 2007兲.
This provided a means of ground-truthing estimated linetransect parameters and showed that the fraction of detections missed visually 共0.56兲 was consistent with the expected
fraction missed 共0.58兲.
In addition to providing assistance to the visual observers, ROCCA has the advantage of reducing the bottleneck of
post-cruise analysis. ROCCA’s automated whistle extraction,
measurement, and data storage features reduce the time necessary for post-cruise analysis and make ROCCA valuable
for other applications such as processing the voluminous
amounts of data collected using seafloor mounted acoustic
recorders.
While correct classification scores obtained using
ROCCA are not at the level of near-certainty that would be
optimal for shipboard surveys, results are promising as correct classification scores for the individual whistles of most
species were significantly greater than expected by chance.
Scores did not reach near certainty due to high withinspecies variability in whistle variables and a large degree of
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overlap in the time and frequency variables of many species
共Table II兲. Bottlenose dolphins and false killer whales had
the highest correct classification scores, with 80% of schools
of both species being correctly identified using the hierarchical version of ROCCA 共Table III兲. Examination of descriptive statistics 共Table II兲 shows that some whistle variables for
these two species are distinctive. Bottlenose dolphin whistles
have a longer mean duration and false killer whale whistles
have lower mean frequencies compared to most other species
in the analysis. However, while few whistles of species other
than short-finned pilot whales and rough-toothed dolphins
were misclassified as false killer whales, whistles from most
species were commonly misclassified as bottlenose dolphins.
This may be due to frequency and duration variables. Bottlenose dolphins had one of the lowest values for mean minimum frequency, one of the highest values for mean maximum frequency, and the longest mean duration. All of these
values had high standard deviations, suggesting that, based
on the variables measured, many different whistle types
would fall into the bottlenose dolphin category. This implies
that the variables measured were not sufficient for separating
species in this analysis.
Correct classification scores were low for spinner and
striped dolphins in all analyses. Striped dolphin classification
errors were relatively evenly spread across all species except
false killer whales, short-finned pilot whales, and roughtoothed dolphins. Similarly, spinner dolphin classification errors were generally evenly spread across all species other
than short-finned pilot whales. These patterns are also likely
due to frequency variables. The whistles of the small delphinid species 共spotted, striped, spinner, short-beaked common and long-beaked common dolphins兲 had very similar
frequency characteristics for the variables measured 共Table
II兲.
Because of the high degree of overlap in frequency characteristics among species, a method for increasing classification success may lie in the exploration of additional whistle
variables such as the rate of change in frequency 共slope兲, the
locations of steps and inflection points within whistles, and
relative intensities of different frequencies. Also, compound
variables such as a combined value for slope and frequency
range may be more effective for separating species. In addition, alternate classification algorithms such as artificial neural networks and hidden Markov models may be better suited
to the task of identifying dolphin whistles. Work is currently
under way to explore the effect of alternate whistle variables
and classification algorithms on correct classification scores.
The species included in ROCCA are often found in
single species schools, but have also been observed mixed
with other species. ROCCA was created using recordings of
single species schools and therefore does not currently have
the capability to identify mixed species schools as such. Future plans for ROCCA include the analysis of recordings of
mixed species schools in order to develop decision criteria
for identifying schools as mixed versus single species.
ROCCA performed best when classification decisions
were based on multiple whistles classified using the hierarchical method and when decisions were based on a combination of DFA and CART results. This approach resulted in
594
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an overall correct classification score of 46.0% and some
very high correct classification scores of up to 80% for species such as bottlenose dolphins and false killer whales
共Table III兲. Making classification decisions based on multiple
whistles rather than individual whistles resulted in slight increases in correct classification scores, but these were not
significant for DFA or CART 共Tables IV and V兲. However,
when classification decisions for schools were made based
on a combination of DFA and CART results, correct classification increased significantly both overall and for several
individual species. While the hierarchical version of ROCCA
did not result in a significant increase in overall correct classification, it did increase slightly, and correct classification of
common dolphin schools in particular increased significantly.
Additionally, correct classification scores were significantly
greater than chance for five of the eight species in the hierarchical version, compared to four of the eight species in the
direct version of ROCCA. This approach shows some promise and may produce more significant results with different
species categories or a greater number of levels within the
hierarchy.
The results of this study point not only to the benefit of
making classification decisions based on multiple whistles,
but also to the benefit of using more than one classification
algorithm. Different classification algorithms are sensitive to
different characteristics of the data set, and the ability to
combine the strengths of more than one algorithm can result
in higher classification success. When the optimal set of
whistle variables and classification algorithms is assembled,
ROCCA will be valuable not only for real-time species identification during shipboard surveys, but also for analysis of
vocalizations recorded using seafloor-mounted hydrophones.
While ROCCA has been created for use in the eastern tropical and temperate Pacific Ocean, it can be modified for use in
other regions.
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