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ABSTRACT 24 

Students of animal communication face significant challenges when deciding how to 25 

categorise calls into subunits, calls, and call series.  Here, we use algorithms designed to parse 26 

human speech to test different approaches for categorising calls of killer whales.  Killer whale 27 

vocalisations have traditionally been categorised by humans into discrete call types.  These calls 28 

often contain internal spectral shifts, periods of silence, and synchronously produced low and 29 

high frequency components, suggesting that they may be composed of subunits.  We describe 30 

and compare three different approaches for modelling Norwegian killer whale calls.  The first 31 

method considered the whole call as the basic unit of analysis.  Inspired by human speech 32 

processing techniques, the second and third methods represented the calls in terms of subunits.  33 

Subunits may provide a more parsimonious approach to modelling the vocal stream since (1) 34 

there were fewer subunits than call types; (2) nearly 75% of all call types shared at least one 35 

subunit.  We show that contour traces from stereotyped Norwegian killer whale calls yielded 36 

similar automatic classification performance using either whole calls or subunits.  We also 37 

demonstrate that subunits derived from Norwegian stereotyped calls were detected in some 38 

Norwegian variable (non-stereotyped) calls as well as the stereotyped calls of other killer whale 39 

populations.  Further work is required to test whether killer whales use subunits to generate and 40 

categorize their vocal repertoire. 41 

 42 

 43 
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 45 
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An important question in animal behaviour and communication concerns how the brain 47 

encodes and decodes a sequence of acoustic signals.  Most studies of animal communication 48 

categorize vocalizations in terms of complete calls.  An alternative view hypothesizes that many 49 

vocalizations may be made up of smaller subunits.  The vocal production system might generate 50 

complete vocalizations by sequencing these subunits (Fee et al. 2004; Glaze & Troyer 2006, 51 

2007).  The auditory system may parse the acoustic stream into subunits, which are then 52 

combined to yield categorization of complete calls.  For example, humans first process speech 53 

into subunits called phonemes, which are then combined into meaningful words.  Songbirds may 54 

similarly construct songs from subunits called syllables, which are thought to be the basic unit of 55 

song production (Glaze & Troyer 2006, 2007).  Humans and songbirds can recombine a small 56 

number of subunits to form a large number of signals. 57 

 58 

Vocal production learning is the process by which vocal signals are modified due to 59 

experience with the signals of other individuals (Janik & Slater 1997, 2000).  There is evidence 60 

for vocal production learning in humans, many species of songbirds and certain species of 61 

cetaceans (see Janik & Slater 1997, 2000 for reviews).  For species capable of vocal learning, 62 

neural mechanisms for learning subunits and sequences of those subunits may enable production 63 

of novel calls.  Zebra finches (Taeniopygia guttata), for example, learn serial strings of song 64 

syllables and intervening periods of silence from a variety of adult tutors and can then reorder 65 

these syllables to produce their own song (Williams & Staples 1992).  In this paper, we 66 

investigate whether killer whale calls can be categorized in terms of subunits, and we explore the 67 

implications of the subunit level of analysis. 68 

 69 
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Certain features help define the boundaries of subunits.  In birdsong, for example, 70 

syllables are generally defined as continuous and discrete elements separated by silence (Lemon 71 

& Chatfield 1971; Eales 1985; Eens et al. 1989).  Zebra finches whose songs were 72 

experimentally interrupted during a song syllable usually stopped singing at the end of the 73 

syllable, suggesting that the syllable was a unit of sound production (Cynx 1990; Franz and 74 

Goller 2002; and see Riebel & Todt 1997 for a similar result for nightingales (Luscinia 75 

megarhynchos)).  In human speech, positions of maximum spectral transition are important for 76 

consonant and vowel perception (Furui 1986). 77 

 78 

The classic mode for categorizing the calls of killer whales (Orcinus orca) is at the level 79 

of complete stereotyped calls (see Ford 1987; Strager 1993; Filatova et al. 2004).  By contrast, 80 

Yurk (2005) proposed that the calls of killer whales from Alaska and British Columbia may be 81 

composed of subunits.  He used abrupt and discontinuous spectral shifts to define boundaries 82 

between subunits in killer whale vocalisations.  Two features of Norwegian killer whale calls 83 

suggest that they may also be comprised of smaller subunits.  First, Norwegian killer whales 84 

produce compound calls, which are concatenations of multiple discrete calls, each of which can 85 

be produced individually or within other compound calls (Strager 1993, 1995).  This might 86 

suggest that Norwegian killer whales take advantage of a similar mechanism to fashion the call 87 

types themselves from a set of even smaller subunits.  Second, call subtypes have been described 88 

(Ford 1991; Strager 1995), which can be formed by rearranging the subunits.  Moreover, Yurk 89 

(2005) extracted subunits (as contour traces from spectrograms) from the calls of resident and 90 

transient killer whales living in British Columbia, categorised these traces by eye (using their 91 

“gestalt” to aid the differentiation) and found that human classifiers agreed with these divisions.  92 
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Examples of the Norwegian call types motivating this work are depicted in Figure 1, and are 93 

consistent with the notion that a set of subunits might be rearranged to generate a larger 94 

repertoire of call types. 95 

 96 

Killer whale call types have been classified into similar categories by human observers 97 

sorting calls aurally and spectrographically and by neural networks relying on temporal and 98 

spectral features of the fundamental frequency (Deecke et al. 1999; Deecke & Janik 2006).  A 99 

portion of the killer whale repertoire has been labelled “variable,” a miscellaneous class of vocal 100 

behaviour containing the calls that have not sorted neatly into one of the stereotyped categories 101 

(Rehn et al. 2007).  The stereotyped calls of killer whales can contain synchronously produced 102 

low and high frequency components (LFCs (80 – 2400 Hz) and HFCs (2 – 12 kHz), respectively, 103 

Hoelzel & Osborne 1986; Ford 1987; Miller & Bain 2000) that are presumably generated by two 104 

independent sources (see Miller et al. 2007 for a discussion).  Such independent control would 105 

allow these animals to increase their repertoire simply by varying the LFC and HFC pairings. 106 

 107 

Here, we take advantage of techniques that have been developed in the field of human 108 

speech recognition to compare different approaches for modelling the stereotyped calls of 109 

Norwegian killer whales.  One of the hallmarks of human language includes an ability to use 110 

vocal production learning to generate a vast array of words from a set of a few dozen phonemic 111 

units (Nowak et al. 2000; Hauser et al. 2002).  Early attempts at using words to drive automatic 112 

speech recognition gave way to phonemic representations that improved performance on large 113 

vocabularies considerably.  Vocal learning by killer whales has been suggested (though not 114 

demonstrated) by several studies (Bowles et al., 1988; Foote et al., 2006; Nousek et al., 2006; 115 
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Riesch et al., 2006), offering additional incentive for considering the parallels of vocal 116 

production in killer whales, songbirds and humans.  Traditionally, killer whale call types have 117 

been regarded as the fundamental units of vocal production in this species.  Fashioned after the 118 

approaches developed for human speech research, in this study killer whale vocalisations were 119 

decomposed to test whether a smaller set of acoustic segments may define subunits that can be 120 

assembled to form the call repertoire.  This research does not propose that early categorizations 121 

were incorrect.  Rather, we evaluated whether a subunit approach could yield similar call 122 

categories. 123 

 124 

In this paper, we first evaluated and compared three approaches for classifying calls of 125 

Norwegian killer whales.  One approach was based on traditional classification techniques, 126 

which used the whole call type as the basic unit of analysis.  The other two approaches modelled 127 

call types using subunits, which could be shared or not shared across the call types.  Second, we 128 

tested the possibility of modelling certain variable (non-stereotyped) calls using subunits derived 129 

from stereotyped calls.  Finally, inspired by the small yet universal set of phonemes that are sub-130 

sampled to form each human language (see Zhu et al. 2005), we quantified how well the 131 

inventory of subunits derived from Norwegian stereotyped calls could be used to characterise the 132 

repertoire of resident and transient killer whales from the waters off British Columbia. 133 

 134 

METHODS 135 

 136 

Data Collection 137 

 138 
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Fieldwork was conducted in November 2005 and 2006 in the northern Norwegian fjords 139 

of Tysfjord and Vestfjord near the Lofoten islands (~68°15’ N, ~16°E).  Fourteen free-ranging 140 

killer whales were outfitted with digital archival tags (DTAGs) that sampled audio at 96 kHz 141 

using 16-bit resolution and individual movement at 50 Hz (Johnson & Tyack 2003).  The 142 

dimensions of the tag in its housing were 20 cm x 10 cm x 4 cm.  The tag including its housing 143 

and attachment weighed 330 g in air (<0.0003% of weight of whale), and it was slightly buoyant 144 

in the water.  (Since the identity of the social group in which the killer whales spent much of 145 

their time was not known reliably for all of the study animals, categorising calls at the group 146 

level was not feasible.)  The animals were approached in a rigid hull inflatable boat and the tags 147 

were attached with suction cups using a 7m carbon fibre hand pole.  These approaches were 148 

conducted following procedures to minimise disturbance of the tagged whale and other whales in 149 

the group.  The protocol called for leaving any whale bothered by the approach (e.g., showing 150 

strong avoidance behaviour), but no negative responses were observed.  If tagging attempts were 151 

repeatedly unsuccessful (over the course of ~2 hours and corresponding to ~10-15 approaches) 152 

with a particular animal, a different individual or group was selected for tagging to minimise 153 

disturbance.  If a whale was disturbed by the tag, it could have removed the tag by a sudden 154 

motion or burst of acceleration.  There was no evidence that the tags impeded normal behaviour. 155 

The tags were programmed to have the suction cups release at a predetermined time with 156 

the longest attachment lasting 4.7 hours.  A VHF (very high frequency) beacon was used to track 157 

the tagged animal from an observation platform (i.e., the sailboat Iolaire or the Norwegian 158 

research vessel Sverdrup) and to recover the tag once it released after a pre-programmed period 159 

of time.  The data were offloaded and then cleared from memory to allow re-deployment of the 160 

tag.  A total of 31.8 hours of recordings were made from 13 animals engaged in feeding, 161 
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travelling and resting behaviours (one of the attachments did not contain any vocalisations). 162 

In addition, calls produced by resident and transient killer whales off of British Columbia 163 

were recorded with towed hydrophone arrays and single hydrophones, respectively (see Miller & 164 

Tyack 1998; Deecke et al. 2005 for data collection and processing details), and were kindly 165 

provided for the analysis here.  The fieldwork was approved by the Norwegian Animal Care 166 

Committee (Forsøksdyrutvalget ref 2004/20607-4) and followed the WHOI Institutional Animal 167 

Care and Use Committee approved protocol for field work using DTAGs. 168 

 169 

Call Type Assignments 170 

 171 

All recordings were audited manually and calls with a sufficient signal-to-noise ratio 172 

(SNR) were used for classification purposes.  Calls were manually labelled by visual inspection 173 

of spectrograms by three observers and the lead author.  Earlier studies using this approach have 174 

demonstrated high inter-observer reliability scores and compare favourably to automated 175 

approaches involving neural networks (Bain 1986; Ford 1991; Deecke et al. 1999; Yurk et al. 176 

2002; Deecke & Janik 2006).  Call types were matched whenever possible to pre-existing call 177 

type labels for Norwegian killer whales provided in the literature.  Strager (1993) identified the 178 

first 34 call types (i.e., N1 to N34) and Van Opzeeland et al. (2005) added call types N35 to N63.  179 

New call types identified in this research were assigned new numbers (N64 to N103; see Shapiro 180 

2008 for spectrograms).  A total of 487 calls were considered variable because they could not be 181 

classified to call type.  Calls from the resident and transient killer whales off British Columbia 182 

had already been sorted to type according to Ford (1987) and Deecke (2003). 183 

 184 
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Contour Tracing 185 

 186 

A pitch tracking algorithm developed for human telephone speech that relies on the 187 

harmonic structure of a vocal signal (Seneff 1978; Wang 2001) was used to trace the 188 

fundamental frequency of both the low and high frequency components (LFC and HFC, 189 

respectively) of killer whale calls.  (For details on the algorithm, see Shapiro & Wang (2009).)  190 

All pitch contours were checked manually against the original spectrograms and if necessary, 191 

portions were smoothed and re-traced. 192 

 193 

Research on birdsong, killer whale calls and human speech has used silent periods and 194 

abrupt spectral shifts to define subunit boundaries.  Similarly, in this study we designated subunit 195 

boundaries whenever there was at least a 0.1s span of silence or a 500 Hz spectral jump 196 

occurring within 0.25s (Figure 2; see Shapiro 2008 for the contour traces of all calls).  The LFC 197 

and HFC of a call were often divided into subunits at different time points.  For several calls, the 198 

frequency changes were gradual instead of abrupt (i.e., lasting longer than 0.25s).  These calls 199 

were divided into two or three subunits according to call type using a segmentation algorithm.  200 

This algorithm fit the call contour to a polynomial and designated the subunit boundaries at time 201 

points of maximum deviation (see Shapiro 2008 for a full explanation of this algorithm and 202 

Adam 2008 for another approach). 203 

 204 

Call Classification Experiments 205 

 206 

In the rest of this paper, we propose and evaluate three different approaches towards 207 
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modelling killer whale calls.  These approaches used the whole call type, unshared subunits and 208 

shared subunits as the basic units of analysis, respectively.  For evaluation purposes, 3530 calls 209 

were collected and manually labelled as described earlier.  These calls were then randomly split 210 

into a training set of 90% of the data, and a test set of 10%.  Only call types with at least 10 211 

exemplars were considered.  Acoustic features based on Legendre polynomial coefficients were 212 

extracted and used to train Gaussian mixture models (GMMs) for each call type.  GMMs have 213 

been shown to achieve robust performance when modelling the acoustic subunits of human 214 

speech, or phonemes (e.g., Bonafonte et al. 1996).  Figure 3 illustrates how each of the 215 

approaches modelled the contours of three sample call types. 216 

 217 

Whole contour experiment (WCE) 218 

 219 

In the first experiment, the basic unit of killer whale vocal production was the whole call 220 

type.  A 4
th

-order Legendre polynomial was fit to each LFC and HFC, linearly interpolating 221 

between subunits separated by silent intervals.  Although any polynomial family might have 222 

performed similarly, this class and order of Legendre polynomials were selected because of their 223 

precedence in human speech research (i.e., Legendre polynomials were used to characterise the 224 

tones of Mandarin Chinese: Chen & Wang 1990; Wang 2001).  This interpolation permitted the 225 

contour of the entire call to be represented continuously.  Six parameters that characterised the 226 

contour properties were calculated: (1) the duration, (2 – 5) the first 4 Legendre coefficients, 227 

which represented the basic spectral shape, and (6) the root mean square (RMS) error between 228 

the polynomial curve and the actual trace, capturing the extent of frequency modulation.  This 229 

feature space was designed to provide a simple rendering of the dataset, but lacked information 230 
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about the energy, harmonics and other details of the original signal. 231 

 232 

A GMM was trained for each call type by computing the mean vector and covariance 233 

matrix of the 6-dimensional acoustic features extracted over the corresponding training set.  234 

Classification was performed by assigning each call in the test set to the call type whose GMM 235 

yielded the maximum likelihood.  For the test set calls containing both an LFC and an HFC 236 

contour, the likelihood of the LFC evaluation was added to that of the HFC evaluation.  The call 237 

type yielding the maximum sum constituted the matching class. 238 

 239 

For all experiments, classification was aided by only considering as possible matches 240 

those call types containing the same components (i.e., LFC alone, HFC alone, LFC and HFC 241 

together) and number of subunits (see USE below) as the test contour.  All three experiments 242 

were assessed based on call type error rate (i.e., how often an incorrect call type was chosen for 243 

each call type in the test set).  Results were reported as error rates ± the standard error (s.e.), 244 

which allowed comparison between the three experiments. 245 

 246 

Unshared subunit experiment (USE) 247 

 248 

In the second experiment, call types were assumed to be composed of subunits, which 249 

where were not shared across different call types.  Each call type was characterized by a unique 250 

subunit or sequence of these subunits.  For example, call type N9.2 consisted of two subunits, 251 

which represented the sections before and after the spectral shift (Figure 2).  A separate GMM 252 

was trained for each of the subunits.  To classify a new incoming call, we computed the 253 
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likelihood(s) of each of the contour subunit(s) matching all of the call type subunits.  For calls 254 

with multiple subunits, the likelihood was summed over all the subunits; the sequence of 255 

subunits providing the maximum sum constituted the matching class.  Suppose, for example, we 256 

had an incoming call, C, and the segmentation algorithm determined that it consisted of segments 257 

A and B.  For each of these two segments, the 6-dimensional acoustic features were extracted and 258 

scored against all the trained GMMs.  Each segment was then labelled with the subunit 259 

corresponding to the highest likelihood.  If A and B were matched to the first and second subunits 260 

of call type N9.2, call C would be classified as N9.2.  In a second scoring for this experiment, a 261 

call type was considered a correct match if the call contained a sequence of the same shared 262 

subunits (see SSE) as the correct call type.  This ensured that the SSE was not given any unfair 263 

advantage over the USE because of differences in how the subunits were labelled.  Rather, the 264 

difference was whether the subunits were unshared or shared across call types. 265 

 266 

Shared subunit experiment (SSE) 267 

 268 

In the third experiment, call types were assumed to be composed of subunits, where 269 

subunits could be shared across different call types.  The subunits presented in the previous 270 

section were collapsed into classes using the following technique: 1) a GMM was trained for 271 

each subunit using all of its corresponding data; 2) each subunit was then classified using 272 

maximum likelihood; 3) the subunits that were the most confusable were collapsed into the same 273 

class.  Certain call types had exemplars containing both an LFC and HFC, but had entries in the 274 

test set that contained traces of only the LFC or HFC because the SNR of the other component 275 

was too low for accurate pitch tracking.  Due to the absence of one of the frequency components, 276 
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the call type could not be resolved appropriately and these test set entries were considered to 277 

match incorrectly.  Using the same sample across the three experiments allowed us to compare 278 

the results equivalently. 279 

 280 

Variable Norwegian Killer Whale Calls and Stereotyped British Columbia Killer Whale Calls 281 

 282 

In this section, variable (non-stereotyped) Norwegian calls and stereotyped calls from 283 

resident and transient killer whales in British Columbia will be referred to collectively as 284 

“auxiliary calls.”  The segmentation algorithm presented earlier was applied to variable 285 

Norwegian call traces whose RMS error (between the contour and the 4
th

-order Legendre 286 

polynomial) exceeded that of the stereotyped subunits.  The resulting divisions were inspected 287 

visually and only segmentation decisions corresponding to abrupt (within 0.25s) frequency 288 

changes were retained.  For each of the 26 Norwegian stereotyped shared subunits described 289 

earlier, a set of likelihood values was collected as follows: 1) each subunit from the test set was 290 

evaluated against the 26 trained GMMs; 2) the best likelihood value was retained if the subunit 291 

matched correctly.  These will be referred to as correct-match likelihood values.  Each auxiliary 292 

call subunit was classified to the Norwegian stereotyped shared subunit that returned the largest 293 

likelihood, Lmax.  Success was evaluated by comparing Lmax to the correct-match likelihood 294 

values of the matching subunit.  For example, if Lmax was greater than 25% of the correct-match 295 

likelihood values, this would be considered a match at the 25% correct-match threshold. 296 

 297 

RESULTS 298 

 299 
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 The 3530 calls used in this analysis belonged to 31 call types (16 with LFC only, 3 with 300 

HFC only and 12 with both LFC and HFC).  A total of 62 different subunits (39 LFC subunits 301 

and 23 HFC subunits) was considered by the unshared subunit experiment (USE), and 26 302 

different subunits (19 LFC subunits and 7 HFC subunits) for the shared subunit experiment 303 

(SSE).  The categorization efficiency of all three experiments was equivalent (error rates ± 304 

standard error for WCE: 0.074 ± 0.014; USE first scoring: 0.088 ± 0.015; USE second scoring: 305 

0.077 ± 0.014; SSE: 0.071 ± 0.014).  The distributions of the error rates formed from 100 runs of 306 

these experiments overlapped (Figure 4).  In other words, representing stereotyped calling 307 

behaviour in terms of whole calls, unshared subunits and shared subunits all provided equally 308 

strong categorization results. 309 

 310 

Results for the Norwegian variable calls (N = 576 calls; 675 subunits) and British 311 

Columbia Northwest resident (N = 192 calls and subunits, since each of the call types used here 312 

contained a single subunit) and transient (N = 162 calls; 207 subunits) stereotyped calls are 313 

presented in Table 1.  The values in this table correspond to the percentage and number of 314 

auxiliary calls whose Lmax exceeded the correct-match threshold for that particular subunit (see 315 

Methods).  That is, a portion of the auxiliary calls and subunits matched successfully with the 316 

Norwegian stereotyped subunits.  The Norwegian variable calls matched more often than British 317 

Columbia calls with the Norwegian stereotyped calls, and the transient calls matched more 318 

frequently than resident calls.  Figure 5 plots a sampling of the best matches for each auxiliary 319 

call category.  The first column corresponds to a 90% correct-match threshold and the second 320 

and third columns correspond to 25% correct-match thresholds. 321 

 322 



 15 

Although each call type was defined by a unique combination of subunits, certain LFC or 323 

HFC subunit sequences were occasionally shared across types.  We examined how many call 324 

types drew on the pool of shared subunits and what their patterns of occurrence were.  Seven 325 

LFC and 4 HFC subunits were formed from subunits shared by at least two different call types 326 

(Figure 6).  Table 2 counts the number of call types composed entirely of call-specific subunits, 327 

entirely of shared subunits, or a mixture of shared and call-specific subunits. 328 

 329 

Eighteen of the 31 call types were comprised entirely of shared subunits and another five 330 

contained at least one shared subunit (together constituting 53% of the calls, Table 2).  Within 331 

our recordings, some segments were used much more frequently than others, including LFC 332 

subunit 4 and HFC subunits 1 and 2 (see Figure 6 for subunit labels).  Distinct call types resulted 333 

when the same arrangements of HFC subunits were paired with different combinations of LFC 334 

subunits (and vice versa).  Three shared LFC and two shared HFC subunits were produced at the 335 

same position within a sequence, consistently beginning or ending multiple call types.  For 336 

example, when paired, HFC subunit 2 always preceded HFC subunit 1.  Subunits could be 337 

ordered more flexibly as well: two shared LFC and one shared HFC subunits were produced at 338 

different positions within a sequence. 339 

 340 

DISCUSSION 341 

 342 

 Human speech processing methods (i.e., a pitch tracking algorithm, segmentation 343 

algorithm, and Gaussian mixture models (GMMs)) were successfully adapted and applied here to 344 

analyze Norwegian killer whale vocalisations.  We are not aware of any similar applications of 345 
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these human speech processing algorithms to animal calls, and our success suggests that these 346 

methods may be useful for other species.  Though the call type has historically been viewed as 347 

the basic unit of killer whale stereotyped vocal production, we used a classification test to 348 

explore whether the vocal repertoire could be parsed and represented just as accurately using 349 

smaller subunits.  Compared to the approach of categorizing whole call types, a few pieces of 350 

evidence from this study support the notion that killer whales may use an inventory of call 351 

subunits to assemble at least some of their calls.  In particular, 1) similar classification was 352 

achieved when the sorting was based on either the whole call type or the inventory of subunits, 353 

and the set of shared subunits may well be superior because it is simpler, requiring less 354 

information, computation and memory load (see below), 2) nearly 75% of all stereotyped calls 355 

contained at least one subunit shared across calls, and 3) the set of stereotyped shared subunits 356 

provided reasonable matches for many of the variable calls.  Each of these points is considered in 357 

turn. 358 

 359 

 The whole contour experiment (WCE) and shared subunit experiment (SSE) suggested 360 

that a killer whale could construct its entire stereotyped vocal repertoire either by storing a large 361 

number of whole call types or by rearranging a smaller set of shared subunits, respectively.  362 

Since the subunit set tripled in size when the subunits were not shared across calls, one may 363 

conclude that the unshared subunit-based representation was less likely from the perspective of 364 

reducing memory requirements.  The SSE demands only a third of the number of subunits used 365 

by the unshared subunit experiment (USE), permitting a more condensed and efficient 366 

representation.  The success of the SSE approach supports the viewpoint that killer whale calls 367 

can be segmented into fewer and simpler vocal units, which can generate the same repertoire 368 
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defined by the larger and more complex set of whole call type contours used in the WCE.  The 369 

reduction in memory load afforded by the smaller shared subunit count may be offset by the need 370 

to retain the rules used to generate and decode the repertoire from these subunits. 371 

 372 

The 11 shared LFC and HFC subunits identified here generated a variety of different call 373 

types (Figure 6).  Most call types were built from at least one of the shared subunits, supporting 374 

the notion that many of the calls were constructed from a set of common subunits.  One basic 375 

pattern witnessed here indicated that the LFCs could be formed by linking longer strings of 376 

subunits together successively, whereas the dominant HFC subunit combination was conserved 377 

across multiple call types (see Figure 1).  The data presented here suggest a rule-based system in 378 

which subunits are only arranged in certain orders and combinations, but further work is required 379 

to test the patterns by which killer whales recombine subunits to form calls. 380 

 381 

The results suggested a system in which new call types could be generated by 382 

concatenating additional subunits and interspersing them with periods of silence or stringing 383 

them together as a continuous vocalisation.  Such a system could flexibly yield the size and kind 384 

of repertoire produced by these animals.  In addition, new call types could be fashioned from 385 

existing call types simply by adding, deleting or reordering subunits.  This study does not offer 386 

proof, however, that the killer whales were actually creating their calls in this manner.  One 387 

promising research direction in captivity would involve training killer whales to synthesise novel 388 

calls by serially producing components heard from a loudspeaker and/or to decompose playback 389 

calls by producing the set of constituent subunits with longer gaps of silence than usual.  This 390 

could offer important supporting evidence that killer whales are capable of generating and 391 
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deconstructing signals by combining and isolating subunits, respectively.   392 

 393 

 Nearly half of the variable calls matched a stereotyped subunit with a likelihood that 394 

rivalled at least 10% of the correct-match likelihood values (Table 1, Figure 5).  In other words, 395 

many of the variable calls, which generally have been considered to be distinct from stereotyped 396 

calls, sorted into the subunit categories generated from the stereotyped repertoire.  This suggests 397 

that variable calls may differ less from stereotyped calls than previously thought and that at least 398 

some variable calls may represent different arrangements of the same subunits found in 399 

stereotyped calls. 400 

 401 

 The prospect that killer whales build their calls from smaller subunits is reinforced by the 402 

observation that compound calls can be constructed from whole stereotyped calls (Strager 1993, 403 

1995; Shapiro 2008).  This suggests a nested system of vocal production in which similar rules 404 

of flexible sequencing assemble subunits into call types, which can then be assembled into 405 

compound calls.  A large portion of the killer whale vocal repertoire can be defined by a system 406 

that flexibly generates new call types from a few dozen subunits but employs only a subset of the 407 

possible combination of these subunits.  This kind of vocal structure of smaller subunits building 408 

the repertoire is consistent with analyses of birdsong (Glaze & Troyer 2007), analyses conducted 409 

on Alaskan resident and transient killer whale stereotyped calls (Yurk 2005), and analyses of 410 

humpback whale (Megaptera novaeangliae) song (Payne & McVay 1971; Payne et al. 1984; 411 

Suzuki et al. 2006). 412 

 413 

 A portion of the stereotyped calls from British Columbia resident and transient killer 414 
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whale matched successfully with the Norwegian subunits identified here (Table 1, Figure 5).  415 

There are two explanations for this result.  First, it is to be expected that a certain proportion of 416 

signals will overlap between populations by chance because the sound production apparatus of 417 

killer whales operates within a finite temporal and spectral range.  Second, similar to humans, 418 

each population of killer whales may use a portion of a common universal inventory of subunits, 419 

stringing these together in specific sequences to form the calls in its own vocal repertoire.  Such 420 

an explanation is consistent with the possibility of a repertoire of subunits shared across 421 

populations.  The lower success rates for matching the stereotyped British Columbia calls to 422 

stereotyped Norwegian calls compared with matching the variable Norwegian calls to 423 

stereotyped Norwegian calls (Table 1) do indicate important divergent properties between the 424 

populations that need to be considered. 425 

 426 

Supposing that these animals have separate production control over each individual 427 

subunit, further work should test the rates and kinds of subunit modification that occur over time.  428 

If shared subunits change (see Ford 1991 for an early discussion of the issue and Deecke et al., 429 

2000 for a demonstration; Miller & Bain 2000; Yurk 2005) similarly across call types, this would 430 

support the view that calls are composed of discrete subunits whose acoustic features may slowly 431 

alter independent of the call of which they are a part.  This idea is analogous to the manner in 432 

human language in which the drift in production of certain vowels across words can lead to 433 

regional dialects and accents. 434 

 435 

This paper suggests that killer whales may assemble their calls from subunits that appear 436 

to be shared across calls and possibly across populations.  This suggestion has implications both 437 
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for the auditory processing of call categorization and for the motor systems that produce vocal 438 

behaviour.  Most previous research on killer whale calls has treated the call as the basic unit and 439 

has focused on an interpretation that each whale learns the distinctive repertoire of calls for its 440 

group (e.g., Ford 1987, 1989; Strager 1993; Filatova et al. 2004).  An alternative interpretation 441 

developed by our results suggests that all killer whales may share a repertoire of subunits, and 442 

that each individual learns to create calls from different combinations of a subset of these 443 

subunits. 444 

 445 

This view suggests that killer whales may devote auditory categorization processes to 446 

detecting a common set of subunits before detecting and categorising the entire call as a unit.  On 447 

the motor side, this view predicts that killer whales might develop pattern generators for subunits 448 

and generate calls by organizing sequences of subunits.  Several kinds of evidence from 449 

songbirds suggest that syllables are a basic unit of song production.  For example, song syllables 450 

are produced with a single expiratory pulse of air, and most gaps correspond to short inhalations 451 

(Wild et al. 1998; Franz and Goller 2002).  Glaze & Troyer (2006) showed that the timing of 452 

syllables is more stable than that of the gaps.  Cynx (1990) and Franz & Goller (2002) 453 

demonstrated that when a songbird is disturbed by a flash of light, it completes the subunit 454 

before silencing.  All of these studies (which could be conducted in killer whales) suggest that 455 

subunits are produced by relatively modular motor programs.  Hahnloser et al (2002), Fee et al. 456 

(2004), and Glaze & Troyer (2007) suggest that the fundamental unit of birdsong may be even 457 

smaller than syllables, with song timed by 5-10ms bursts of neural activity that act like a 458 

timekeeper for the sequence of sounds comprising song. 459 

 460 
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Compared with the call-oriented view, the subunit-oriented view presented here suggests 461 

a different perspective on vocal production learning in killer whales.  Future work on vocal 462 

development in captivity could examine whether the vocal subunits emerge earlier than the 463 

complete call types in a manner similar to language development in humans (see Kuhl 2000).  464 

Ultimately, the ideas presented here will have to be tested at the neurobiological level to 465 

determine whether killer whales construct their calls through sequences of motor programs that 466 

generate subunits, and whether they perceive their calls by categorizing sequences of subunits. 467 

 468 
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FIGURE CAPTIONS 615 

 616 

Figure 1.  Examples of the call types motivating this study.  The three spectrogram panels on the 617 

left are variations of the basic N72 call.  N72.2 contains a short additional subunit at the end of 618 

the call and N72.3 contains two such additional subunits.  The four spectrogram panels on the 619 

right can be assembled from top to bottom by sequentially adding both low (LFC) and high 620 

frequency components (HFC) to the N16.1 base. 621 

 622 

Figure 2.  The abrupt, non-continuous spectral shifts (left: N9.2) and intervals of silence (right: 623 

N72.3) of certain call types were considered boundaries defining subunit edges (indicated here 624 

with arrowheads). 625 

 626 

Figure 3.  Schematic illustration of the three experiments described in the text.  The top row 627 

depicts the original traces for the low frequency components of 3 different call types: N12.1, a 628 

continuous and descending vocalisation; N16.1, a continuous call that was segmented due to its 629 

abrupt frequency change (marked by the thin dotted line); N72.2, a call containing two subunits 630 

separated by a brief period of silence.  The second row plots the 4
th

-order Legendre polynomial 631 

fits used in the first whole contour experiment (WCE) in light grey.  Each contour was 632 

considered continuous and silent intervals were interpolated over (indicated by the thick dotted 633 

line connecting the two N72.2 subunits).  The contours were labelled by adding zeros until two 634 

places to the right of the decimal point were filled.  The unshared subunit experiment (USE) is 635 

shown in the third row.  Here, the subunits of each call were represented with a polynomial 636 

(N16.1 and N72.2 were divided into two subunits using the segmentation algorithm and silent 637 
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interval, respectively), but were labelled distinctly.  The hundredths place in the label was used 638 

to count each successive subunit for a particular call type.  The final row demonstrates treatment 639 

according to the subunit segment experiment (SSE).  The segmentation decisions and polynomial 640 

fits were the same as in the USE but the labelling allowed call types to share subunits.  For 641 

example, the second subunits of both N16.1 and N72.2 belonged to shared subunit 4.  Subunits 642 

that appeared only in a single call type retained their USE label (e.g., 12.11). 643 

 644 

Figure 4.  Categorization error rates (i.e., how often the members of the test set were assigned to 645 

different call types than human expert judgments) for all experiments.  Each experiment was run 646 

100 times to compute the mean error rate ± standard error. 647 

 648 

Figure 5.  Sampling of matches of variable (non-stereotyped) calls from the Norwegian 649 

population (first column) and stereotyped calls from British Columbia killer whale resident 650 

(second column) and transient (third column) populations (dark black traces) with stereotyped 651 

calls from the Norwegian population (gray traces).  Each sub-panel is titled with the Norwegian 652 

stereotyped subunit match.  The titles of the British Columbia call panels also contain the call 653 

type of the resident or transient call.  The number following the hyphen in the transient call label 654 

refers to the subunit number.  The frequency and time axes for each subpanel vary. 655 

 656 

Figure 6.  a: Subunits found in at least two call types.  Note different axis scales.  b: Colour code 657 

for subunit traces from different call types (legend locations in (b) match panel locations in (a)).  658 

The numbers refer to the call type (digits up to and including the tenths place) and subunit 659 

number (digit in the hundredths place).  For example, 8.01 refers to call type N8 and subunit 660 



 30 

number 1 and 72.32 refers to call type N72.3 and subunit number 3. 661 
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Lay summary for manuscript “Comparing call-based vs. subunit-based methods for categorizing 

Norwegian killer whale (Orcinus orca) vocalisations” by Shapiro, Tyack & Seneff. 

 

Words are the fundamental unit of meaning for human speech, but are made up of shorter, shared 

acoustic elements called phonemes. However, many studies of animal communication treat each 

call as an independent unit.  Here we test whether killer whale calls can be represented as 

effectively by sequences of subunits as by the entire call. We compared three models for how 

these calls might be represented: (1) whole calls, (2) assembled from subunits unique to each 

call, or (3) subunits shared across calls. Performance of the models was equivalent. Still, calls 

composed of shared subunits may provide a simpler approach to understand killer whale vocal 

behaviour since (1) there were fewer subunits than call types, (2) nearly 75% of all call types 

shared at least one subunit. Subunits derived from Norwegian stereotyped calls were also 

detected in variable calls from Norway, and even from two Canadian populations of killer 

whales. 

*Lay Summary



TABLE 1.  How well do the Norwegian variable calls and the stereotyped calls of British 

Columbia (BC) resident and transient killer whales (i.e., auxiliary calls) match to call 

subunits from the Norwegian population?  For each bold heading, the first and second 

columns contain the percent and count of auxiliary calls, respectively, that met various 

correct-match thresholds (see Methods). 

 
Percentage of 
auxiliary calls 

matching 
Norwegian 
stereotyped 
subunits at 

least as well as 
those subunits 

matched 
themselves 

Norwegian 
variable calls 

BC resident 
stereotyped calls 

BC transient 
stereotyped calls 

% % N % N % N 
5  72.4 489  30.7  59  56.0  116 
10  53.5  361  20.3  39  39.6  82 
25  26.2  177  3.6  7  11.6  24 
50  10.8  73  0  0  2.9  6 
75  4.0  27  0  0  0.0  0 
90  1.9  13  0  0  0.0  0 
95  1.1  7  0  0  0.0  0 

Non-highlighted revised tables



TABLE 2. Counts of all call types (first row), call types containing both a LFC and HFC 

(second row), a LFC alone (third row) and a HFC alone (fourth row) that were comprised 

of call-specific subunits only (first column), subunits shared across different call types 

(second column), and a mixture of call-specific and shared subunits (third column). 

 
 call types formed 

from call-specific 
subunits 

call types formed 
from subunits 
shared across 
different call 

types 

call types 
formed from a 
mixture of call-

specific and 
shared subunits  

all call types 8 18 5 
LFC & HFC 2 8 2 

LFC 6 7 3 
HFC 0 3 0 

 


