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Because many cetacean species produce characteristic calls that propagate well under water,
acoustic techniques can be used to detect and identify them. The ability to identify cetaceans to
species using acoustic methods varies and may be affected by recording and analysis bandwidth. To
examine the effect of bandwidth on species identification, whistles were recorded from four
delphinid speciegDelphinus delphis, Stenella attenuata, S. coeruleqadbaS. longirostrig in the

eastern tropical Pacific ocean. Four spectrograms, each with a different upper frequen0imit

24, 30, and 40 kHg were created for each whistla{484). Eight variablegbeginning, ending,
minimum, and maximum frequency; duration; number of inflection points; number of steps; and
presence/absence of harmoniegre measured from the fundamental frequency of each whistle.
The whistle repertoires of all four species contained fundamental frequencies extending above 20
kHz. Overall correct classification using discriminant function analysis ranged from 30% for the
20-kHz upper frequency limit data to 37% for the 40-kHz upper frequency limit data. For the four
species included in this study, an upper bandwidth limit of at least 24 kHz is required for an accurate
representation of fundamental whistle contours.2@4 Acoustical Society of America.
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I. INTRODUCTION species in several studiéSteiner, 1981; Wangt al., 1995;
Matthewset al, 1999; Rendellet al, 1999; Oswaldet al,
%03. These studies have had varying degrees of success,
ranging from 28% correct classification of ten specidsit-

Shipboard cetacean abundance surveys have traditio
ally relied on visual line transect metho@4olt, 1987; Wade

and Gerrodette, 1993; Barlow, 1995; Jaramillo-Legorret 0 s .
et al, 1999: Carrett@t al, 2000; Jefferson. 2000; Buckland Fhewset al, 1999 to 70% correct classification of five spe-

etal, 2001: Hammondet al, 2002. Visual detection and cies (Steiner, 1981l These correct classification scores are
identification of cetaceans can be challenging as these an%_lgnlflcantly higher than expected by chance, but are lower

mals spend most of their lives completely under water. Mam}han the usual standards applied to visual identification dur-

cetacean species produce characteristic calls that propagd@d Shipboard surveyg.e., near certainfy
well under water(Richardsonet al, 1999, and therefore The bandwidth with which sounds are recorded and ana-

acoustic techniques can be used to detect and identify theryZ€d may have an effect on the ability to classify them to
Because of this, towed hydrophone arrays are becoming irtPecies. Analysis bandwidths vary among studies and are not
creasingly common elements of cetacean abundance surve§¥vays reported. Steingd98) reported an analysis band-
(Thomaset al, 1986; Leapeet al, 1992; Clark and Fristrup, Width of 0-32 kHz, Wanget al. (1995 an analysis band-
1997; Goold 1998; Norrigt al, 1999; Gordoret al, 2000; ~ Width of 0-25 kHz, and Oswalét al. (2003 an analysis
Oswaldet al, 2003. bandwidth of 20 Hz to 20 kHz. These bandwidths may not be
The ability to identify cetaceans to species using acoussufficient to provide complete, accurate representations of
tic methods varies. Many large whales, including bluevocal repertoires because ultrasonic frequencimve 20
whales [Balaenoptera musculugThompsonet al, 1996; kHz) are produced by many odontocete species. Whistles
Stafford et al, 1999], fin whales[Balaenoptera physalus with fundamental frequencies extending into the ultrasonic
(Thompsoret al, 1992], and sperm whaleiPhyseter mac- range have been reported for several delphinid species, in-
rocephalus (Weilgart and Whitehead, 1993; Goold and cluding spinner dolphingStenella longirostris and Atlantic
Jones, 1998, produce stereotyped calls that are easily recspotted dolphingS. frontalis(Lammerset al., 1997, 2003],
ognized. The calls produced by many dolphin species argnd white-beaked dolphingLagenorhynchus albirostris
more variable, making acoustic identification of these spe{Rasmussen and Miller, 20p2 Thus, classification errors
cies difficult (Oswaldet al,, 2003. may be due to inaccurate whistle measurements resulting
Time and frequency characteristics measured from speGrom bandwidth limitations.
trograms have been used to classify delphinid whistles o The gpjectives of this study are twofolft) to evaluate
the extent to which four delphinid species recorded in the
dElectronic mail: joswald@ucsd.edu eastern tropical Pacific ocean produce whistles with funda-
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array). Any differences in sensitivity between the two arrays
are therefore not likely to have had a significant effect on the
results. Also, the selection of whistles was based on a signal-
to-noise ratio, which did not differ between the two arrays.
An acoustic technician monitored signals from two hydro-
phones in the array using a stereo headset and custom-
written software that displayed real-time scrolling spectro-
grams. Recordings were made using custom software that
recorded signals directly to computer hard drive via an
analog-to-digital conversion cardData Translation DT-
3809. Recordings were made using sampling rates between
100 and 200 kilo-samples/second. Anti-aliasing filters were
applied prior to recording.

Based on sample sizes of acoustic recordings made dur-
ing the survey, whistles of four delphinid species were cho-
FIG. 1. Eastern tropical Pacific ocean study area ftehellaAbundance ~ S€N for analysis: short-beaked common dolphdslphinus
Research’(STAR2000 survey. delphis pantropical spotted dolphinsStenella attenuata
striped dolphinsS. coeruleoalbgand spinner dolphins. Only

mental frequencies extending into the ultrasonic range, antgcordings of groups that had been visually identified to spe-

(2) to examine the effect of increasing bandwidth on acousti¢ies and observed to contain only one species were included
species identification. in the analysis. Because it is possible that some recordings

identified as “single species” may contain faint vocalizations
Il METHODOLOGY prqduced by other species in t.he area, only qud and clear
whistles were analyzed. Whistles were considered to be
Recordings were made during th&tenellaAbundance  “loud and clear” if they were at least 9 dB louder than back-
Research” (STAR2000 survey conducted in the eastern ground noise.
tropical Pacific ocean from 28 July to 9 December 2000. The  Richardsoret al. (1995 suggest that the maximum de-
study area extended from the United States/Mexico bordetection range for many delphinid species is on the order of 1
southward to the territorial waters of Peru, and from the conkm. To be conservative, we assumed that whistles detected
tinental shores of the Americas to the longitude of Hawaiiwithin 3 km of the array would be of sufficient quality for
(Fig. 2). Visual line-transect methods were used to survey allnalysis. To avoid including whistles produced by dolphins
cetaceans encountered in the study afizey etal, other than those being observed and recorded, recordings
200)). made within 3 km of any other delphinid groups were ex-
A hydrophone array was towed at a depth of 4-6 mcluded from the analysis. Distance was calculated between
approximately 200 m behind the NOAA shillcArthur  the location of the ship at the beginning of the recording
while traveling at a survey speed of 10 kt. The depth of thesession in question and the location of the initial sighting of
array was periodically monitored using Suunto Solution the next group of dolphins encounterdzhsed on angle and
Nitrox dive computer. Two calibrated arrays were used durteticle measurements read from binoculam@istance was
ing the survey:(1) a five-element arrayflat frequency re- also calculated between the location of the ship at the begin-
sponset+ 4 dB from 2 to 45 kHz at-132 dBre 1v/uPa after  ning of the recording session in question and the location of
internal amplification, and (2) a three-element arragflat  the previous group of dolphins encountered when they were
frequency response 3 dB from 2 to 120 kHz at-164 dBre  last seen. Any recording session that occurred within 3 km of
1v/uPa after internal amplificationThe three-element array either the next or previous sighting was excluded from the
was used during 2 of the 29 recording sessions that weranalysis.
included in the analysis. A total of 17 whistles from these Fifty percent of the loud and clear whistles recorded
two encounters were included in the analy6iersus 467 during each acoustic encounter were randomly selected for
whistles from 27 recording sessions using the five-elemendnalysis, up to a maximum of 30 whistles per encounter. It

Latitude

150° 140° 130° 120° 110° 100° 90° 80°

West Longitude

TABLE I. Number of recording sessions and number of whistles included in the anahysisr(each species.
Percentages of whistles containing at least one off-scale variable when measured with an upper bandwidth limit
of 20, 24, 30, and 40 kHz are given in the last four columns.

No. of

recording 20 24 30 40
Species sessions n kHz kHz kHz kHz
Short-beaked common 11 163 28% 8% 1% 0%

dolphin

Spotted dolphin 5 100 43% 9% 3% 0%
Striped dolphin 9 104 11% 0% 0% 0%
Spinner dolphin 4 117 27% 4% 0% 0%
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TABLE II. Descriptive statistic¥means, with standard deviations in parentheses undejnieatimeasured
whistle variables. Maximum frequency and ending frequency increased significantly with increasing upper
bandwidth limit for all species except striped dolphiene-way ANOVA, = 0.05). SignificantP-values are

underlined.
Upper Beginning Ending Minimum Maximum No. of
bandwidth frequency frequency frequency frequency Duration inflection No. of
Species limit (kHz)  (kHz) (kHz) (kHz) (kHz) (s) points  steps
Short-beaked common 20 11.8 12.4 8.7 15.4 0.68 1.7 1.2
dolphin (3.9 4.9 (2.3 (2.7 (0.43 (1.5 (1.6
24 12.3 13.8 8.7 16.7 0.70 1.8 1.2
4.3 4.9 2.3 (3.5 (0.42 1.5 1.7
30 12.6 14.1 8.6 17.5 0.75 1.8 1.2
4.7 (5.9 2.3 (4.9 (0.49 1.5 (1.8
40 12.9 14.1 8.6 17.7 0.75 18 1.2
(5.2 (5.4 (2.3 (4.6 (0.44 15 @
P 0.31 0.003 0.99 <0.001 0.55 0.84 0.93
Spotted dolphin 20 10.3 13.9 9.0 16.0 0.56 1.1 2.3
(4.9 4.9 (3.9 (3.6 (0.42 (1.9 (2.6)
24 104 15.6 9.0 18.4 0.60 1.2 2.7
4.5 (5.9 (3.9 4.2 (0.40 1.8 (3.3
30 104 16.1 9.0 18.9 0.62 1.2 2.8
4.5 (5.6 3.9 (4.9 (0.40 1.9 (3.9
40 104 16.8 9.0 19.4 0.63 1.2 2.8
4.5 (6.9 (3.9 (5.2 (0.40 1.9 (3.9
P 0.99 0.01 1.0 <0.001 0.59 0.86 0.77
Striped dolphin 20 10.4 12.5 8.6 15.1 0.61 1.6 1.6
(3.9 3.9 (2.9 (2.5 (0.39 1.8 (2.0
24 10.6 12.8 8.5 15.9 0.64 17 1.7
(3.9 (3.5 2.9 (3.3 (0.37 1.9 (2.1
30 10.6 12.8 8.5 15.9 0.64 17 1.7
(3.8 (3.5 (2. (3.3 (0.37 1.9 (2.7
40 10.6 12.8 8.5 15.9 0.64 1.7 1.7
(3.8 (3.5 (2. (3.3 (0.37 1.8 (2.7
P 0.97 0.70 0.99 0.17 0.92 0.96 0.94
Spinner dolphin 20 12.8 13.0 10.8 15.8 0.55 1.8 0.87
3.9 4.9 (3.1 (3.2 (0.49 (3.9 (1.5
24 135 14.6 11.1 17.4 0.66 2.0 0.98
(4.9 4.7 (3.7 (4.0 (0.49 k8 (@17
30 13.7 15.0 111 17.8 0.67 2.0 0.98
(4.7 (5.9 (3.7 (4.9 (0.49 38 (1.7
40 13.7 15.0 111 17.8 0.67 2.0 0.98
4.7) (5.9 (3.7 (4.9 (049 (@8 (17
P 0.52 0.003 0.87 0.001 0.26 0.73 0.99

was assumed that this degree of subsampling would allow a Following Oswaldet al. (2003, multivariate discrimi-
sufficient sample size to be obtained while minimizing thenant function analysi€DFA) was used to classify whistles to
risk of over-sampling groups or individuale/hich can lead species based on spectrographic measurements. Prior to run-
to non-independence of dataOverlapping whistles were ning DFA, continuous variable@requency variables, dura-
only included in the data set if each individual whistle con-tion, and number of steps and inflection pojnigere tested
tour could be discerned without question. for normality and were square-root or log transformed as

Four spectrogramé&12-point FFT, each with a differ- necessary. The binary varial{leresence/absence of harmon-
ent upper frequency limit20, 24, 30, and 40 kHz were ics) was coded as dummy variables. Discriminant function
created for each whistle using commercially available sounénalysis classifies whistles to prespecified groups based on
analysis software, SpectraPlus Eight variables were mea- orthogonal linear functions derived from the measured vari-
sured from the fundamental frequency of each whidtle: ables. Some whistles were missing measurements for one or
beginning frequencyHz), (2) ending frequencyHz), (3) more variables because a portion of the whistle extended
minimum frequencyHz), (4) maximum frequencyHz), (5) beyond the upper bandwidth limit. These whistles were ex-
duration(ms), (6) number of inflection pointg¢defined as a cluded from the DFA, resulting in different sample sizes for
change from positive to negative or negative to positivethe different upper bandwidth limit data sets.

slope, (7) number of stepgdefined as a sudden jump in A modified jackknife, or cross-validation, method was
frequency over a short time perigdand (8) presence/ used to calculate correct classification scores for DFAs. Each
absence of harmonids binary variablg recording session was omitted from the total sample and new
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TABLE Ill. Classification results of discriminant function analysis for the 20-kHz upper bandwidth limit data.
Percentages of whistles correctly classified for each species are in bold. Correct classification scores that are
significantly different §? test,a=0.05) than expected by chance alone are underlinedavalues are given

in the sixth column. The number of whistles included in the analysis for each spegiés diven in the last

column. Overall, 30% of whistles were classified to the correct species. This is significantly greater (
=0.02) than the 25% that would be expected by chance alone.

Predicted species

Short-beaked

common Spotted  Striped  Spinner
Actual species dolphin dolphin  dolphin dolphin P n
Short-beaked common dolphin 37% 16% 20% 27% 0.003 118
Spotted dolphin 21% 23% 32% 24% 0.76 56
Striped dolphin 24% 32% 16% 28% 0.05 93
Spinner dolphin 19% 18% 21% 42% <0.001 85

discriminant functions were calculated for classification ofpercent of whistles with off-scale variables even further. No
the omitted whistles. The discriminant functions calculatedwhistles had off-scale variables when the upper bandwidth
using this method were therefore created from data indeperimit was 40 kHz.
dent of the whistles being classified. This helped ensure that Descriptive statistic§means and standard deviatipns
whistles were classified based on species-specific charactdor all bandwidth limit data are given in Table Il. Only maxi-
istics rather than group- or individual-specific characteristicsmum and ending frequency showed significant differences
To evaluate correct classification scores, it is necessary twith increasing upper bandwidth limitone-way ANOVA,
compare them to what would be expected by chance alonex=0.05). Maximum and ending frequency increased signifi-
Chi-square was used to test whether correct classificatiogantly with increasing upper bandwidth limit in all species
was significantly greater than expected by chance alone. Staxcept striped dolphins.
tistical significance was evaluatedat 0.05 without correc- Results of the DFAs are given in Tables 1lI-VI. For all
tions for multiple testing. bandwidths, both overall percent correct classification
(30%—-37% and percent correct classification of spinner dol-
L. RESULTS phin whistles(37%—42% were significantly greater than the

' 25% expected by chance along?(tests; overallP<0.05;

A total of 484 whistles from 29 different recording ses- spinner dolphins,P<0.003). When the upper bandwidth
sions were included in the analygiBable ). Some whistle limit was 20 kHz, percent correct classification was not sig-
variables could not be determined if a portion of the funda-nificantly different than chance for spotted dolphii8%,
mental frequency of the whistle extended beyond the uppex? test,P=0.76) and was significantly less than chance for
limit of the analysis bandwidth. These variables were labeledgtriped dolphing16%, x? test,P=0.05). For both species,
as “off-scale” variables. The percent of whistles with off- percent correct classification increased to significantly
scale variables ranged from 11% for striped dolphins to 43%reater than chance when the upper bandwidth limit was in-
for spotted dolphins when the upper bandwidth limit was 20creased to 24 kHz x? tests; spotted dolphins, 40%
kHz (Table ). When the upper bandwidth limit was in- =0.002; striped dolphins, 36%,=0.01), and remained sig-
creased to 24 kHz, the percent of whistles with at least onaificantly greater than chance at all subsequent bandwidths.
off-scale variable decreased for every species, ranging frorm contrast, the percent of short-beaked common dolphin
0% for striped dolphins to 9% for spotted dolphins. An ad-whistles that were correctly classified was significantly
ditional 6 kHz increase in upper bandwidth limit reduced thegreater than chand&7%, y? test,P=0.003) when the upper

TABLE IV. Classification results of discriminant function analysis for the 24-kHz upper bandwidth limit data.
Percentages of whistles correctly classified for each species are in bold. Correct classification scores that are
significantly different 2 test,r=0.05) than expected by chance alone are underlinedPavalues are given

in the sixth column. The number of whistles included in the analysis for each spegiés diven in the last

column. Overall, 37% of whistles were classified to the correct species. This is significantly greater (
<0.001) than the 25% that would be expected by chance alone.

Predicted species

Short-beaked

common Spotted  Striped Spinner
Actual species dolphin dolphin dolphin dolphin P n
Short-beaked common dolphin 32% 19% 30% 19% 0.06 150
Spotted dolphin 15% 40% 25% 20% 0.002 91
Striped dolphin 22% 23% 36% 19% 0.01 104
Spinner dolphin 19% 15% 24% 42% <0.001 112

J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 Oswald et al.: Effect of bandwidth on species identification 3181



TABLE V. Classification results of discriminant function analysis for the 30-kHz upper bandwidth limit data.
Percentages of whistles correctly classified for each species are in bold. Correct classification scores that are
significantly different §? test,a=0.05) than expected by chance alone are underlinedavalues are given

in the sixth column. The number of whistles included in the analysis for each spegiés diven in the last

column. Overall, 36% of whistles were classified to the correct species. This is significantly greater (
<0.001) than the 25% that would be expected by chance alone.

Predicted species

Short-beaked

common Spotted  Striped  Spinner
Actual species dolphin dolphin  dolphin dolphin P n
Short-beaked common dolphin 29% 20% 31% 20% 0.27 161
Spotted dolphin 13% 42% 25% 20% <0.001 96
Striped dolphin 19% 21% 40% 20% <0.001 104
Spinner dolphin 21% 15% 27% 37% 0.003 117

bandwidth limit was 20 kHz and decreased to not signifi-and maximum frequency were all underestimated when the
cantly different than chance when the upper bandwidth limitupper bandwidth limit was 20 kHz. This whistle also has a
was increased to 24 kH@B2%, x? test,P=0.06), 30 kHz  harmonic component that was missed when the upper band-
(29%, x? test, P=0.27), and 40 kHz(30%, x? test, P width limit was 20 kHz.

=0.21). Overall, for the species in this study, loss of information
and misrepresentation had the greatest effect on measure-
IV. DISCUSSION ments of maximum and ending frequency. Both variables

increased significantly with increasing upper bandwidth limit
Th_e productio_n of clicks contz_iining ultrasonic compo- oy every species except striped dolphiiiable ).
nents is common in several dolphin speciés, 1980; Ka- Increased accuracy of whistle measurements resulting
mminga and Wiersma, 1981; Wiersma, 1982; Dawson, 19910 increasing bandwidth led to greater overall success in
Au, 1993; Lammeret al, 2003, and delphinid whistles of-  5.qstic species identification. Overall correct classification
ten have harmonic components that extend well above 2{, . 04404 from 30% to 37% when the upper bandwidth limit
kH,Z (Lammerset al, 2003. In contrast, the p_rodL_Jctlon of was increased from 20 to 24 kHz, and varied only slightly
wh|stlgs with fundamental frequencies extending mtp the uI-When bandwidth was increased furtii@ables 1ll—\Vi). More
trasonic rlange h‘f"s been Idocum(.anted for few Spétmf"l; substantial increases were evident in some individual species
?Oe(;;'etgr%niegz?s; Qu Si)gs %rghig,vvﬁiasflrem:zszrr]to?rnei '(\)/I]J :”r, percent correct classification scores. Percent correct classifi-
' ? . P cation of spotted and striped dolphin whistles increased from

four species examined in this study contained whistles W|thnot significantly different than chandspotted dolphinsor

fundamental frequencies extending into the ultrasonic range.. .. . . L
While all specigs produced high—?requency whistles Sogglgmﬂcantly less than chano@triped dolphinx to signifi-

used high frequencies more often than others. For exampl&antly greater than chance when the upper bandwidth limit

43% of spotted dolphin whistles had fundamental frequenwas increased from 20 to 24 kHz. Classification success for

cies that extended beyond 20 kHz, compared to only 11% 0tf)oth species increased further with subsequent increases in
striped dolphin whistle€Table . ' bandwidth, but the most sizeable increases occurred between

The presence of whistles with fundamental frequencie€0 and 24 kHz. o
extending beyond the upper limit of the analysis bandwidth In contrast, p_ercent corre_ct cIa_ssmcatlon of short-beaked
can lead to inaccurate representations of whistle contours arfmmon and spinner dolphin whistles decreased as band-
have an adverse effect on the ability to classify whistles tgvidth increased. Even with these decreases, classification
species. For example, the spotted dolphin whistle shown iguccess for spinner dolphin whistles remained significantly
Fig. 2 has an ending frequency of 39 kHz. When this whistledreater than chance at all bandwidths. Percent correct classi-
was analyzed using an upper bandwidth limit of less than 4dication of short-beaked common dolphin whistles decreased
kHz, it was impossible to determine not only ending fre-from significantly greater than chance at 20 kHz upper band-
quency, but also maximum frequency and whistle durationwidth limit to not significantly different than chance at all
This whistle also has harmonics that were completely misse@ther upper bandwidth limits. This was an unexpected result
when the upper bandwidth limit was less than 30 kHz. as both species had a relatively high percentage of off-scale

In addition to this loss of information, the presence ofwhistles when the upper bandwidth limit was 20 kHz and
off-scale variables can lead to misrepresentations of whistlegelatively low percentages of off-scale whistles at higher up-
The fundamental contour of the striped dolphin whistleper bandwidth limits. Also, average maximum frequency and
shown in Fig. 3 appears to be entirely below 20 kHz whenaverage ending frequency increased significantly with in-
the upper bandwidth limit is 20 kHgFig. 3(@]. When the  creasing bandwidth for both species.
upper bandwidth limit is increased to 24 kHz it becomes  Fewer off-scale whistles and more accurate whistle mea-
apparent that this contour does contain energy above 20 kHaurements should lead to more complete representations of
[Fig. 3(b)]. For this whistle, duration, beginning frequency, whistles at higher upper bandwidth limits. It was expected
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TABLE VI. Classification results of discriminant function analysis for the 40-kHz upper bandwidth limit data.
Percentages of whistles correctly classified for each species are in bold. Correct classification scores that are
significantly different §? test,a=0.05) than expected by chance alone are underlinedavalues are given

in the sixth column. The number of whistles included in the analysis for each spegiés diven in the last

column. Overall, 37% of whistles were classified to the correct species. This is significantly greater (
<0.001) than the 25% that would be expected by chance alone.

Predicted species

Short-beaked

common Spotted  Striped  Spinner
Actual species dolphin dolphin  dolphin dolphin P n
Short-beaked common dolphin 30% 20% 31% 19% 0.21 163
Spotted dolphin 13% 44% 23% 20% <0.001 100
Striped dolphin 19% 19% 42% 20% <0.001 104
Spinner dolphin 20% 16% 26% 38% 0.001 117

that this would lead to greater classification success, but adolphin whistles that were missing from the 20-kHz upper
illustrated in the cases of short-beaked common and spinndrandwidth limit data set, only one was misclassified as a
dolphins, this was not always true. In addition, striped dol-striped dolphin whistle when included in the 24-kHz upper
phins had the lowest percentage of off-scale whistles whebandwidth limit DFA. Many (=15) of the missing short-
the upper bandwidth limit was 20 kHz and their whistle vari- beaked common dolphin whistles were misclassified as spot-
ables did not change significantly with increasing bandwidthied dolphins and one third were correctly classified. This
yet striped dolphin correct classification scores increaseduggests that the observed changes in patterns of classifica-
markedly with increasing bandwidth. Thus, classificationtion were not caused directly by the added whistles, but were
success was not directly related to the percentage of off-scal@ore likely caused indirectly by the influence of additional
whistles or changes in mean whistle variables with increaswhistles on the calculation of discriminant functions. Dis-
ing bandwidth. criminant functions are orthogonal linear functions derived
To further explore trends in classification success, patfrom the measured variables and will be affected by the re-
terns of misclassification were examined. When the uppefationship of whistle variables to one another as well as the
bandwidth limit was increased from 20 to 24 kHz, the per-yalues of the whistle variables themselves. Consequently,
cent of short-beaked common dolphin whistles that were corgyhen evaluating the benefits of increasing bandwidth, it is
rectly classified decreased. At the same time, the percent ¢fot sufficient to examine the percent of off-scale whistle
short-beaked common dolphin whistles that were misclassizariables or changes in whistle variables with changes in
fied as striped dolphins increasethbles Ill and 1. It was  pangwidth for individual species. It is also necessary to con-

hypothesized that the additional whistles being misclassified;jer the ways in which representations of whistles change in
as striped dolphins by the 24-kHz upper bandwidth limit,q5tion to whistles of other species.

DFA were those that had been excluded from the 20-kHz |1 js important to note that although percent correct clas-
upper bandwidth limit DFA(recall that whistles with off- sification of short-beaked common and spinner dolphin

scale variables were excluded from the DFAhis hypoth- | histies did decrease with increasing bandwidth, the de-

esis was rejected because, of the 33 short-beaked Commepeases(S% for spinner dolphins and 8% for short-beaked

common dolphinswere minor compared to the 21%pot-

ted dolphin and 26%(striped dolphin increases in correct

> classification that were observed.

36 ’ Even with sufficient bandwidth, classification success

was lower than desirable for use as a field identification tool.

= : Classification was based on eight variables that could be

- measured relatively easily and reliably in the field. These

- /ﬂ,x variables, however, do not provide complete representations

it 3 of whistles and may miss whistle characteristics that carry

12 species-specific information. Fristrup and Watki(i9©93

. measured variables such as amplitude, median frequency,
and mode frequencffrequency corresponding to the largest

~o01 02 08 04 05 06 07 08 09 energy value in the spectrynirom the vocalizations of 53

Time (sec) marine mammal specig@cluding mysticetes, odontocetes,

and pinnipeds They devised a number of statistical mea-

FIG. 2. Spotted dolphin whisti¢512 point FFJ. Maximum frequency,  sures to quantify the relationships among time, amplitude,

ending frequency, and duration were impossible to measure when thgnq frequency. When tree-based classification models were

whistle was analyzed using an upper bandwidth limit less than 40 kHz. . . N

Harmonics were completely missed when the upper bandwidth limit Wasapp“ed to these variables, 66% of the vocalizations were

less than 30 kHz. classified to the correct species. Another approach to whistle

42

Frequency (kHz)
N
£
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a) recorders, which typically have the capability to sample at
. either 44100 or 48000 kilo-samples/second. The results of
X this study suggest that the use of DAT recorders is sufficient
Y : for examinations of the fundamental frequencies of most dol-
\\ e phin whistles, however care should be taken to sample at
48000 kilo-samples/second. If alternate equipment is avail-
able, advantages can be gained by recording and analyzing
dolphin whistles at higher sampling rates.

N

Frequency (kHz)

o

0 '0.1 - 0.2 0.3 0.4 70.5’ 06 0.7 0.8 0.9 ACKNOWLEDGMENTS

Time (sec)

We would like to extend our thanks to Xenia Brobeil,
Ann Chen, Megan Ferguson, and Tom Norris for their many
b) hours spent at sea recording whistles. We gratefully acknowl-
2 g edge the patience and cooperation of the scientists and crew
Ay = aboard the NOAA shipMcArthur. This project could not
- have been completed without the aid of skilled visual observ-
®] X ers: Eric Archer, Lisa Ballance, Isabel Beasley, James Car-
2 % = retta, James Cotton, Anne Douglas, Michael Force, Tim Ger-
rodette, Chris Hoefer, Kathy Hough, Brett Jarrett, Doug
Kinzey, Erin LaBrecque, Sarah Mesnick, Laura Morse, Paula
Olson, Richard Rowlett, Juan Carlos Salinas, Ernesto
; : Vazquez, and Suzanne Yin. Many thanks are due to Michael
P , Oswald, Tonya Huff, Marc Lammers, and one anonymous
i : : b e reviewer for insightful and helpful suggestions on drafts of
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 thls manUSCI’Ipt

Time (sec)

Frequency (kHz)
N
\

r—— = =

FIG. 3. Striped dolphin whistlé512 point FFT. (a) Upper bandwidth

limit = 20 kHz. (b) Upper bandwidth limit 24 kHz. Beginning frequency, ~Au, W. W. L. (1980. “Echolocation signals of the Atlantic bottlenose dol-
maximum frequency, and duration were underestimated and harmonic waspPhin (Tursiops truncatusin open waters,” inAnimal sonar systemsdited
missed when the whistle was analyzed using an upper bandwidth limit less by R. G. Busnel and J. F. FigiPlenum, New York

than 24 kHz. Au, W. W. L. (1993. The Sonar of DolphingSpringer-Verlag, New York
pp. 32-35.
Au, W. W. L., Lammers, M. O., and Aubauer, R999. “A portable broad-
classification was taken by Buck and Tyad®93 and Mc- band data acquisition system for field studies in bioacoustics,” Marine

Cowan (1995. In these studies, overall whistle contours Mammal Sci.15 526-530. o
( 3 arlow, J.(1995. “The abundance of cetaceans in California waters. Part I:

were com.pared rather than specific acoustic parameters. Dil?sr1ip surveys in summer and fall of 1991.” Fish. BB, 1—14.

ferent variables and approaches such as these could increasgk, J. R., and Tyack, P. (1993. “A quantitative measure of similarity

the accuracy of delphinid species identification. for Tursiops truncatusignature whistles,” J. Acoust. Soc. Arg4, 2497—
: 2506.

. Ar.wther cause of the lower than_ (_jes!rable C(_)r_rect CIaSBuckIand, S. T., Anderson, D. R., Burnham, K. P, Laake, J. L., Borchers, D.
sification scores cquld be t.hat cla§S|f|cat|on decisions Were | and Thomas, L(2001). Distance Sampling: Estimating Abundance of
based on one whistle at time. This may be analogous to Biological PopulationgOxford U.P. Oxford.
asking a visual observer to determine species from a singl@’a‘rreia'd J. \{) T_ay'OTf’ E- 't-)-y and Ch;\g}:& 3-(3002- “Ab;f?danceha”d

. . . P e . ept Istribution o arpor porpoi ocoena phocoenan northern
random surfacmg of a smgle individual. DEtermmmg species California determined from a 1995 ship survey,” Fish. B@i§, 29—-39.
based on several whistles may prove more reliable than clagyark, c. w., and Fristrup, K. M(1997. “Whales '95: a combined visual
sifying one whistle at a time. and acoustic survey of blue and fin whales off Southern California,” Rept.
The results of this study suggest that for the four species Int- Whal. Comm.47, 583-600. o _
included. an er bandwidth limit of at least 24 kHz is awson, S. M.(1991). “Clicks and communication: the behavioural and
Inclu d’f upp : Wi ! I’[ i f the fund z Ita#social contexts of Hector’s dolphin vocalizations,” Etholo@; 265-276.
required for an accurate representation or the funaament@xistrup, K. M., and Watkins, W. A(1993. “Marine animal sound classifi-
frequencies of their whistles and for optimizing the ability of cation,” Woods Hole Oceanographic Institution Technical Report WHOI-
computerized statistical techniques such as DFA to classif%g“'l?’- . ) _
these whistles to species. The percentage of Oﬁ-scaleOOId' J. C.(1998. “Acoustic assessment of populations of common dol-
; ) P : . P g . phin off the west Wales coast, with perspectives from satellite infrared
whistles, mean maximum and ending frequencies, and over-imagery,” J. Mar. Biol. Assoc. U.K78, 1353—1364.
all percent correct classification scores showed marked difsoold, J. C., and Jones, S. @995. “Time and frequency domain charac-
ferences when the upper bandwidth limit was increased from t€"istics of sperm whale clicks,” J. Acoust. Soc. A8, 1279-1291.
pr_) . L. n(]sordon, J. C. D., Matthews, J. N., Panigada, S., Gannier, A., Borsani, J. F.,
20 to 24 k_HZ- Incregsmg the upper bandW'dth limit beyond and Di Sclara, G. Notarbartol(2000. “Distribution and relative abun-
24 kHz did result in fewer off-scale whistles as well as dance of striped dolphins in the Ligurian Sea Cetacean Sanctuary: Results
changes in whistle variables and percent correct classifica-from an acoustic collaboration,” J. Cet. Re%.27-36.

; . ; mmond, P. S., Berggren, P., Benke, H., Borchers, D. L., Collet, A., Heide-
tion scores; however, these changes were minor compared orgensen. M. P., Heimlich. S.. Hiby, A. R.. Leopold, M. ., and Oien. N.

the changes occgrring between.20 and 24 kHz. (2002. “Abundance of harbour porpoise and other cetaceans in the North
Many acoustic research projects involve the use of DAT Sea and adjacent waters,” J. Appl. Ec88, 361-376.

3184 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 Oswald et al.: Effect of bandwidth on species identification



Holt, R. S.(1987. “Estimating density of dolphin schools in the eastern Rasmussen, M. H., and Miller, L. A2002. “Whistles and clicks from

tropical Pacific ocean by line transect methods,” Fish. B&fll.419—434. white-beaked dolphind,agenorhynchus albirostrisecorded in Faxafloi
Jaramillo-Legorreta, A. M., Rojas-Bracho, L., and Gerrodett¢1999. “A Bay, Iceland,” Ag. Mamm .28, 78—89.

new abundance estimate for vaquitas: first step for recovery,” MarineRendell, L. E., Matthews, J. N., Gill, A., Gordon, J. C. D., and MacDonald,

Mammal Sci.15, 957-973. D. W. (1999. “Quantitative analysis of tonal calls from five odontocete
Jefferson, T. J(2000. “Population biology of the Indo-Pacific humpbacked  species, examining interspecific and intraspecific variation,” J. Z248),

dolphin in Hong Kong waters,” Wildlife Monogrl44, 1—-65. 403-410.

Kamminga, C., and Wiersma, K{1981). “Investigations on cetacean sonar Rjchardson, W. J., Green, C. R., Malme, C. I., and Thomson, Ii1805.
Il. Acoustical similarities and differences in odontocete sonar signals,” Ad. Marine Mammals and NoisgAcademic, San Diego
Mamm. 8, 41-62. Stafford, K. M., Nieukirk, S. L., and Fox, C. G1999. “An acoustic link

Kinzey, D., Gerrodette, T., Dizon, A., Perryman, W., Olson, P., and Rankin, penveen blue whales in the eastern tropical Pacific and the northeast Pa-
S.(2003). “Marine mammal data collected during a survey in the eastern it » Marine Mammal Sci.15. 1258—1268.

Srgr%igil \;::J ?;'2; ogiigﬁﬁg?rg tzhgogl(,?g'g‘ustﬂxigrg:g;;?:sljsac\{édnféagenteﬁteiner, W. W.(198)). “Species-specific differences in pure tonal whistle
- ! ' lizati f fi t th Atlantic dolphi ies,” Behav. Ecol.
Technical Memorandum NOAA-TM-NMFS-SWFSC-303. \é%i?c;éi:ognszjll—v2e4\ges e e FOIpIn Species, e B0

Lammers, M. O., Au, W. W. L., and Aubauer, RL997. “Broadband char- 00"y A Fisher, S. A., and Ferm, L. (1986. “Acoustic detection of

acterylystlcs of spinner dolphifStenella longirostris social acoustic sig- cetaceans using a towed array of hydrophones,” Rept. Int. Whal. Comm.
nals,” J. Acoust. Soc. Am102, 3122.
Spec. Iss8, 139-148.

Lammers, M. O., Au, W. W. L., and Herzing, H. [2003. “The broadband ; ;
social acoustic signaling behavior of spinner and spotted dolphins,” J_Thompson, P., Findley, L. T., and Vidal, (1992. *20 Hz pulses and other

Acoust. Soc. Am114 1629—1639. V(_)calizat_ions of fin whaleBalaenoptera physalué the Gulf of Califor-
Leaper, R., Chappell, O., and Gordon(1992. “The development of prac- nia, Mexico,” J. Acoust. Soc. Am92, 3051-3057. )

tical techniques for surveying sperm whale populations acoustically,” Thompson, P., Findley, L., Vidal, O., and Cummings, (#096. “Under-

Rept. Int. Whal. Comm42, 549—560. water sounds of blug WhaIeBaIaenoptera muscului the Gulf of Cali-
Matthews, J. N., Rendell, L. E., Gordon, J. C. D., and MacDonald, D. W. fornia, Mexico,” Marine Mammal Scil2, 288-292.

(1999. “A review of frequency and time parameters of cetacean tonal'Vade, P. R., and Gerrodette, (1993. “Estimates of cetacean abundance

calls,” Bioacoustics10, 47—71. and distribution in the eastern tropical Pacific,” Rept. Int. Whal. Commn.
McCowan, B.(1995. “A new quantitative technique for categorizing 43 477—-493.

whistles using simulated signals and whistles from captive bottlenose dolVang, D., Wursig, B., and Evans, W1995. "Comparisons of whistles

phins (Delphinidae,Tursiops truncatus” Ethology 100, 177—193. among seven odontocete species,"Sensory Systems of Aquatic Mam-
Norris, T. F., McDonald, M., and Barlow, §1999. “Acoustic detections of mals edited by R. A. Kastelein, J. A. Thomas, and P. E. Nachtigad

singing humpback whaled/legaptera novaeangliaén the eastern North Spil, Woerdep, pp. 299-323.

Pacific during their northbound migration,” J. Acoust. Soc. A6, 506—  Weilgart, L., and Whitehead, H(1993. “Coda vocalizations in sperm

514. whales (Physeter macrocephaluff the Galapagos Islands,” Can. J.
Oswald, J. N., Barlow, J., and Norris, T. 2003. “Acoustic identification Zool. 71, 744-752.

of nine delphinid species in the eastern tropical Pacific ocean,” MarineWiersma, H.(1982. “Investigations on cetacean sonar IV. A comparison of

Mammal Sci.19, 20-37. wave shapes of odontocete sonar signals,” Aq. Mar@nh7-66.

J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 Oswald et al.: Effect of bandwidth on species identification 3185



