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ABSTRACT 

Vocal dialects have been described in many species, but most studies so far have 

focused on territorial species such as songbirds and humans. This study investigates 

patterns of structural variation in the stereotyped calls of 9 matrilineal units of killer whales 

(Orcinusorca) with congruent home ranges. 

In Chapter I, I describe an index of acoustic similarity based on neural network analysis of 

frequency contours. I test this index on simulated signals, and compare it to similarity 

ratings from three human subjects. The index could discriminate along global differences 

in contour frequency, as well as localized differences in frequency and shape. It rated 

similarity comparably to humans, since differences between ratings among subjects 

exceeded differences between subject ratings and the neural network index. 

In the second Chapter, I analyse 2 call types used by 2 groups over a 12 year period to 

identify mechanisms of vocal differentiation. A test for structural modification detected 

significant changes in one call type in both groups, but not in the other. The rate of 

differentiation between both groups was significantly lower for the modified call type than 

the rate of modification in one group showing that modifications are transmitted between 

groups. Results of an analysis of structural parameters are consistent with a theory of 

structural drift. 

In Chapter III, I quantify patterns of structural variation for 4 call types shared by 9 

matrilineal units. Patterns are consistent across some call types, and similarity ratings for 

two call types are correlated with the frequency of association among groups. This 

presents additional evidence for the role of cultural transmission in maintaining structural 

similarity of shared calls. 

This study shows that discrete calls of killer whales are modifiable behavioural traits and 

transmitted through learning. Since multiple vocal traditions persist in spite of frequent 
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acoustic contact between their members, this study presents evidence for selective 

copying in resident killer whales. If association patterns reflect kinship among matrilineal 

units as they do among individuals and among communities, similarity of shared call types 

indicates the degree of maternal relatedness, and may function in kin recognition or mate 

choice. 
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GENERAL INTRODUCTION 

GENERAL INTRODUCTION 

True vocal dialects in the communicative signals of a species are best defined as 

variations in the vocalizations of social groups of animals which are in acoustic contact 

(Conner, 1982). This definition distinguishes vocal dialects from geographic variation in 

the vocal behaviour of a species, defined in turn as differences in the vocalizations of 

groups or populations caused and maintained by acoustic isolation. Since the first 

definition implies that the vocal distinctiveness of individuals or groups is maintained in 

spite of the potential for exchange with neighbouring individuals or groups, it infers that 

the dialects serve a social function, and are not merely by-products of genetic, or cultural 

drift. 

Mundinger (1982) studying bird song defines vocal dialects as variant acoustic traditions 

shared by local populations and separated by other acoustic traditions through dialect 

boundaries. This definition is similar to that of Conner (1982) in that it postulates the 

presence of vocal differences among neighbouring animals (dialect boundaries). 

Mundinger's definition, however, is strictly geographic and therefore only useful for 

territorial species, such as birds or humans, where dialects can be delineated by spatial 

boundaries. It cannot be easily applied to those species where dialects distinguish social 

groups or populations with congruent or overlapping home ranges. 
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GENERAL INTRODUCTION 

True dialects have been documented in a variety of taxa, but are probably most prevalent 

among birds (e.g., Mundinger, 1982; Catchpole and Slater, 1995). The presence of group 

specific or regional dialects appears to be the rule rather than the exception among most 

families of songbirds {Oscines; Mundinger, 1982), and vocal dialects have also been 

documented among parrots {Psittaciformes ; Nottebohm, 1976; Wright, 1996) and 

hummingbirds {Trochilidae \ Snow, 1968; Wiley, 1971). 

Among mammals, individual variation in vocal signals has been documented for many 

species. Examples are the signature whistles of bottlenose dolphins {Turs/ops 

truncatus; Caldwell and Caldwell, 1965; Sayigh et al., 1990; Sayigh et al., 1995), the 

individual-specific isolation calls of newborn big brown bats {Eptesicus fuscus; Rasmuson 

and Barclay, 1992), and the mother-pup recognition calls of many species of pinnipeds 

(e.g., Insley, 1992, but see Job et al., 1995). In contrast, group-specific vocal dialects in 

the sense of Conner (1982) so far have only been established in killer whales {Orcinus 

orca ; Ford, 1989, 1991; Strager, 1995), sperm whales (Physeter macrocephalus ; 

Weilgart and Whitehead, 1997), greater spear-nosed bats (Phyllostomus hastatus ; 

Wenrick Boughman, 1997), and pigtail macaques {Macaca nemestrina; Gouzules and 

Gouzules, 1990). Many other reports of dialects in non-human primates (e.g., Mitani et al., 

1992) describe geographic variation of acoustically isolated groups rather than true 

dialects in the sense of Conner (1982). 
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GENERAL INTRODUCTION 

The function of individual vocal variation is often obvious. Both bats and pinnipeds rear 

their young in communal roosts or rookeries, and vocal signatures allow females to 

identify their offspring after returning from foraging trips. The role of individual signatures 

in bottlenose dolphins, on the other hand, is somewhat more debated, although kin 

recognition probably also plays an important role. Sayigh (1992) showed that female 

bottlenose dolphins are more likely to turn towards the signature whistle of an offspring 

(including independent offspring). Furthermore, bottlenose dolphins hunt cooperatively 

(Hoese, 1971; Bel'kovich et al., 1991), which creates a need for individual recognition 

(Crowley et al., 1996). Sayigh et al. (1995) found that male bottlenose dolphins, which is 

the dispersing sex in this species, develop a signature whistle similar to that of their 

mother. This vertical transmission between generations of the signature whistles of 

bottlenose dolphins may serve to prevent inbreeding, since in subsequent encounters 

males would be recognized as kin by their mothers as well as their sisters (since they are 

familiar with the maternal signature whistle). The same function has been postulated for 

dialects in the song and distance call of zebra finches (Taeniopygiaguttata; Zann, 1990), 

where juvenile males preferentially copy their father's song (Zann, 1990; Mann and Slater, 

1995). Familiarity with their father's vocalizations may allow female birds to avoid mating 

with their brothers. 

Several hypotheses have attempted to explain the function of group dialects in birds (see 

Payne, 1981a; Mundinger, 1982 for summaries). Marler and Tamura (1962), as well as 

Treisman (1977, 1978) suggest that vocal dialects indicate the genetic constitution of a 
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GENERAL INTRODUCTION 

population, and promote philopatry or prevent inbreeding. Payne and Payne (1977) 

studying village indigo-birds (Vidua chalybeata) concluded that dialects in this species act 

as a secondary sexual characteristic and function in sexual selection. Finally, Nottebohm 

(1975, 1985) argues that vocal dialects in birds are products of vocal adaptation to local 

differences in the acoustic environment since juvenile birds may preferentially learn those 

song elements which are best transmitted in the local sound scape. 

As behavioural traits which exhibit variation across a wide range of scales, vocal dialects 

have received a great deal of attention from researchers interested in the ontogeny of 

behaviours (e.g., Mundinger, 1995). Whether the ability to actively acquire and modify 

vocal patterns is a prerequisite for vocal dialects is still the subject of much debate. 

Mundinger (1982) postulates that all dialects are the product of vocal learning, and all 

studies which tested for vocal learning in bird species with vocal dialects support his claim 

(Kroodsma and Baylis, 1982; Slater, 1989). Other researchers, however, argue that 

differences in the vocalizations of individuals could be genetic (Janik and Slater, 1997), or 

could be the product of differential selection of certain vocal patterns from a common, 

genetically coded repertoire (Nelson and Marler, 1994). 

In species where dialects are the product of vocal learning, they represent complex, 

culturally transmitted behavioural traits. Cultural transmission is defined as the acquisition 

and modification of behaviours through learning and copying as opposed to genetic 

inheritance (Mundinger, 1980). The main functional differences between these forms of 

4 



GENERAL INTRODUCTION 

behavioural ontogeny are that cultural transmission allows for horizontal transmission of 

behaviours between members of the same generation, and for oblique transmission 

between unrelated members of different generations (Lynch, 1996). Because learned 

vocal dialects represent a highly variable behavioural trait that is often easy to quantify, 

they have played an important part in generating and testing theories on gene-culture co-

evolution (humans: Cavalli-Sforza and Feldman, 1981; Barbujani, 1991; Cavalli-Sforza, 

1997; songbirds: Gibbs, 1990; Lougheed and Handford, 1992). 

In killer whales, vocal dialects were first described by Ford and Fisher (1982) from the 

coastal waters of British Columbia. Here, so-called resident killer whales live in extremely 

stable matrilineally organized social groups. The nuclear unit of resident killer whale 

society is the matrilineal unit which consists of a female and her offspring. Juvenile 

dispersal appears to be completely absent in the resident populations, since even after 19 

years of study, members of the same matrilineal unit have never been observed out of 

acoustic range of each other (Bigg et al., 1990). Because killer whales are long-lived 

(mean life expectancy for females: 50.2 years; for males 29.2 years; Olesiuk et al., 1990), 

matrilineal units often contain three, sometimes four generations. Only after the oldest 

female dies, do her daughters who by then usually have offspring of their own, start 

travelling apart. This break-up, however, is very gradual, and sisters whose mother has 

died, may still spend the majority of time associated. 
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GENERAL INTRODUCTION 

Bigg et al. (1990) grouped matrilineal units that travelled together more than 95% of the 

time into subpods. Subpods which were seen the majority (>50%) of the time together 

were grouped into larger social groups called pods. All pods that have been seen 

travelling together make up a community. The resident killer whales of British Columbia, 

Washington State, and Alaska belong to two distinct communities. The northern resident 

community ranges from central Vancouver Island to the Gulf of Alaska and likely consists 

of several subunits which only associate through intermediates (see Dalheim et al., 1997). 

The southern resident community travels the waters off southern Vancouver Island and 

Puget Sound. The ranges of the two resident communities overlap partially with that of 

offshore killer whales which appear to frequent the waters of the continental slope (Ford 

et al., 1994). Finally the range of the transient community extends from northern 

California to southeast Alaska and includes the ranges of both resident communities. 

Resident killer whales have never been observed travelling together with members of the 

transient community, or with offshore killer whales (Bigg, 1982; Ford et al., 1994). 

The vocal behaviour of killer whales consists of three types of vocal signals (Ford, 1989). 

Clicks are short pulses of sound, usually emitted in series, that are used as echolocation 

signals for orientation and prey capture (Awbrey et al., 1982; Barrett-Lennard et al., 1996). 

Whistles are tonal signals with little or no harmonic content and range in frequency 

between 6 and 12kHz, although occasionally whistles can be a low as 1.5kHz or as high 

as 18kHz (Awbrey et al., 1982; Ford and Fisher, 1982; Ford, 1989). Whistles tend to be 
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GENERAL INTRODUCTION 

most common in social contexts (Ford, 1989).There is some evidence for stereotyped 

whistles in killer whales (H. Jurk, F. Thomsen, pers. comm.). 

The majority of killer whale vocalizations fall into the third category of pulsed or burst-

pulsed sounds (Ford and Fisher, 1982). Due to the high pulse repetition frequencies 

(between 120 and 4500Hz for the calls analysed in this study), pulsed calls have distinct 

tonal properties. Many pulsed calls contain an overlaid upper frequency component (at 6-

8kHz) which is not a harmonic of the pulse repetition frequency. The presence of this 

upper frequency component suggests that two independent structures function in sound 

production in killer whales. Ford and Fisher (1982), and Ford (1989) grouped pulsed calls 

into three categories. Discrete calls are highly stereotyped and can easily be assigned 

to different call types according to their structural properties. 70 to 95% of pulsed calls fall 

into this category (Ford and Fisher, 1982). Variable calls are not repetitive and cannot be 

divided into clearly defined call types. Finally, aberrant calls are structurally based on a 

discrete call type, but show some degree of modification. Like whistles, these tend to 

occur most frequently during social interactions (Ford, 1989). 

Members of the northern resident community have a vocal repertoire of 7 to 17 different 

discrete call types (Ford, 1989). Ford (1989, 1991) showed that captive individuals 

produced all call types in their group's repertoires. Call repertoires therefore represent 

true group dialects, and are not merely the sum of the individual signatures of a group's 

members. Ford (1984, 1989, 1991) also found that certain call types are shared among 
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GENERAL INTRODUCTION 

pods, and that different pods produce consistently different versions, or subtypes, of these 

shared call types. An acoustic clan includes all pods that share at least one call type 

(Bigg et al., 1990; Ford, 1991). The northern resident community contains three such 

clans. Matrilineal units of different clans within the same community still frequently 

associate and interact socially, although they have no call types in common. Strager 

(1995) has since described similar system of call repertoires from killer whales in the 

waters off northern Norway, which suggests that the presence of group dialects is not 

unique to eastern Pacific killer whales, but may be characteristic for the species as a 

whole. 

Although the presence of vocal dialects among resident killer whales is most 

parsimoniously explained by vocal learning (Ford, 1989, 1991), the ability to modify its 

vocal behaviour through learning has never been established unequivocally in this 

species (Janik and Slater, 1997). Bain (1986, 1988) gives a report of a female Icelandic 

killer whale mimicking the calls of a northern resident female in captivity. A similar incident 

of vocal mimicry has been described from the Vancouver Aquarium (John Ford, pers. 

comm.), where a male northern resident killer whale started copying the calls of a 

southern resident female and subsequently passed them on to two Icelandic juveniles that 

had never been in contact with the southern resident whale. Ford (1991) also showed that 

on rare occasions groups in the wild mimic calls of other acoustic clans which are not part 

of their acoustic repertoire. In a preliminary study, Bowles et al. (1988) recorded the vocal 

development of a killer whale calf born in captivity, and found evidence suggesting vocal 
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GENERAL INTRODUCTION 

copying as early as 12 days of age. At 1 year of age, its vocal repertoire resembled that 

of its mother more than that of any other individual in the exhibit. However, the role of 

vocal learning in establishing this repertoire could not be addressed. An alternative 

hypothesis for the occurrence of vocal dialects in killer whales therefore could be genetic 

transmission along maternal lines (Bowles et al., 1988; Janik and Slater, 1997), although 

it is difficult to explain a genetic mechanism for encoding the complex vocal differences 

observed among shared call types. 

The precise functions of killer whale vocal communication, and of killer whale group 

dialects in particular, are far from understood. Ford (1991) argues that killer whale calls 

function in the maintenance of group cohesion and in coordination of group activity. Most 

pulsed calls have high and low frequency components which are attenuated differentially. 

A listening whale therefore can obtain precise information on its distance from a caller, 

regardless of overall source level. Additionally, the upper frequency component is focused 

by the melon and therefore highly directional (Schevill and Watkins, 1966). For this 

reason, the relative strength of the upper frequency component communicates the 

orientation of a calling whale. Having group-specific dialects could serve to make this 

communication more effective, especially in situations where multiple matrilineal units 

associate and acoustic interference is a problem (Ford, 1991). 

Since members of different communities have never been seen travelling together during 

25 years of study, mating may occur preferentially within, or even be restricted to, the 
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GENERAL INTRODUCTION 

community. By signalling the degree of maternal relatedness of individuals, vocal dialects 

in resident killer whales may play a role in mate selection as a method to increase 

outbreeding. A similar function has been postulated for songbird dialects (Treisman, 1978; 

Grant, 1984). 

Each member of the northern resident community can be identified from the unique 

appearance of their dorsal fin and saddle patch (Bigg et al., 1990; Ford et al., 1994). This 

population has been studied for over 25 years, yielding much information on individual 

genealogies, life histories, and social interactions (Bigg, 1982; Bigg et al., 1990; Olesiuk 

et al., 1990). The luxury of a naturally marked population of identifiable individuals, in 

combination with the complex system of group dialects, makes the northern resident 

community a model population for the study of patterns of dialect development in killer 

whales, as well as for testing current hypotheses on the function of vocal dialects, and the 

nature of gene-culture interaction. 

Whereas all previous studies of killer whale vocal dialects have looked at patterns of 

acoustic variability on the level of the population (Awbrey et al., 1982) or the pod (Ford 

and Fisher, 1982; Ford, 1984,1989,1991; Strager, 1995), my study attempts to describe 

and quantify dialect variation at the level of the matrilineal unit, the smallest unit of 

resident killer whale society that can be encountered and recorded alone. The goal of my 

study is to identify the mechanisms of dialect development in killer whales through 
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GENERAL INTRODUCTION 

quantifying dialect differences both vertically, as change in the vocalizations of groups 

over time, as well as horizontally as vocal differences between related matrilineal units. 

In order to achieve this, a precise measurement of acoustic similarity is needed. Previous 

studies (Ford, 1991; Strager, 1995) have used the number of shared call types and call 

subtypes as an indicator of acoustic similarity of the vocal repertoires of different groups. 

However, since at the level of this study the vocal repertoires of matrilineal units are often 

identical, a more precise indicator based on the structure of shared call types rather than 

similarity of vocal repertoire, is called for. In the first chapter, I therefore introduce and test 

a new method of measuring the similarity of shared call types based on frequency contour 

extraction and neural network analysis. 

In the second chapter, I employ a historical approach to identify the mechanisms by which 

killer whale dialects evolve, I look at temporal change in the calls of two matrilineal units 

over a 12 year period. My objective for this chapter is to test whether vocal change can be 

detected over this period. Furthermore, quantifying the amount of structural change in 

both groups and comparing it to the acoustic difference between them presents a test for 

horizontal transmission of structural modifications to the calls. Knowledge of the 

mechanisms by which vocal change occurs and how it spreads through the population is 

crucial to interpreting patterns of vocal variation at any point in time. 
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GENERAL INTRODUCTION 

In Chapter III, I use the acoustic similarity index to compare the vocal signals of the 9 

different matrilineal subgroups which make up A-subclan (Ford, 1991) of the northern 

resident community. The goal of this chapter is to study structural variation of shared call 

types at the level of the matrilineal unit. I will test whether patterns of acoustic variation 

are consistent across call types, and interpret the observed patterns using the findings of 

Chapter II and knowledge about the social histories and genealogy of these groups. 

By developing a sensitive index of acoustic similarity, applying this index to identify the 

mechanisms of dialect development, and using this knowledge to interpret patterns of 

vocal variation among different social groups, I hope to contribute towards delineating the 

role of acoustic variation in maintaining the social structure of a wild population of marine 

mammals. I believe that in the context of the extensive and ongoing research on the 

behaviour, social dynamics, and population genetics of the northern resident community, 

this study may help to determine the function of vocal dialects in killer whales, and in 

animal communication in general. 
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CHAPTER I: Quantifying Complex Patterns of Acoustic Variation: 

Use of a Neural Network to Compare Killer Whale Calls 

INTRODUCTION 

One of the most widespread problems in the study of animal and human vocal 

communication is describing and quantifying the similarity of acoustic signals. A 

quantitative measure of acoustic similarity is crucial to any study comparing the 

vocalizations of different species, social groups, or individuals. Current approaches to this 

problem fall into two categories. Statistical approaches use univariate or multivariate 

statistics on measurements extracted from acoustic signals to quantify their similarity 

(e.g., Bailey, 1978; Symmes et al., 1979; Clark et al., 1987; Buck and Tyack, 1993; see 

Martindale, 1980, and Williams and Slater, 1991 for overviews of statistical methods). 

Perceptual approaches quantify acoustic similarity through ratings of similarity by human 

observers (e.g., Tyack, 1986; Sayigh et al., 1990), or by the ability of human or animal 

subjects to discriminate between classes of signals (e.g., Miller and Nicely, 1955; Loesche 

etal., 1992). 
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Statistical methods of quantifying acoustic similarity have the advantage of being objective 

and repeatable (Martindale, 1980; Clark et al., 1987), making it possible to compare the 

results from different studies. Biologically, however, such approaches may not be the 

most meaningful, since they only describe the physical properties of the signals and give 

no information on how they are perceived by the receiver (see Emlen, 1972; Horn and 

Falls, 1996). 

Perceptual approaches, on the other hand, although often biologically meaningful, have 

the problem of observer bias. Whereas ratings of similarity by the same observer are 

probably comparable, ratings made by different observers are often not. In addition, 

obtaining ratings by human observers or trained animals is a logistic challenge in 

experiments where the acoustic similarity of multiple samples needs to be assessed in 

pairwise comparisons, or where sample sizes are large. 

In this chapter, I introduce a method using an artificial neural network to quantify the 

acoustic variation of discrete calls of killer whales. Neural networks classify unknown 

patterns based on information obtained from a training set of known calls, and have been 

used successfully in the automated classification of animal vocalizations (e.g., Neumann 

et al., 1992; Ramani et al., 1993), including killer whale calls (Spong et al., 1993). 

However, since the performance of a neural network depends on the amount of consistent 

variation between the different patterns in the training set, I demonstrate that, much like 

confusion frequencies in psychometrics (e.g., Miller and Nicely, 1955), the discrimination 

14 
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error of a neural network can be used to assess and quantify the similarity of samples of 

acoustic signals. Artificial neural networks were developed by modelling biological 

systems of information processing (for overviews of artificial neural networks, see 

Dasgupta, 1991; Hinton, 1992). This bio-mimetic nature makes neural network analysis 

promising for comparing and integrating acoustic variation in a biological meaningful way 

while retaining the objectivity and repeatability of statistical approaches. 

To date, most studies have measured the similarity of killer whale dialects at the level of 

the vocal repertoire (Ford, 1989, 1991; Strager, 1995). In addition, Ford (1984, 1987) 

provides a quantitative analysis of structural variation in shared call types based on 

measurements taken of prominent features of the calls. He demonstrated that structural 

parameters of shared call types show significant differences between pods. Analysis of 

structural variation at the level of the matrilineal unit has since shown that different 

matrilineal units have structurally distinct versions of shared call types (D.E. Bain and P. 

Miller, unpublished data). Finally, individuals are likely to have unique "voices' due to 

anatomical variation in their sound-producing structures. Killer whale vocal communication 

therefore exhibits variation on a variety of levels. This graded continuum of acoustic 

variation provides a challenging field in which to test methods of quantifying the structural 

similarity of acoustic signals. 

Many studies measuring acoustic variation have used frequency contours to describe 

acoustic signals. Extraction of frequency contours from spectrograms determines the 
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fundamental frequency (or the pulse repetition frequency in pulsed signals) of a 

vocalization at certain time intervals (usually given by the temporal resolution of the 

spectrogram). This method has the advantage that, much like a behavioural gestalt 

(Kohler, 1929), the signal is analysed as a unit rather than broken down into disjunct 

measurements. In addition, biologically irrelevant information, such as background noise, 

is eliminated from subsequent analyses. The cost for the latter advantage, however, is 

that any relevant information in the amplitude domain is also lost. Until the development 

of computer-based methods, frequency contours were usually extracted manually. Most 

automated procedures used so far (e.g., Buck and Tyack, 1993) have been developed for 

analysing recordings obtained under controlled circumstances from captive or temporarily 

isolated animals. 

The discrete calls of killer whales are pulsed signals that often exhibit rapid modulation of 

the pulse repetition rate. Unlike the signals of many birds or other delphinids, the highest 

amount of energy is not always in the first, second, or third harmonic. The complexity of 

these calls and the fact that the field recordings used in this study often contained high 

levels of background noise, meant that extraction algorithms from the literature (e.g., Buck 

and Tyack, 1993) were not satisfactory. In this chapter I therefore describe a new method 

of extracting frequency contours that is robust to high levels of background noise and 

promises to be applicable to acoustic signals from a large number of species. 
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Similarity of frequency contours has been assessed by a variety of methods. Bailey 

(1978) used analysis of variance of samples of frequency contours to arrive at a similarity 

index for bobwhite quail {Coiinus virginianus) separation calls. Sayigh et al. (1990) 

quantified similarity of frequency contours of bottlenose dolphin whistles by asking human 

subjects to judge the similarity of contours. Buck and Tyack (1993) calculated average 

differences in frequency between contours after 'warping' the time axis to maximize 

contour correlation. Finally, McCowan (1995) used a combination of cross correlation, 

principal component analysis, and cluster analysis to quantify contour similarity. 

In this chapter, I measure the similarity of frequency contours by assessing the 

performance of a neural network at classifying unknown contours using information 

obtained from a known training set. I test the performance of the neural network index on 

two sets of simulated signals, presenting the neural network with increasingly consistent, 

but diffuse variability in one case, and highly localized variation in the other. To see how 

the neural network index rates the similarity of biological signals, I use frequency contours 

extracted from the calls of 9 matrilineal units of killer whales belonging to A-subclan of the 

northern resident community (Ford et al.,1994; see Appendix II). For comparison, I 

measure similarity of the same call samples by asking 3 human subjects to classify 

unknown calls using information from a known training set. 
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METHODS 

Extraction of frequency contours: the sidewinder algorithm 

For extracting frequency contours, suitable calls were digitized from cassette tapes at a 

sampling rate of 22050Hz including at least 100ms of background noise before the onset 

of the call. Spectrograms were calculated by fast Fourier Transform (FFT) using the 

Canary 1.2.1 sound analysis software (Cornell Laboratory of Ornithology) with an FFT 

size and frame length of 1024 points. Overlap between frames was 87%, and a Hamming 

window function was used for normalization. These parameters gave a frequency 

resolution of 21.53Hz, and a temporal resolution of 5.81ms. Contours were extracted 

using MATLAB 4.2 (The MathWorks Inc.) for the Macintosh with the signal processing 

toolbox. 

The algorithm used in this study assumes that the beginning and the end of the call can 

be determined visually from the spectrogram. To reduce background noise levels, an 

average noise spectrum was computed from the part of the spectrogram before the onset 

of the call, and subtracted from all time bins. To find the pulse repetition frequency at each 

point in time the autocovariogram cjm) was first estimated for each power spectrum x(n) 

of the spectrogram using the formula: 
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N-|m|-l 
c '«(m) = ]C x(n)x*(n+m) Oppenheim and Schafer (1975) (1) 

N-\m\ n=0 

where n is the frequency bin, m equals the offset of the spectrum in frequency bins, and 

N- is the number of frequency bins in the power spectrum. Since the frequencies of any 

harmonics or sidebands are given by a simple linear relationship, the autocovariogram will 

show a peak every time m equals a multiple of the pulse repetition frequency and adjacent 

harmonics or sidebands overlap. Because the power spectrum of the background noise 

tends to decrease with increasing frequency, and adjacent harmonics or sidebands have 

similar sound pressure, the second highest maximum (after m = 0) in the autocovariogram 

usually corresponds to the frequency bin containing the pulse repetition frequency. 

Sometimes this maximum represents the second, and in rare cases the third harmonic. A 

simple heuristic algorithm which checked for local maxima at 1/2 and 1/3 of the offset of 

the second highest maximum (Buck and Tyack, 1993), accounted for this. 

Figure 1 shows a spectrogram of an N4 call and a frequency contour extracted from it. 

Figure 2 gives the power spectrum and its covariance sequence at t = 1091ms for the 

same call. For subsequent analysis, the pulse repetition frequency was determined at 100 

equally spaced points throughout the call. Thus calls were essentially standardized for 

time. However, call length was entered as a separate variable in the analysis to allow 

discrimination of calls which differed consistently in length, but not in structure. 
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Figure 1: A) Spectrogram of an N4 call. The white line at t = 1091ms shows the position 

of the power spectrum in Figure 2. B) Frequency contour extracted from the spectrogram. 
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Figure 2: A) Power spectrum of the terminal component of the N4 call in Figure 1 at t = 

1091ms. Note that the peak sound pressure represents the echo of the main part of the 

call rather than the pulse repetition frequency of the terminal component (arrow). 

Frequency resolution is 21.53 Hz per frequency bin. B) Autocovariogram of the power 

spectrum. The arrow indicates the frequency bin containing the pulse repetition frequency. 
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Neural network analysis 

For the subsequent analyses, I used a standard backpropagation network (e.g., 

Rumelhart et al., 1986) with momentum and an adaptive learning rate (Vogl et al., 1988). 

The algorithms are part of the neural network toolbox of MATLAB 4.2 for the Macintosh. 

The input size was 101 (100 frequency points plus call length). Since I performed pairwise 

comparisons, output number was 2. 

The number of neurons in the hidden layer (Rumelhart et al., 1986), and the number of 

training iterations were determined from a set of network design experiments which 

included comparisons of one call type 1) by the same matrilineal unit from the same 3 

recording sessions, 2) by the same matrilineal unit from different recording sessions, 3) by 

two matrilineal units from the same pod, and 4) by two matrilineal units from different 

pods. The results suggested that discrimination did not improve detectably when using 

more than 20 hidden neurons and training for more than 5000 iterations, so that these 

values were used for subsequent analyses. Neural networks were initialized with random 

weights, and a small number of neural networks did not significantly improve their 

performance from the initialized state. Since this failure to train results from the 

configuration of the weights at initialization rather than a lack of consistent variation in the 

training sets, such networks were excluded from the analysis by setting a criterion of a 

decrease of 20% in the training error during the first 150 iterations. 
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So as to reduce the stochastic component inherent in neural network analysis, I trained as 

many networks as possible on each comparison between the calls of two groups. To do 

this, one frequency contour was excluded from the training set. The network was trained 

on the remaining contours to associate each contour with its respective output ([1 0] or [0 

1], according to which group it came from), and the neural network was used to classify 

the excluded contour. This 'jack-knifing' procedure was repeated until each contour had 

served as a test contour. For a sample size of n contours from two groups, a total of 2*n 

neural networks were trained on the same problem. 

I assessed the performance of the neural network for each test by calculating the 

discrimination error. This parameter was computed by subtracting the observed output of 

the neural network from the expected output ([1 0] or [0 1]) and taking the average of the 

absolute difference. I chose the average discrimination error of all networks trained on 

one pairwise comparison over the proportion of misclassifications, because the 

discrimination error not only yields information on whether a classification was correct, but 

also gives a relative measure of the quality of discrimination. 

Demonstrations 

The simulated frequency contours for the demonstration experiments consisted of 101 

equally spaced points of a sine function between -% and % with an amplitude of 1. Two 

levels of noise were introduced to the data set. Variation in the structure of the contour 
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was simulated by jittering each contour with random noise with a variance of 0.1. Variation 

in the frequency domain was simulated by raising or lowering each frequency contour by 

a constant from a random distribution with a variance of 0.1. 

Demonstration 1: The effect of frequency differences 

In order to illustrate the effect of overall differences in frequency, the 24 examples of one 

of the two patterns were increased by multiples of 0.05 (i.e., half of the variance of the 

random variability in the frequency domain). 48 neural networks were trained for each 

increment by the method explained above, and the average discrimination error was 

calculated. 

Demonstration 2: The effect of localized structural differences 

In order to test whether the neural network is sensitive enough to detect highly localized 

differences between two patterns, a single point of the simulated contours was increased 

by multiples of 0.05 in one pattern, but not in the other, and 48 neural networks were 

trained as above. The average discrimination error was computed as explained above. 
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Analysis of acoustic variation in the N4 call type 

To test the performance of the neural network index on biological data, I used recordings 

of 9 matrilineal units of killer whales. Matrilineal units consisted of between 2 and 7 

individuals (Appendix II), and belong to A-subclan of the northern resident community 

(Ford, 1989) which inhabits the waters of British Columbia, Canada. The analyses were 

restricted to recordings in which only one of the matrilineal units was within recording 

range and was identified visually or photographically (Appendix I). I chose the N4 call type 

(Ford, 1989, 1991, see Figure 18) for this study, since it is shared by all 9 groups, and 

because it is one of the most frequently used call types in the groups' repertoires. 

Structurally, the N4 calls of A08, A09, A23, A25, and A36 all have relatively low peak 

frequencies, and a pronounced terminal component at the end of the call (Part 2 of Ford, 

1987; see Figure 18). The versions of N4 made by A12 and A30 subpods usually lack the 

terminal component and have a relatively higher peak frequency. Finally the N4 calls of 

A11 and A24 subpods (A04 pod of Ford, 1991) tend to be longer than those of any other 

matrilineal unit and generally end in an upsweep. 

N4 calls with adequate signal-to-noise ratios were identified acoustically and visually from 

recordings, and were digitized using the Canary 1.2.1 sound analysis software. 

Spectrograms were computed and frequency contours extracted with the sidewinder 

algorithm. Since the performance of a neural network is highly dependent on the number 
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of examples for each pattern in the training set, sample size for all matrilineal units was 

standardized to 24, the size of the smallest sample. For each group I included calls from 

as many independent recording sessions as possible, to present the neural network and 

the human subjects with calls from a wide range of behavioural contexts, which are known 

to affect call structure (Ford, 1989). No less than three independent recording sessions 

were used for any one matrilineal unit (Appendix I). The average discrimination error was 

generated for all 36 pairwise comparisons of the calls of the 9 matrilineal units. 

Classification by human observers 

The same 9 samples of 24 calls each were used to determine the classification errors of 

human observers in pairwise computer-based discrimination tasks. Three female subjects, 

none of whom had any previous knowledge of killer whale vocal communication, were 

presented with the discrimination tasks. Subject A was 20 years old and had no musical 

background. Subject B was 22 years old and had played the flute for 2 years, and Subject 

C was 20 years old and had played the piano for 13 years. 

In each discrimination task, the subject was first presented with a training set of 16 calls 

belonging to two categories {a or b) according to the group they came from. The subject 

could listen to the calls and view their spectrograms, and was then asked to assign a test 

set of 32 unknown calls to the appropriate category. The classification error gives the 

proportion of misclassifications among these 32 calls. During the testing, the subject was 
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allowed to return to the training set, but in order to cause her to generalize, was asked not 

to do so more than 3 times for each discrimination task. Following the experiments, the 

subjects completed a questionnaire asking whether they classified the calls primarily 

using acoustic or visual cues. 

RESULTS 

The sidewinder algorithm proved effective at extracting frequency contours from 

recordings obtained under a variety of recording conditions. Frequency contours could be 

obtained from recordings even with high levels of ambient noise if the call was clear and 

the energy in two or more harmonics exceeded the background noise level. Only 

recordings containing boat noise with harmonic content, and recordings with a great 

amount of acoustic reverberation or strong echoes, caused problems in the contour 

extraction. 

Both demonstration experiments show a consistent improvement of neural network 

discrimination, as the ratio between random variation, applied to both patterns, and 

consistent variation between the two patterns increases (Figures 3 and 4). 
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Figure 3: The effect of global differences in contour frequency on neural network 

discrimination (Demonstration 1). 
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Figure 4: The effect of localized differences in call structure on neural network 

discrimination (Demonstration 2). 
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In Demonstration 1 (Figure 3), where the entire pattern was increased in one sample, the 

average discrimination error drops off rapidly, and reaches near-perfect discrimination at 

an increase of 0.4 (i.e., 4 times the variance of the background variability). Demonstration 

2 (Figure 4), in which only a single point of one pattern was increased, shows that the 

neural network is able to detect highly localized but consistent differences in contour 

shape and frequency. 

The average discrimination errors of the neural network for the pairwise comparisons of 

N4 calls ranged from 0.01 (A23 subpod vs. A24 subpod) to 0.48 (A09 subpod vs. A25 

subpod; Table I). The average for all discrimination tasks was 0.15. The neural network 

index grouped the nine matrilineal units into three major clusters according to the 

similarity of their N4 calls. These are A08-A09-A23-A25-A36, A12-A30, and A11-A24 

(Figure 5). These clusters are consistent with structural differences in the calls shown in 

Figure 18. 

Table I: Network performance (average discrimination error) for the pairwise comparisons 

of N4 calls of the 9 matrilineal units. 

A09 
A11 
A12 
A23 
A24 
A25 
A30 
A36 

0.343 

0.091 
0.048 

0.183 

0.100 
0.428 

0.138 

0.266 

0.041 

0.025 

0.194 

0.030 

0.477 

0.061 
0.397 

0.080 

0.040 

0.285 

0.039 
0.071 

0.065 

0.042 

0.078 

0.050 
0.277 

0.059 

0.013 

0.233 
0.086 

0.189 

0.033 

0.098 

0.059 

0.062 

0.373 0.098 

A08 A09 A11 A12 A23 A24 A25 A30 
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Table II: Classification errors (proportion of misciassifications) of the three subjects for the 

pairwise discrimination tasks of N4 calls. 

A09 

A11 

A12 

A23 

A24 

A25 

A30 

A36 

Subject 
A 
B 
C 
A 
B 
C 
A 
B 
C 
A 
B 
C 
A 
B 
C 
A 
B 
C 
A 
B 
C 
A 
B 
C 

0.438 
0.250 
0.625 
0.125 
0.250 
0.156 
0.156 
0.094 
0.063 
0.500 
0.188 
0.188 
0.250 
0.156 
0.188 
0.438 
0.438 
0.250 
0.125 
0.094 
0.063 
0.344 
0.094 
0.219 

0.219 
0.063 
0.031 
0.063 
0.094 
0.094 
0.250 
0.469 
0.531 
0.281 
0.063 
0.063 
0.500 
0.500 
0.344 
0.125 
0.125 
0.125 
0.250 
0.281 
0.188 

0.063 
0.094 
0.031 
0.031 
0.031 
0.000 
0.438 
0.375 
0.281 
0.031 
0.125 
0.125 
0.219 
0.094 
0.000 
0.219 
0.156 
0.125 

0.250 
0.094 
0.031 
0.281 
0.219 
0.000 
0.219 
0.094 
0.000 
0.313 
0.375 
0.406 
0.344 
0.156 
0.125 

0.031 
0.031 
0.031 
0.406 
0.375 
0.375 
0.094 
0.000 
0.000 
0.438 
0.156 
0.281 

0.156 
0.031 
0.000 
0.375 
0.031 
0.000 
0.219 
0.125 
0.063 

0.063 
0.063 
0.000 
0.500 
0.313 
0.250 

0.375 
0.313 
0.281 

A08 A09 A11 A12 A23 A24 A25 A30 

The results of the classification tasks show that Subjects B and C classified all calls 

correctly in at least one comparison (Table II). The greatest classification error was higher 

than random (0.625, A08 vs. A09 by subject C; p = 0.053). The average classification 

error for all discrimination tasks was 0.254, 0.178, and 0.154 for subjects A, B, and C 

respectively, and a binomial test showed that Subject A had significantly higher 

classification errors than the other two subjects (p < 0.001). The classification errors of the 
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three subjects for any one comparison differed on average by 0.105, and the differences 

ranged from 0 to 0.375. Subjects A and C said that they used mainly acoustic and some 

visual cues to do the discrimination. Subject B said she relied mainly on the spectrogram, 

with some acoustic cues. All three subjects grouped the calls of the nine matrilineal units 

into three major clusters (Figure 6) which correspond to the clusters generated by the 

neural network index (Figure 5). However, the results from individual subjects differ in the 

relationship of matrilineal units within the three clusters, as well as in the positions of the 

clusters with respect to each other. 

Table III gives the correlation matrix of the ratings of acoustic similarity by the three 

subjects, and by the neural network. All correlations are significant with p < 0.001. Two 

correlation coefficients comparing ratings of different subjects (Subjects A and B; Subjects 

A and C) are lower than the correlation coefficients comparing human subject ratings and 

the neural network indices. 

Table III: Correlation matrix giving Pearson's coefficient of correlation for the ratings of 

acoustic similarity by the human subjects and the neural network index. All coefficients 

are significant with p < 0.001. 

Classification Error Subject A 

Subject B 

Subject C 

Neural Network Index 

1 

0.626 

0.599 

0.702 

Subject A 

1 

0.789 

0.775 

Subject B 

1 

0.699 

Subject C 

1 

Neural Network 

Index 
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Figure 5: Average linkage dendrogram giving structural similarity of the N4 call type of the 

9 matrilineal units of A-subclan based on the neural network index. 
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Figure 6: Average linkage dendrograms giving structural similarity of the N4 call type of 

the 9 matrilineal units of A-subclan based on the classification errors of three human 

subjects. 
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DISCUSSION 

The contour extraction algorithm based on autocovariance in the frequency domain 

proved effective for extracting frequency contours from recordings with poor signal-to-

noise ratios. Unless the noise itself had harmonic content, it was cancelled out in the 

autocovariogram, whereas the harmonic signal was amplified. I believe that this algorithm 

will be useful for extracting frequency contours from noisy recordings of the vocal signals 

of a wide variety of species, as long as the signal has harmonic content. 

The shortcomings of this algorithm are that it cannot be applied to broad-band or pure-

tone signals, and that compared to alternative algorithms, it is computationally expensive. 

Mixed signals, however, can still be analysed by switching to another algorithm (e.g., 

Buck and Tyack, 1993) if the autocovariogram fails to show harmonic content. Recent 

developments in computer hardware are likely to further reduce computing time, making 

real-time frequency contour extraction using this algorithm a possibility. 

The advantage of using frequency contours over isolated measurements of the 

spectrogram lies in the fact that analysis of frequency contours requires no prior 

knowledge of where to expect the differences in the signals (Bailey, 1978). Subtle and 

localized differences between two signal patterns are easily missed in conventional 

analyses by taking measurements of a limited number of structural variables. Unlike 

discrimination and classification analyses of bioacoustic signals where the input is the 
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waveform (e.g., Neumann et al., 1992), or the spectrogram (e.g., Spong et al., 1993; 

Erbe, 1997), amplitude information is excluded from the analysis of frequency contours. 

Although this may be a disadvantage in some studies analysing recordings obtained in 

controlled environments, it will prove beneficial in others where differences in recording 

equipment and in the composition of background noise introduces spurious variability into 

the data. For example, in the study of Spong et al. (1993) it cannot be ruled out that the 

neural network discriminated along differences in background noise composition rather 

than individual-specific vocal differences. 

The demonstration experiments show that the neural network index responds well both to 

global variation in frequency, as well as to highly localized variation in contour shape and 

frequency. The neural network index therefore is able to use structural features such as 

terminal components (Figure 1, Figure 18), as well as the terminal upsweeps typical of N4 

calls of A11 and A24 subpods (see Figure 18) to make its discrimination. Demonstration 

2 furthermore shows that the neural network can discriminate between samples of calls 

which consistently differ in length, but not in structure, since call length was entered into 

the analysis as a separate variable. 

Although the ratings of similarity by the three human subjects agree on a fundamental 

level, this study suggests that individual human subjects perceive similarity of killer whale 

calls differently. The ratings of similarity disagree between subjects in the acoustic 

relationships of matrilineal units within the three clusters, as well as in the position of 
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these clusters with respect to each other. The subject who had never played a musical 

instrument had significantly higher classification errors than the other two subjects, which 

may suggest that the amount of musical exposure contributes to the variation among 

observers (see Halpern et al., 1995; Baribeau et al., 1996; Halpern et al., 1996). 

Comparing the ratings of acoustic similarity by the neural network with those of the human 

subjects showed that both ways of quantifying acoustic variation gave very similar results. 

The correlation coefficients (Table III) show that the differences between ratings from 

individual subjects are greater than are subject ratings from the neural network index. 

Since multiple independent neural networks are trained on the same problem in each 

comparison, the neural network index will give essentially identical results given the same 

input data. A neural network based index therefore represents an objective and 

repeatable means of measuring acoustic similarity, and allows the comparison of results 

across studies, species, and time. 

Like discriminant function analysis (e.g., Job et al., 1995), or analysis of confusion 

frequencies (e.g., Miller and Nicely, 1955; Loesche et al., 1992), the neural network index 

of acoustic similarity is based on the premise that similarity and discrimination are 

inversely related. All three methods rate patterns as similar if the analysis is unable to tell 

them apart, and conversely consider pattens distinct if the analysis can consistently 

discriminate between them. This concept of similarity differs from that underlying other 

methods of analysis which use the geometric distance between two patterns as a 
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measure of their similarity. Examples for the latter are cross correlation (e.g., Clark et al., 

1987), and cluster analysis (e.g., McCowan, 1995). Arguably, the first concept of similarity 

is more applicable to the study of communication, since the information value of a signal 

is largely determined by how well a receiving animal can distinguish it from competing 

signals (Beecher, 1989). One difficulty inherent in all measures of acoustic similarity is 

that animals may not be able to detect all parameters entered in the analysis (see Emlen, 

1972), and applying knowledge about the perceptive abilities of the study species when 

choosing which parameters to include will increase the biological validity of any measure 

of acoustic similarity. 

The training procedure, which involves error back-propagation to discriminate between 

different patterns, is essentially a self-organizing process and does not depend on strictly 

linear relationships in the input data. A neural network index will therefore be able to 

detect and integrate differences between the input patterns that would be missed by most 

conventional statistical analyses. Research into biological neural systems suggests that 

these also operate in a non-linear and self-organizing way (Kelso, 1995), which may 

explain why a neural network based approach is often the best way to model biological 

signal processing tasks (e.g., Hunt, 1993; Erbe, 1997). The fact that the neural network 

index of acoustic similarity shows a significant correlation with the association patterns of 

the matrilineal units in Chapter III suggests that the index rates acoustic similarity in a 

biologically meaningful way. 
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An index of acoustic variation based on neural network analysis can be viewed as a 

hybrid between statistical and perceptive approaches of measuring acoustic similarity. It 

combines the objectivity and repeatability of a strictly statistical approach with the self-

organizing non-linear nature of acoustic perception and biological signal processing, and 

therefore holds great potential in the study of human and animal communication. 
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CHAPTER II: Mechanisms and Rates of Vocal Differentiation in 

Resident Killer Whales 

INTRODUCTION 

Kroch (1989) and Payne (1996) both point out the importance of a historical approach to 

the study of vocal dialects. In order to understand patterns of vocal variation in space and 

among different individuals or social groups, it is essential to identify the mechanisms that 

generate change, and to document dialect evolution over time. Whereas geographic 

variation or acoustic differences among individuals and social groups are relatively easy 

to assess at a single point in time, studying temporal change is a logistic challenge, 

especially in a long-lived species. Most of our knowledge about the patterns and 

mechanisms of vocal differentiation with time therefore comes from songbirds, which are 

relatively short lived, and from humans, where there is a wealth of historical data. 

Studies of dialect change in songbirds (e.g., Ince et al., 1980; Payne et al., 1981; Trainer, 

1989; Chilton and Lein, 1996; Payne, 1996) have shown varying rates of modification of 

the vocal signals ranging from detectable change within a single breeding season in 

yellow-rumped caciques {Cacicuscela; Trainer, 1989) to no detectable structural change 
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over a 20 year period in white-crowned sparrows {Zonotrichia leucophrys; Chilton and 

Lein, 1996). Although the changes observed in many studies can be explained by random 

drift (Williams and Slater, 1990), modifications to vocal signals over time may be 

directional. Lehtonen (1983) documented a directional shift towards song phrases with 

fewer elements among a population of great tits {Parus major) over 34 years which he 

attributed to increased population density and background noise levels. Gibbs (1990) 

showed that male medium ground finches {Geospiza fortis) singing rare song variants 

have greater reproductive output. Since juvenile medium ground finches tend to learn the 

song variant of their fathers, the dialect system contains an element of negative feedback 

with rare song variants gradually increasing in frequency, while common ones decrease. 

Research on temporal change in human languages suggests that the cultural 

transmission of new linguistic variants follows a sigmoid trajectory. Several studies (e.g., 

Bailey, 1973; Kroch, 1989; Santorini, 1993) have shown that the frequency of use of new 

linguistic variants increases slowly in the period immediately after their introduction. 

Subsequently, the rate of increase rises as the variant becomes more common, and 

eventually levels off again, as its proportion approaches unity. In humans, dialect change 

can therefore be modelled by a logistic function (Bailey, 1973; Kroch, 1989). This 

suggests that the probability of any individual to take over the a new variant primarily 

depends on its frequency of occurrence in the population. 
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Vocal change can occur on several distinct levels. In bird song, Marler and Peters (1982), 

and Lynch (1996) distinguish between mutational change, defined as the modification of 

individual song elements and recombinationalchange, change in the sequence of these 

elements in the song. Similarly, human languages undergo change on various distinct 

levels (Bailey, 1973). Phonological change affects the pronunciation of words, and is 

analogous to mutational change of Lynch (1996). Syntactic change affects the order of 

words within sentences, and is the linguistic analogue of recombinational change. The 

third level, lexical change, affects the meaning and usage of words. 

Killer whale dialects can potentially evolve on two levels. First of all, dialects may evolve 

through modification of the vocal repertoire, the discrete call types used by a group. Vocal 

repertoires of killer whales can change through extinction of existing call types, 

spontaneous generation of new ones, or shifts in the frequency of use of certain discrete 

calls (Ford, 1991). In addition, the structure of the discrete calls themselves can change, 

and the fact that different social groups have structurally distinct versions of the same call 

types (Ford, 1984, 1987, 1989, 1991) is indirect evidence for change at the structural 

level. Ford's work (Ford, 1984, 1991) suggests that the vocal repertoires.of resident killer 

whales are extremely stable. The call types produced by pod J01 of the southern resident 

community remained essentially the same from 1958 to 1986, and the same is true for the 

frequency of use of different discrete calls. Studies of captive killer whales (Bain, 1986, 

1988; Ford, 1989), have shown that individuals retain most if not all of the call types of 

their social group after more than a decade in captivity. 
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Although we know that individual call types do not become modified beyond recognition 

over a 30 year period, so far no study has looked at modifications to the structure of 

discrete calls with time. In this chapter, I compare the calls made by A12 and A30 

subpods of the northern resident community (Bigg et al., 1990; Ford et al., 1994) over a 

12 year period. I chose these matrilineal units because of all northern resident matrilineal 

units, they are the ones encountered most frequently. The composition, genealogies, and 

demographic changes for both groups are given in Appendix II (Figures A-4 and A-5). The 

first objective of this analysis is to test for the presence of temporal change in the 

structure of discrete calls. If the structure of the calls is being modified, a sufficiently 

sensitive measurement of acoustic similarity comparing samples of calls from the same 

group should give lower ratings of similarity, the farther the samples are apart in time. 

The two matrilineal units examined in this analysis still associate frequently, and any 

modifications to the structure of call types could be transferred between the two groups by 

copying. My second objective is to test for the presence of cultural transmission between 

the two groups. To do this, I determine the rate of vocal differentiation between the groups 

by comparing their calls and measuring acoustic similarity at various points in time. The 

effects of any structural modifications to the calls in both groups on the acoustic similarity 

index should be cumulative, if modification of call structure occurs independently in both 

groups. In this case, I expect the rate of differentiation between groups to be at least as 

great as the rate of modification in any one group. If, on the other hand, structural 
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modifications to the calls are transferred between groups, the rate of vocal differentiation 

should be lower than the rate of modification. 

Finally, this study aims to determine which, if any, structural parameters of the calls are 

being modified. This analysis will test whether modifications to the calls are directional, 

and whether structural modifications occur in parallel in both groups. Directional change 

would suggest active modification of the call types, whereas non-directional change would 

support cultural drift in the structure of calls. Additionally, if structural modifications of the 

call types are transferred between the groups, structural parameters should show similar 

trends in the calls of both groups. 

METHODS 

Underwater recordings were contributed by a number of researchers, and were made 

using a variety of hydrophones and recording equipment. The recordings covered the 

period from 1984 to 1997. The analysis was mostly restricted to recording sessions where 

only one matrilineal unit was within recording range, and was identified visually or 

photographically by an experienced observer. However, in 8 recording sessions, one of 

the two matrilineal units and another group belonging to a different acoustic clan and thus 

not using any of the call types analysed in this study, were within recording range 

(Appendix I, Tables A-V and A-VI). 
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Suitable calls were identified acoustically and visually from the recordings and digitized 

using the Canary 1.2.1 sound analysis software. Sufficient sample sizes were available for 

the two most commonly used call types, N4 and N9 (Ford, 1991). For the reasons outlined 

in Chapter I, sample size needed to be standardized, and it was set to 24 for the N4 call 

type, and 21 for the N9 call types. Calls were selected to maximize the number of 

independent recording sessions in each sample to include within-group and context-

related variability. No sample contained calls from fewer than three independent recording 

sessions (Appendix I; Tables A-V, and A-VI). Because insufficient N9 calls were available 

for the A12 subpod from 1986, this sample also includes two calls from 1984 (Table A-V). 

Spectrograms were computed from the calls, and frequency contours extracted by the 

method explained in Chapter I. The input for the neural network again consisted of 100 

points of the frequency contour and call length as a separate variable. 

Test for call modification 

To determine whether the calls had been modified over the 12-13 year period, neural 

networks were trained for all possible year to year comparisons for both groups and both 

call types (refer to Chapter I for details on the training procedure). Since sample size was 

24 for the N4 call type, and 21 for the N9 call type, 48 and 42 neural networks respectively 

were trained and tested for each year to year comparison. A linear regression model was 

used to determine the rate of call modification, $wilhin, expressed as the rate of decrease 

with time of the acoustic similarity index. By generating all possible pairwise comparisons 

44 



CHAPTER II: Mechanisms and Rates of Vocal Differentiation 

between call samples from all years, s samples were used to generate n comparisons, 

where: 

n = — (2) 

Hence autocorrelation was known to be a problem, but the structure of the autocorrelation 

was unknown. I therefore assumed that all data points generated with the same sample 

were correlated, and used the number of samples s (i.e., the minimum number of 

independent data points), rather than the number of comparisons n, to obtain degrees of 

freedom for all tests of significance. A one-tailed t-test was used to test whether the 

acoustic similarity index showed a significant decrease with time. The standard error SE 

of the slope $within was calculated using the formula: 

SE„ 
rwtthtn 

RSS 
within Weisberg(1985) (3) 

\ RDFwiMn*(£x\ ithin 

where RSSwithin is the residual sum of squares of the regression, RDFwiMn are the residual 

degrees of freedom (i.e., s - 2), and (5j?)within is the sum of squares of X values for the year 

to year comparisons (Zar, 1996). 
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Test for horizontal transmission 

In order to determine whether the acoustic similarity of the calls of the two matrilineal units 

had changed over the study period, neural networks were trained to discriminate between 

the calls of the two groups for all years from which samples were available. Since no 

samples could be obtained from A12 subpod in 1985, and from A30 subpod in 1986, the 

call samples from A12 in 1986 were compared to the respective A30 samples in 1985. 

The rate of acoustic differentiation between the two groups, fibetween, was determined by 

applying a linear regression model to the acoustic similarity indices, and a two-tailed t-test 

was used to test whether $between was significantly different from 0. To see whether the rate 

of differentiation was significantly lower than the rate of call modification in both groups, 

I used a one-tailed t-test (Zar, 1996). Again, to correct for possible autocorrelation in the 

within-group comparisons, the number of samples was used to obtain degrees of 

freedom. Therefore, the formula for the standard error of the difference between the 

slopes is: 

SE„ 
fr*hr««R "within 

N 

2 , , 2 

(Wp + ( W p Zar (1996) (4) 

within 

where the pooled residual mean square is calculated as: 

2 (RSSbetween
+RSSwithin) „ „nn^ 

(Wp = Zar (1996) (5) 
(RDFbetween+RDFwithin) 
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In (5), RDFwithin, the residual degree of freedom of the within group comparisons, is again 

obtained from the number of samples (i.e., s-2) rather than from the number of 

comparisons. 

Analysis of call structure 

Since the test for call modification did not detect any changes in the N9 call type, this 

analysis was limited to the N4 call type. Four structural parameters were analysed for 

temporal change in each group: frequency of the plateau near the end of the call, call 

length, peak frequency, and position of the frequency peak in the call (Figure 7). These 

parameters were chosen by training a neural network to discriminate between the two 

earliest and latest samples from each group. In order to identify the points of the 

frequency contours that were important to neural network discrimination, the neural 

network was tested with contours not used in training. One point of the test contour was 

substituted with the corresponding point from a contour belonging to the other pattern. 

The contour was tested again, and the effect of the substitution was assessed by 

subtracting the discrimination error from the test contour without substitution from the 

resultant discrimination error. One by one, the contribution of each point of the contour to 

neural network discrimination was examined in this way. Plotting the change in 

discrimination error with reference to the frequency contour identified the parts of the call 

that showed the greatest amount of consistent variation between the two samples 

compared. 
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Peak Position Peak Frequency Call Length Plateau Frequency 

Figure 7: Spectrogram of an N4 call showing the parameters analysed in the comparisons 

of call structure. 

Measurements for the four structural parameters analysed were extracted from the 

samples of frequency contours. Since it was not necessary to standardize sample size for 

this analysis, frequency contours not used in the neural network analysis were also 

included. Mean values and 95% confidence intervals for the four parameters were 

calculated for each group and each year, and the yearly means were compared by 

calculating Pearson's coefficient of correlation {RAU.m\ Zax, 1996) to test for any parallel 

changes to the calls in both groups. 

48 



CHAPTER II: Mechanisms and Rates of Vocal Differentiation 

RESULTS 

Test for call modification 

N4 call type 

The acoustic similarity indices for the year to year comparisons of the N4 calls ranged 

from 0.232 to 0.552 for the A12 subpod, and from 0.210 to 0.522 for the A30 subpod 

(Tables IV and V; Figure 8A and B). The results show a significant decrease in 

discrimination error with increasing time between the call samples (A12 subpod: R2 = 

0.435, $withinA12 = -0.0219, p = 0.019; A30 subpod: R2 = 0.299, PwilhinA30 = -0.0150, p = 

0.041). This shows that the variation between the samples becomes more consistent with 

increasing time between them, and is conclusive evidence that both matrilineal units 

modified the structure of their N4 call type over a period of 12-13 years. 

N9 call type 

Acoustic similarity indices for the comparisons of the N9 call type ranged from 0.380 to 

0.536 for the A12 subpod and from 0.227 to 0.523 for the A30 subpod (Tables VI and VII; 

Figure 9A and B). Unlike the N4 call type, the results show no relationship between the 

similarity ratings and the time between the call samples, and the rates of call modification 

for both groups are not significantly different from zero (A12 subpod: R2 = 0.003, $withinA12 

= 0.0009, p = 0.449; A30 subpod: R2 = 0.004, $wilhinA30 = -0.0015, p = 0.433). The N9 call 

type, therefore, did not undergo any detectable modification over the period of study. 
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Table IV: Acoustic similarity indices for the year to year comparisons of N4 calls by A12 

subpod (n=24 for each year). 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

-

-

-

-

-

-

-

-

-

-

-

-

0.424 

-

0.423 

0.243 

0.232 

0.271 

0.273 

0.239 

0.264 

0.266 

-

-

-

-

-

-

-

-

-

-

-

0.393 

0.326 

0.321 

0.298 

0.284 

0.271 

0.238 

0.266 

-

-

-

-

-

-

-

-

0.328 

0.283 

0.411 

0.383 

0.309 

0.409 

0.361 

0.528 

0.460 

0.397 

0.447 

0.408 

0.445 

0.328 

0.347 

0.439 

0.338 

0.368 

0.552 

0.463 

0.455 

0.488 

0.452 

0.454 

0.508 

0.408 

0.516 0.414 

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 

Table V: Acoustic similarity indices for the year to year comparisons of N4 calls by A30 

subpod (n=24 for each year). 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

-

-

0.383 

0.437 

0.381 

0.423 

0.418 

0.416 

0.378 

0.410 

0.236 

0.210 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.401 

0.365 

0.381 

0.423 

0.386 

0.325 

0.377 

0.261 

0.225 

-

0.410 

0.490 

0.470 

0.508 

0.482 

0.475 

0.342 

0.319 

0.316 

0.404 

0.363 

0.339 

0.375 

0.257 

0.254 

0.441 

0.472 

0.458 

0.410 

0.265 

0.336 

0.512 

0.435 

0.479 

0.313 

0.349 

0.522 

0.479 

0.315 

0.327 

0.447 

0.357 

0.345 

0.371 

0.371 0.439 

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 
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Table VI: Acoustic similarity indices for the year to year comparisons of N9 calls by A12 

subpod (n=21 for each year). 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.417 

0.422 

0.393 

0.517 

0.522 

0.419 

0.460 

0.421 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.421 

0.397 

0.380 

0.396 

0.504 

0.444 

0.414 

0.459 

0.370 

0.390 

0.525 

0.424 

0.507 

0.422 

0.388 

0.516 

0.348 

0.383 

0.480 

0.411 

0.496 

0.450 

0.463 

0.479 

0.457 

0.418 

0.472 0.536 

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 

Table VII: Acoustic similarity indices for the year to year comparisons of N9 calls by A30 

subpod (n=21 for each year). 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

-

-

0.475 

-

0.381 

0.373 

0.423 

0.489 

-

0.381 

0.331 

0.454 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

• -

-

-

-

-

-

-

-

0.436 

0.414 

0.470 

0.505 

-

0.342 

0.424 

0.504 

-

-

-

-

-

-

-

-

0.442 

0.523 

0.473 

-

0.435 

0.367 

0.460 

0.480 

0.456 

-

0.407 

0.408 

0.404 

0.526 

-

0.367 

0.492 

0.499 

-

0.376 

0.486 

0.487 

-

-

-

0.227 

0.321 0.422 

1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 
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Test for horizontal transmission 

N4 call type 

While the results show that both groups modified their N4 call type, Figure 8C suggests 

that the similarity of the N4 calls of A12 and A30 subpod did not change dramatically 

between 1985/86 and 1997. Similarity indices for the comparisons between groups range 

from 0.179 (1996) to 0.371 (1991) with an average of 0.273. The regression of between-

group similarity ratings against time gives a slight positive slope (R2 = 0.113, fibetween = 

0.0058; Figure 8C), suggesting that the calls actually became more similar, but the 

relationship is nonsignificant {p = 0.343). Comparing the rates of call modification of the 

two groups with the rate of differentiation between them shows that the rate of acoustic 

differentiation is significantly lower than the rate of modification in A12 subpod (SEpbelween-

KuhinAii = 0.0126, p = 0.023). The significance level for the comparison with A30 subpod's 

rate of modification in is higher than significance (SE pbetween-p>wimnA30 = 0.0125, p = 0.057). 

N9 call type 

The discrimination errors between groups for the N9 call type range from 0.298 (1996) to 

0.460 (1997) with an average of 0.402. As for the N4 call type, the linear regression 

suggests that the difference between both groups did not change significantly with time 

(R2 = 0.028, $between = -0.0023, p = 0.694). For this call type, the differences in the rate of 

call modification in the two groups and the rate of vocal differentiation between them are 

not significant (SE%etween-KuhinAn = 0.0124, p = 0.475; SE hetween-KuhinA3o = 0-0102, p = 0.379). 
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Figure 8: Scatter plots giving the rate of call modification for the N4 call type of A12 

subpod (A), A30 subpod (B), as well as the rate of acoustic differentiation between both 

groups (C). 
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Figure 9: Scatter plots giving the rate of call modification for the N9 call type of A12 

subpod (A), A30 subpod (B), as well as the rate of acoustic differentiation between both 

groups (C). 

54 



CHAPTER II: Mechanisms and Rates of Vocal Differentiation 

Analysis of call structure 

Mean values and 95% confidence limits for the measurements of plateau frequency, call 

length, peak frequency, and peak position for both groups (Figures 10-13) show that 

some parameters of the N4 call type show pronounced changes from one year to the next 

(e.g., plateau frequency in the A12 subpod 1992-1993; plateau frequency in the A30 

subpod from 1990 to 1991 and from 1995 to 1996; peak frequency in the A30 subpod 

from 1995 to 1996). None of the parameters show a clear directional trend. The 

measurements from both groups were not significantly correlated for any parameter 

(Table VIII), although the relationship between the position of the peak frequency in both 

groups approached significance {RAI2.A3o = 0.596; p = 0.069; Figure 13). 

Table VIM: Pearson's correlation coefficient and significance levels of the structural 

changes in the N4 calls of A12 and A30 subpods 1985/86 -1997. 

Parameter 

Plateau Frequency 

Call Length 

Peak Frequency 

Peak Position 

Correlation Coefficient RA12.A3O 

0.244 

-0.219 

0.242 

0.596 

Significance Level p 

0.497 

0.544 

0.501 

0.069 
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Figure 10: Means and 95% confidence intervals for the plateau frequency of the N4 call 

type of A12 and A30 subpod from 1985 to 1997. 
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Figure 11: Means and 95% confidence intervals for the length of the N4 call type of A12 

and A30 subpod from 1985 to 1997. 
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Figure 12: Means and 95% confidence intervals for the peak frequency of the N4 call type 

of A12 and A30 subpod from 1985 to 1997. 

_^ 
.c 4 - > 

u> c Q) 
__ 
CO 
o 
**-
o 
8̂ 

,~' 
c 
o 

o Q. 

.* 
(0 
0) 
Q. 

3 2 -

3 0 -

1>8-

26-

24-

22 -

20 -

18-

16 

Group 

I 
D A12 

I 
• A30 

26 24 25 24 B 24 24 24 23 50 24 25 24 24 24 24 24 24 24 27 32 2B 

1985 1987 1989 1991 1993 1995 1997 

Figure 13: Means and 95% confidence intervals for the peak position of the N4 call type 

of A12 and A30 subpod from 1985 to 1997. 
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DISCUSSION 

The fact that the acoustic similarity of call samples from the same matrilineal unit 

decreased with time shows that the discrete calls of killer whales are not static 

behavioural traits, but are subject to change over time. Killer whale vocal dialects not only 

evolve on the level of the call repertoire, but, as Ford (1991) suggested, the structure of 

individual call types undergoes modification as well. This study therefore demonstrates 

that mutational change in the sense of Lynch (1996), or elemental improvisation in the 

sense of Marler and Peters (1982), contributes to the evolution of killer whale dialects. 

However, the fact that the acoustic similarity of samples of N4 calls decreased 

consistently both in the A12 and A30 subpod (Figure 8A and B) does not necessarily 

imply that the structural change is directional. The neural network index of acoustic 

similarity integrates the amount of variation present over the entire frequency contour, and 

the increased discrimination can result from directional change in a single parameter, or 

from the sum of nondirectional changes of multiple parts of the call. The lack of strong 

directionality in the structural parameters (Figures 10-13) suggests that the latter is the 

case. The observed pattern is therefore consistent with a theory of structural change 

through cultural drift (e.g., Mundinger, 1980; Lynch, 1996; Payne, 1996), in which 

changes to call structure are introduced through random processes and transmitted within 

the group. Since the mechanism which generates structural change is random, the 
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resultant change lacks strong directionality. However, due to the accumulation of such 

random modifications, overall variation increases with time. 

Although the year to year comparisons for A12 and A30 subpods showed modifications to 

the N4 call type, the acoustic similarity index for the N9 call type did not show any 

directional change in either group (Figure 9A and B). This could mean that not all call 

types accumulate modifications at the same rate and therefore remain more stable than 

others. Ford (1991) noted that the N3 call type, shared by all members of A-clan, shows 

very little structural variation among different pods, whereas the structure of others, such 

as the N8 call type, differs dramatically from one social group to the next. He suggests 

that the communicative context of different calls may influence their rate of modification. 

Lynch (1996) similarly used communicative selection to explain the lack of local variability 

in chaffinch {Fringilla coelebs) contact calls in contrast to their songs. He argues that the 

importance of the calls in social interactions forces individual birds to conform to local call 

variants. If the N9 call type has a specific communicative function, variability in this call 

would be disadvantageous. However, the N4 and N9 call type are used quite similarly 

across different behavioural contexts and have a relatively high index of acoustic 

association (Ford, 1989) which argues against any profound differences in their 

communicative function. 

This study provides evidence for cultural transmission of call modifications between 

matrilineal units of killer whales. If the two groups examined in this study had modified 
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their N4 call independently of each other, the rate of acoustic differentiation between the 

groups should have been at the least as great as the rate of call modification in any one 

group. The fact that the rate of differentiation between both groups is significantly lower 

than the rate of modification in the A12 subpod refutes the hypothesis of independent 

modification, and thus this is evidence for horizontal transmission between both groups. 

The near-significant correlation between the yearly measurements of peak position for the 

two groups provides further support for horizontal transmission of modifications to call 

structure (Table VIII; Figure 13). 

The patterns of call modification observed in this study along with the evidence for 

horizontal transmission are inconsistent with a model of genetic coding for killer whale 

vocalizations. Changes in group membership, and with it in the genetic composition of the 

groups, did occur over the 12 year period in both matrilineal units through births and 

deaths (Figures A-4 and A-5). However, the most pronounced year to year differences in 

the structural parameters analysed happened between years in which the individual 

members of the group, and its genetic composition, remained the same. Furthermore, the 

acoustic similarity indices for the N4 calls of A30 subpod show a downward trend for the 

years 1990 to 1997 (Table V), a period where no births and deaths occurred within this 

group (Figure A-5). The change observed therefore is not just the result of changing group 

membership, but of structural modifications to the calls shared by all group members. The 

fact that structural modifications to the calls are transmitted between groups requires 
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copying and vocal learning and thus provides additional evidence against a genetic 

coding of the calls. 

The rates of call modification in both groups (Figure 8A and B) suggest that a period of 12 

years of separation is sufficient to generate the average acoustic difference of 0.273 

observed between the N4 calls of the A12 and A30 subpods. However, these two groups 

have been observed as functionally independent social units as far back as 1973 (Bigg, 

1982). This apparent discrepancy between the date of divergence predicted by the 

acoustic data, and the observed date can be explained by horizontal transmission 

between the two groups. If the structural modifications to the calls of one group are not 

only transmitted within that group, but also from one group to the next, the acoustic 

difference between the groups will not increase. The two matrilineal units are still seen 

together frequently (half-weight index of association: 0.542; Table IX) giving ample 

opportunity for vocal exchange. 

Several researchers have proposed to use measures of vocal similarity as a 'cultural 

clock' to reconstruct the cultural evolution of populations of songbirds (e.g., Mundinger, 

1980; Payne, 1996) and humans (Cavalli-Sforza and Feldmann 1981; Barbujani, 1991). 

For killer whales, Ford and Fisher (1982) and Ford (1991) argue that the vocal dialects 

could serve to determine the timing of group divisions and thus to reconstruct their 

genealogy. The demonstration that horizontal transmission of structural changes takes 

place between social groups of killer whales has implications for such reconstructions. 
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Since modifications to the dialects can be transferred between matrilineal units, these 

social groups are able to effectively reset and synchronize their cultural clocks. Any time 

estimates assuming strictly linear divergence of dialects would therefore underestimate 

the amount of time elapsed since two groups first split up. In an extreme case, the dialects 

of different social groups could actually converge due to an increase in horizontal 

transmission among them. Such reticulate patterns of cultural evolution have been 

proposed by Mundinger (1980) and Payne (1996) for songbird dialects. 

The findings in this chapter therefore support the argument of Kroch (1989) and Payne 

(1996) that cultural evolution is a historical phenomenon and thus must be investigated 

using historical approaches. Patterns of vocal variation observed at one point in time are 

the outcome of past modifications and vocal exchange. Only by understanding the 

mechanisms that drive vocal differentiation, and how they are influenced by demographic 

factors, can we hope to interpret these patterns. I have shown that a sufficiently sensitive 

analysis can document acoustic change over a 12 year period in an extremely long-lived 

species, and I hope that this will encourage other researchers to investigate temporal 

patterns of acoustic change in different populations of killer whales, as well as in other 

long-lived species. 
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CHAPTER III: Patterns of Acoustic Variation Within a Killer 

Whale Vocal Tradition 

INTRODUCTION 

Many studies have investigated vocal differences among social groups of animals, and 

most of these studies have focused on highly territorial species such as birds and 

humans. Vocal traditions among songbirds tend to be shared between individuals with 

territories close to each other (e.g., Baptista, 1975; Jenkins, 1977; Payne et al., 1981). 

The nature of spatial variation between adjacent vocal traditions ranges from abrupt with 

no shared song elements across dialect boundaries (Baptista, 1975; Thielke, 1992) to 

graded with various degrees of sharing (Mundinger, 1980; Trainer, 1989). Many species 

of passerine birds show both types of boundaries within the same dialect system 

(Mundinger, 1980). 

Mundinger (1980) points out the similarity between the structure of dialect variation in 

songbirds and humans. Human vocal communication exhibits variation in space with 

abrupt boundaries between different language families, and graded variation within 

language families, and within individual languages in the form of linguistic dialects 
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(Greenberg, 1963; Barbujani, 1991). In addition, however, human languages also show 

differences that are not easily translated into spatial terms, in the form of variation 

between the language used by different social groups living in the same area (e.g., Krysin, 

1977; de-Wolf, 1990), or by different age groups (e.g., Lederer, 1983; Nuessel, 1996). 

Territorial species lend themselves to the study of vocal variation because the boundaries 

defining social groups can be mapped spatially. Therefore, vocal signals from a particular 

social group can be obtained without the need for visual identification of individuals or 

groups simply by recording in a certain location. Such geographic approaches to the study 

of vocal variation have proven successful for some birds (e.g., Marler and Tamura, 1962; 

Baptista, 1975; Mundinger, 1980; Thielke, 1992; Wright, 1996) and humans (see 

Barbujani, 1991 for a summary), but they cannot be applied to species in which the home 

ranges of different social groups overlap to a large degree, or are entirely congruent. Thus 

most of our knowledge on vocal dialects comes from highly territorial animals, which may 

have led to biases in our interpretation of the function of vocal variation. 

The northern resident community of killer whales provides an ideal study population for 

investigating group dialects in a non-territorial mammal since all of its members can be 

identified consistently from natural markings (Bigg, 1982; Bigg et al., 1990). This 

population has been censussed annually since 1973, and therefore the maternal 

genealogies of all animals born since then are known. Due to the unique social structure 

of resident killer whales, genealogical relationships among animals born before 1973 can 
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be inferred with confidence from association patterns (Bigg et al., 1990; Ford et al., 1994; 

see Appendix II). This wealth of information provides the 'social map' necessary to 

interpret a dialect system delineated by social boundaries rather than geographic borders. 

Several researchers have postulated that dialects act as a non-genetic marker of kinship 

in territorial birds. Treisman (1977, 1978) showed that mechanisms of avoiding conflicts 

with close kin can confer an advantage on individuals which establish territories next to 

relatives. Since genetic traits give insufficient resolution as a marker of kinship in highly 

philopatric species, he suggests that learned behavioural traits, such as vocal repertoires, 

may serve this function instead. Marler and Tamura (1962) also propose that dialects act 

as a non-genetic marker of kinship, but that their role is to prevent inbreeding in birds with 

a high degree of site fidelity. Other researchers, however, disagree with such adaptionist 

hypotheses and argue that vocal dialects are by-products of demographic events in a 

population rather than functional markers (see Payne, 1981a; Mundinger, 1982). 

Ford (1987, 1991) has shown that different pods of killer whales use structurally different 

versions of shared call types. In addition, there is evidence for structural variation among 

different matrilineai units within a pod (D.E. Bain and P. Miller, unpublished data). The 

goal of this chapter is to examine patterns of such vocal variation at the level of the 

matrilineai unit, and to interpret these patterns using our knowledge of the social histories 

of the groups. Specifically, I will examine the relationship between the frequency of 

association among different matrilineai units, and the similarity of their shared call types. 
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My findings in Chapter II suggest a relationship between the amount of time two groups 

spend together and the similarity of their vocal dialects. Temporal changes in the N4 call 

type were transmitted between matrilineal units. Since the amount of horizontal 

transmission taking place between two groups depends at least in part on the amount of 

time they spend in acoustic contact, frequently associating matrilineal units should have 

more similar calls than groups that rarely travel together. A correlation between 

association patterns and similarity of shared call types therefore represents additional 

evidence for horizontal transmission between killer whale matrilineal units. 

Hamilton (1964a,b) first proposed that the strength of associations in social animals 

should reflect their genetic relatedness, and his postulate has been verified for many 

social species. For killer whales, Bain (1988), Bigg et al. (1990), and Harms (1997), 

showed that maternal genealogies of individuals are reflected in their association patterns. 

On a much larger scale, Hoelzel et al. (1998), and Barrett-Lennard (pers. comm.) used 

mitochondrial DNA to show that killer whale communities, defined as all the individuals 

known to associate, represent maternal lineages. It is therefore likely that association 

patterns also reflect maternal genealogies within an acoustic clan. If killer whale vocal 

dialects act as a non-genetic marker of relatedness, there should be a correlation 

between the association strength and the acoustic similarity of different social groups. 

This study examines the vocalizations of 9 matrilineal units belonging to A-subclan of the 

northern resident community (Ford and Fisher, 1982; Ford, 1991). Bigg et al. (1990) 
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assigned these 9 matrilineal units to 3 distinct pods based on their association patterns. 

These are: A01 pod consisting of matrilineal units A12, A30 and A36, A04 pod with the 

two matrilineal units A11 and A24, and A05 pod, which contains the matrilineal units A08, 

A09, A23, and A25. The three pods have since begun to split up with sufficient frequency 

to allow an analysis on the level of the matrilineal unit. Ford (1991) grouped the nine 

matrilineal units into a common vocal tradition, A-subclan, due to the similarity of their 

vocal repertoires. The members of A-subclan in turn share several of their call types with 

the 10 matrilineal units of B-subclan. Together they make up A-clan, one of three acoustic 

clans in the northern resident community (Ford and Fisher, 1982; Ford, 1991). 

The matrilineal units studied here have vocal repertoires of 13-14 call types or subtypes 

(Ford, 1987, 1991). Of these repertoires, all groups share 11 call types (N2, N3, N4, N5, 

N7, N8, N9, N10, N11, N12, and N13, see Ford, 1987). Ford (1987, 1991) further divided 

the N9 call into 3 subtypes, each assigned to a different pod. In addition to these, one call 

type is shared by two groups (N1 call type for A01 and A04 pod), and four call types are 

only used by members of one pod (A01 pod: N27 and N47 call types; A04 pod: N19 call 

type; A05 pod: N17 call type; Ford, 1987, 1991). Ford (1991) only reported the N13 call 

from A04 and A05 matrilineal units, however, this call is also used frequently by members 

of the A36 matrilineal unit, and occasionally by A30 (Deecke, unpublished data). 

In addition to these differences in vocal repertoire and call structure, Ford (1991) found 

significant differences in the frequency with which the different groups use certain call 
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types. Whereas no difference was evident in the usage of the N2, N7, N8 and N11 call 

type, members of A04 pod used the N4 and N12 call type more often and the N5 and N9 

call type less often than members of A01 and A05. Call type N10 occurred more 

frequently in the repertoire of A05 pod than in that of A01 and A04 pod. 

In this chapter, I analyse the association patterns of the 9 matrilineal units to study the 

strengths of social bonds within A-subclan. I use the neural network index described in 

Chapter I to quantify the acoustic variation for 4 shared call types. This allows me to refine 

the acoustic relationships within A-subclan established by Ford (1991) to the level of the 

matrilineal unit. It also enables me to test whether patterns of acoustic variation are similar 

for different call types, and whether they are correlated with the frequency of association 

of the different matrilineal units. 

METHODS 

Analysis of association patterns 

The association patterns of the 9 matrilineal units were determined from a database of 

sightings of the northern resident community compiled by J. K. B. Ford at the Vancouver 

Aquarium. The records were contributed by a number of researchers. The association 

strength for each pair of matrilineal units was determined from the sightings for 1990-1995 

by computing their half weight index of association /using the formula: 
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T - X"b 

'ob ~ ~ Ginsberg and Young (1992) (6) 
-(na+nb> 

Where xab is the number of sightings of groups A and B together, and na and nb the total 

number of sightings of A and B respectively. The half weight ratio tends to overestimate 

the level of association (Cairns and Schwager, 1987; Ginsberg and Young, 1992), but has 

the advantage of being robust to biases in the encounter frequency of different groups. 

This was known to be a problem since much of the sighting effort was concentrated in 

western Johnstone Strait. Some matrilineal units (especially A12, A30, and A36 subpods) 

enter this area more frequently and spend more time there than do others (Nichol and 

Shackleton, 1996). In such a situation of differential observability, the half weight index of 

association best reflects the relative frequency of association, although it is a biased 

measure of absolute association strength (Cairns and Schwager, 1987). 

Analysis of acoustic variation 

The underwater recordings used in this study came from several sources and were made 

using a variety of different recording equipment (Appendix I). Only recording sessions in 

which one of the 9 matrilineal units was alone within recording range, and was identified 

visually or through photographs, were included in the analysis. Ideally, I would have liked 

to restrict this analysis to recording sessions from a single season, since the results of 
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Chapter II showed that calls are modified with time. However, this was impossible since 

not all groups were recorded alone every year. Therefore the analysis was centred around 

the years 1990-1995. Additional recording sessions from earlier or later years were 

included for groups for which insufficient material was available from this period. For the 

N4 and N9 call type of A12 and A30 subpods, the 1992 samples were used here. 

Suitable calls were identified acoustically and visually from the recordings and digitized 

using the Canary 1.2.1 sound analysis software. Calls were assigned to one of the call 

types defined by Ford (1987). Of the 2252 calls digitized, 259 could not be assigned to a 

call type and were omitted from the analysis. The analysis of acoustic variation was 

restricted to call types for which more than 15 calls could be obtained from 3 or more 

groups. For these call types, frequency contours were extracted from spectrograms, and 

the index of acoustic similarity was determined by the methods given in Chapter I. 

To visualize the structure of acoustic variation and association patterns, I generated 

average linkage dendrograms (Johnson, 1967) from the acoustic similarity indices, as well 

as from the association data. The pairwise ratings of acoustic similarity for the different 

call types were compared to the association indices for the groups by computing 

Pearson's coefficient of correlation {Racoust_assoc; Zar, 1996). To test whether the patterns of 

acoustic variation are similar for different call types, I computed the correlation coefficient 

for the similarity ratings of the two call types {Racoust_acoust) for all comparisons for which 

ratings were available for both call types. 
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RESULTS 

Analysis of association patterns 

The database contained 757 sightings involving one or more matrilineal units of A-

subclan. The total number of encounters with any one matrilineal unit ranged from 147 

(A25 subpod) to 415 (A30 subpod). The indices of association between matrilineal units 

within A-subclan are very similar to those described by Bigg et al. (1990) for 1978-1987 

(Table IX). The values for the half weight index of association range between 0.973 for 

A11 and A24 subpods, and 0.239 for A09 and A11. The average linkage dendrogram of 

association groups the 9 matrilineal units into three major clusters: A08-A09-A23-A25, 

A12-A30-A36, and A11-A24 (see left side of Figure 19), which correspond to A05 pod, 

A01 pod, and A04 pod respectively of Bigg et al. (1990). However, the frequency of most 

associations has decreased since their study, and the three A01 matrilineal units are no 

longer part of a single pod according to the definition of Bigg et al. (1990). 

Table IX: Association matrix (half-weight index) for the 9 matrilineal units of A-subclan. 

A09 
A11 
A12 
A23 
A24 
A25 
A30 
A36 

0.725 

0.421 

0.506 

0.766 

0.425 

0.691 

0.333 

0.397 

0.239 

0.401 

0.695 

0.252 

0.607 

0.253 

0.379 

0.413 

0.332 

0.973 

0.275 

0.330 

0.336 

0.470 

0.408 

0.369 

0.542 

0.520 

0.324 

0.782 

0.354 

0.391 

0.265 

0.329 

0.326 

0.270 

0.271 0.370 

A08 A09 A11 A12 A23 A24 A25 A30 
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Analysis of acoustic variation 

Sufficient calls could be obtained for the analysis of 4 shared call types: N1, N2, N4, and 

N9. Within A-subclan, N1 is only used by A11, A12, A24, A30 and A36 subpods (Ford, 

1991). However, sample size for the N1 call type of A11 and A24 subpods was too small, 

so that only 3 matrilineal units were included here. The sample size for the remaining 

three groups is 18 calls per group. Samples for the N2 call type were available for A08, 

A12, A30, and A36 subpods. Sample size for this call type is 21 calls per group. The N4 

is the only call type for which samples could be obtained from all 9 matrilineal units. 

Sample size for the N4 call type is 24 calls per group. Finally, the N9 call type was 

analysed for A12, A23, A25, A30, and A36 subpods with a sample size of 21 calls. 

The acoustic similarity index showed a wide range of values. The highest discrimination 

error of the neural network was 0.508 (N9 call type: A23 vs. A25; Table XIII). In this case 

the neural network performed no better than random, and did not detect any consistent 

variation between the calls of both groups. The best discrimination was between the N9 

calls of A12 and A25 subpods with a discrimination error of 0.004 (Table XIII), suggesting 

that the N9 calls of these two groups are very distinct. 
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N1 call type 

The acoustic similarity index rated the N1 calls of A30 and A36 subpods more similar to 

each other than to those of the A12 subpod (Table X, Figure 15). Structurally, the N1 calls 

of A12 subpod are significantly longer than those of the other groups (Mest, p < 0.001; 

Deecke, unpublished data; Figure 14), and substitution of frequency contours as 

described in Chapter II showed, that call length was indeed the most important factor in 

neural network discrimination. The N1 call type is the only call type for which the acoustic 

similarity index showed a negative correlation with the association patterns of the groups 

(*, acoust-assoc 
= -0.929,/? = 0.241). 

Table X: Acoustic similarity matrix for the N1 call type of 3 matrilineal units (n = 18 calls 

per group). 

A09 

A11 

A12 

A23 

A24 

A25 

A30 

A36 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.158 

0.127 

-

-

-

-

-

-

-

-

- 0.243 

A08 A09 A11 A12 A23 A24 A25 A30 
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Figure 14: Examples of spectrograms of N1 calls by 3 matrilineal units. 
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Figure 15: Average linkage dendrograms giving association patterns of 3 matrilineal units 

based on the half weight index of association (left), and structural similarity of their N1 call 

type based on the neural network index (right). Sample size is 18 calls per group. 
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N2 call type 

The results for this call type suggest that the N2 calls of A12 and A30 subpods are more 

similar than those of any other groups examined (Table XI, Figure 17). The dendrogram 

(Figure 17) furthermore implies that the N2 calls of A36 subpod are more similar to those 

of A08 subpod, however, Table XI shows this to be an artifact of the average linkage 

algorithm (Johnson, 1967), and the N2 calls of A36 subpod gave a somewhat higher 

similarity rating with A30 subpod. Structurally, the N2 calls of A08 tend to be longer than 

those of A12 and A30, and have a level plateau at the end of the call, while the N2 calls 

of A36 appear intermediate between those of A12-A30 and A08 (Figure 16). However, 

this call type is quite variable (see Ford and Fisher, 1982; Ford, 1987, 1989). The acoustic 

similarity of the N2 call type is not significantly correlated with the association patterns of 

the four groups {Racoust_assoc = 0.378, p = 0.460). 

Table XI: Acoustic similarity matrix for the N2 call type of 4 matrilineal units (n = 21 calls 

per group). 

A09 
A11 
A12 
A23 
A24 
A25 
A30 
A36 

-

-

0.055 
-

-

-

0.076 

0.105 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.257 

0.078 

-

-

-

-

-

-

-

-

- 0.113 

A08 A09 A11 A12 A23 A24 A25 A30 
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Figure 16: Examples of spectrograms of N2 calls by 4 matrilineal units. 
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Figure 17: Average linkage dendrograms giving association patterns of 4 matrilineal units 

based on the half weight index of association (left), and structural similarity of their N2 call 

type based on the neural network index (right). Sample size is 20 calls per group. 
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N4 call type 

The acoustic similarity indices for the N4 call type (Table XII) group the 9 matrilineal units 

into three major acoustic clusters. These are: A08-A09-A23-A25-A36, A12-A30, and A11-

A24 (Figure 19). These clusters are consistent with structural differences in the calls 

(Figure 18): the N4 calls of matrilineal units belonging to the first cluster generally have a 

pronounced terminal component (Part 2 of Ford, 1987), and a relatively low peak 

frequency. N4 calls of A12 and A30 subpod generally lack the terminal component and 

have a higher peak frequency. Those of A11 and A24 subpod tend to be longer in 

duration and generally end in an upsweep. The acoustic similarity ratings for the N4 call 

type are significantly correlated with the groups' indices of association {Racousl.assoc = 0.546, 

p = 0.001). 

Table XII: Acoustic similarity matrix for the N4 call type of 9 matrilineal units (n = 24 calls 

per group). 

A09 

A11 

A12 

A23 

A24 

A25 

A30 

A36 

0.343 

0.091 

0.048 

0.183 

0.100 

0.428 

0.138 

0.266 

0.041 

0.025 

0.194 

0.030 

0.477 

0.061 

0.397 

0.080 

0.040 

0.285 

0.039 

0.071 

0.065 

0.042 

0.078 

0.050 

0.277 

0.059 

0.013 

0.233 

0.086 

0.189 

0.033 

0.098 

0.059 

0.062 

0.373 0.098 

A08 A09 A11 A12 A23 A24 A25 A30 
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Figure 18: Examples of spectrograms of N4 calls from the 9 matrilineal units of A-subclan. 
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Index of Association Index of Acoustic Similarity 
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Figure 19: Average linkage dendrograms giving association patterns of the 9 matrilineal 

units of A-subclan based on the half weight index of association (left), and structural 

similarity of their N4 call type based on the neural network index (right). Sample size is 24 

calls per group. 
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N9 call type 

The acoustic similarity index gave both the highest and the lowest overall rating for 

comparisons of N9 calls. The versions of N9 from A25 and A23 subpods are extremely 

similar, as are those from A12 and A30 subpods. The N9 calls of A36 subpod are more 

similar to A12-A30 than they are to A23-A25 (Table XIII, Figure 21). Structurally, the N9 

calls of A23 and A25 subpods (subtype N9iii of Ford, 1987, 1991) end with a pronounced 

terminal component (Part 4 of Ford, 1987). The versions of A12 and A30 subpods lack 

this terminal component (subtype N9i of Ford, 1987, 1991). N9 calls from the A36 subpod 

tend to be higher in frequency and sometimes have a faint terminal component (see 

Figure 20). The N9 call type gave the highest correlation between the acoustic similarity 

index and the association patterns {Racoust.assoc = 0.786, p = 0.007). 

Table XIII: Acoustic similarity matrix for the N9 call type of 5 matrilineal units (n = 21 calls 

per group). 

A09 
A11 
A12 
A23 
A24 
A25 
A30 
A36 

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.011 
-

0.004 

0.446 

0.303 

-

0.508 

0.006 

0.005 

-

-

-
0.005 

0.017 0.330 

A08 A09 A11 A12 A23 A24 A25 A30 
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Figure 20: Examples of spectrograms of N9 calls by 5 matrilineal units. 
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Index of Associat ion Index of Acoust ic Similarity 
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Figure 21: Average linkage dendrograms giving association patterns of 5 matrilineal units 

based on the half weight index of association (left), and structural similarity of their N9 call 

type based on the neural network index (right). Sample size is 21 calls per group. 
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Comparison of call types 

With the exception of the N1 call type, the ratings of acoustic similarity for different call 

types are positively correlated (Table XIV). The positive correlation coefficient for the 

three comparisons of N2 and N9 call type is significant (Racousl.acoust = 1 -000, p = 0.005). 

These findings suggest that patterns of acoustic variation among the matrilineal units of 

A-subclan are similar for some, but not necessarily all call types. 

Table XIV: Correlation matrix for the acoustic similarity ratings of the 4 call types giving 

Pearson's correlation coefficient (Racoust_acoust)> significance level (p), and number of 

comparisons for correlation (TV). 

N1 R 

p 
N 

N2 R 

P 
N 

N4 R 

P 
N 

N9 R 

P 
N 

acoust-acoust 

r 

acoust-acoust 

r 

acoust-acoust 

r 

acoust-acoust 

r 

1.000 

3 

-0.075 
0.952 
3 

-0.094 
0.940 
3 

-0.083 
0.947 
3 

1.000 

6 

0.729 
0.100 
6 

1.000 
0.005 
3 

1.000 

36 

0.282 
0.430 
10 

1.000 

10 

N1 N2 N4 N9 

83 



CHAPTER III: Patterns of Acoustic Variation Within a Killer Whale Vocal Tradition 

DISCUSSION 

In general, the patterns of acoustic variation within A-subclan found in this study support 

the existence of the three pods defined by Bigg et al. (1990) from association patterns. 

For most call types, comparisons of calls from matrilineal units belonging to the same pod 

gave high ratings of similarity, whereas the ratings for comparisons of groups from 

different pods were low. The A36 subpod, considered as part of a same pod with A12 and 

A30 by Bigg et al. (1990) is an exception to this rule. The ratings for the N1 and N9 call 

type link A36 subpod to A12 and A30 subpods and thus are consistent with the 

association patterns. The ratings for the N2 call type on the other hand suggest that A36 

subpod shows no clear affinity to either A12-A30 or A08 subpod. Finally, for the N4 call 

type both the neural network index and the similarity ratings by the human subjects in 

Chapter I suggest that the version made by A36 subpod is actually more similar to that of 

A05 pod (A08, A09, A23, and A25 subpods, Bigg et al., 1990). Further evidence for an 

acoustic link of A36 subpod to A05 pod is their frequent use of the N13, a call type 

assigned to A04 and A05 pod by Ford (1987, 1991). This lack of a consistent pattern of 

acoustic variation may mean that A36 subpod is only distantly related to A12 and A30 

subpod, and only associates with these two subpods due to a lack of a closely related kin 

group. 

Comparing the acoustic similarity ratings for different call types (Table XIV) suggests that 

acoustic variation within A-subclan follows a similar pattern for certain call types. With the 
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exception of the N1 call type, the ratings for all call types are positively correlated, and the 

correlation between ratings for the N9 and N2 call types is significant. When looking at 

A12, A30, and A36 subpods, the three groups for which samples were available for all the 

call types analysed, the calls of A12 and A30 subpods are more similar to each other than 

to those of any other group for all but one call type. Again the exception is the N1 call 

type. Compared to the other call types analysed, the N1 furthermore shows a distinctive 

distribution, since it is not used by all members of A-subclan. However, it is used by some 

members of B-subclan (B01, C01, D01, H01, and 101 pods; Ford, 1991), and further 

research is needed to determine why this call type appears to follow a different pattern of 

modification. 

When interpreting the patterns of acoustic variation found in this study, it is important to 

keep in mind that the calls of some of the groups come from a period of over 10 years 

(Appendix I). In Chapter II, I demonstrated that some call types undergo significant 

modification over such a time span. A low index of acoustic similarity therefore could 

result from temporal heterogeneity in the call samples from two groups rather than from 

structural differences in their calls at any point in time, and this leads to biases in the 

ratings of acoustic similarity. The findings in Chapter II suggest that not all call types are 

modified at the same rate, and therefore the biases resulting from temporal heterogeneity 

will be greater for some call types than others. Hence the lower Racoust.assoc for the N4 call 

type compared to the N9 call type is consistent with my findings in Chapter II. N9 is a 
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stable call type, and the acoustic similarity ratings for it will not be as biased by temporal 

heterogeneity in the call samples as those for the more mutable N4. 

In spite of this temporal heterogeneity my study found a significant positive correlation 

between call similarity and the frequency of association for the two call types for which the 

most extensive data were available. This points to a functional relationship between these 

two variables generated in three possible ways. First, the correlation could mean that 

association frequency and acoustic variation both depend on a common factor, such as 

the time elapsed since the split up of the ancestral group proposed by Ford (1991). 

Second, frequent association'of two groups could be the result of the similarity of their 

dialects. This would be the case if groups with a similar dialect associate preferentially. 

Finally, frequent association could be the cause for the similarity of dialects if spending a 

great amount of time in acoustic contact leads to a convergence of dialect. This last 

possibility is supported by the findings in Chapter II. The amount of acoustic contact 

between two groups at least partially determines the amount of horizontal transmission of 

structural modifications to the calls and thus plays a role in generating and maintaining 

acoustic similarity. 

The positive correlation between acoustic similarity and frequency of association found in 

this study contrasts with earlier results of Bigg et al. (1990) who compared the association 

patterns of the pods of the two resident communities to the similarity of their vocal 

repertoires. At this level, they found no significant relationship between repertoire 
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similarity and frequency of association, and concluded that acoustic clans are not 

primarily social units, but groupings based on a common genealogical lineage. Similarly, 

Ford (1984) reports a general consistency between patterns of repertoire similarity at the 

level of the vocal tradition but not at the level of the community. These contrasting 

patterns observed at different levels of killer whale social structure can be reconciled by 

postulating that resident killer whales associate for two distinct reasons. Kin associations, 

on the one hand, may reflect and enforce genealogical bonds. Non-kin associations, on 

the other, may reflect social or sexual attraction between members of the different groups. 

If killer whales do associate for distinct reasons, then the timing and the scale of a study 

determines whether or not a correlation between association patterns and dialect 

similarity will be found. My analysis focusses on nine matrilineal units which are 

presumably closely related. The main associations among these groups are likely kin 

associations, and therefore association patterns should correlate with acoustic similarity. 

In the study of Bigg et al. (1990), however, non-kin associations predominated in the 

association patterns, especially since most of their data were collected during the summer 

months, the presumed breeding season of the resident communities (Olesiuk et al., 

1990). For this reason, association strengths may no longer reflect genealogy, and with it 

acoustic similarity. 

If the association patterns in resident killer whales do in fact reflect kinship at the level of 

the matrilineal unit, as they do on the level of the individual (Bain, 1988; Bigg et al., 1990; 
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Harms, 1997) and the community (Hoelzel et al., 1998; Barrett-Lennard, pers. comm.), 

this study suggests that the vocal dialects of killer whales act as a non-genetic marker of 

kinship. Treisman (1977,1978) argues that in a species with a high degree of philopatry, 

a purely genetic marker of kinship is too unrefined to identify close relatives during social 

interactions. He suggests that a learned marker such as the vocal repertoire may serve 

this function instead. Marler and Tamura (1962) also suggested that vocal dialects reflect 

kinship but serve as a mechanism of inbreeding avoidance. Resident killer whales, with 

their apparent absence of juvenile dispersal and small effective population size (Hoelzel 

et al. 1998), may have a need for a non-genetic marker of kinship in order to avoid 

competitive interactions with close kin, or to function in mate selection. 

It is difficult to reconstruct maternal genealogies within acoustic clans of resident killer 

whales through genetic analysis because at this level, mitochondrial DNA shows virtually 

no variation (Barrett-Lennard, pers. comm.). More variable nuclear markers may provide 

better resolution, however, they are inherited from both parents making them unreliable 

for reconstructing strictly maternal genealogies. The difficulty in resolving kin relationships 

within the northern resident community through genetic means supports Treisman's 

(1977, 1978) point that genetic kinship markers provide insufficient resolution in 

philopatric species. Therefore, the similarity of shared call types combined with 

information on the vocal repertoire (Ford and Fisher, 1982; Bigg et al., 1990) and 

association data is currently the most powerful tool available for reconstructing maternal 

genealogies of killer whales at the level of the matrilineal unit and the pod. 

88 



GENERAL DISCUSSION 

GENERAL DISCUSSION 

The objective of this study was to identify the mechanisms responsible for generating 

vocal variation among matrilineal units of resident killer whales, and to use this knowledge 

to interpret patterns of acoustic variation within a killer whale vocal tradition. Previous 

studies of killer whale dialects have focused on repertoire variation at the level of the pod, 

and I wanted to extend this research to investigate structural variation at the level of the 

matrilineal unit. I quantified structural variation using neural network analysis of frequency 

contours to determine the similarity of samples of calls, and used a historical approach to 

identify mechanisms responsible for generating variation and for maintaining structural 

similarity of shared call types. I use these findings combined with association data to 

interpret patterns of structural variation in call types shared by the 9 matrilineal units of A-

subclan, one vocal tradition within the northern resident community. 

In the first chapter, I showed that neural network analysis of frequency contours is a 

useful technique for quantifying patterns of structural variation in the discrete calls of killer 

whales. Analysis of temporal change suggests that the structure of killer whale calls are 

modified through structural drift, that is, through the accumulation of non-directional 

modifications of call structure. Such changes can only be detected by an analysis which 

assesses and integrates variation of many acoustic parameters and hence are missed by 
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many current approaches. While the results in Chapter I showed that the neural network 

index evaluates acoustic variation comparably to human subjects, we do not know how 

similar human acoustic perception is to that of killer whales. In Chapter III however, I 

found that the acoustic similarity index correlates with a biological parameter, the groups' 

association patterns, which suggests that it does rate acoustic similarity in a biologically 

meaningful way. 

The results of Chapter II demonstrated that the discrete calls of killer whales are 

modifiable behavioural traits, and that certain call types are more stable than others. The 

lack of acoustic divergence between the N4 calls of the two groups, in spite of structural 

modification of the calls by both groups, is evidence for horizontal cultural transmission on 

the level of the matrilineal unit. Horizontal transmission between members of the same 

generation requires vocal learning, and this study therefore provides evidence against the 

genetic coding of the discrete calls. Bowles et al. (1988) and Janik and Slater (1997) did 

not rule out genetic coding as a possible mechanism of dialect transmission in killer 

whales 

From the evidence for cultural transmission in Chapter II, I hypothesized that the amount 

of acoustic contact between the matrilineal units of A-subclan is a good predictor of the 

structural similarity of call types shared by them. This hypothesis was verified in Chapter 

III since the patterns of acoustic variation for the two call types analysed most 

comprehensively gave strong and significant correlations with the groups' association 
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patterns. Observational and genetic evidence suggests that association patterns reflect 

maternal kinship on the level of the individual and the community, and this may be true on 

the level of the matrilineal unit as well. Vocal dialects of killer whales may therefore be 

non-genetic traits which reflect maternal relatedness. 

Mundinger (1980) defines a cultural tradition in animals as: 

"...a learned behavior complex shared by individuals in a population oi organisms, with 

that behaviour complex appearing in the population generation after generation and 

persisting in the behavioral repertoire of individual organisms following removal from, 

or of, the immediate learning situation" 

In addition, he provides two criteria for identifying cultural traditions: 1) cultural 

transmission of learned behaviours between generations, 2) the presence of different 

variants of modifiable behaviours in different populations or social groups. Chapter II 

shows that the discrete calls of killer whales are modifiable, and that vocal differences are 

transmitted culturally, that is, through copying and vocal learning. Studies of captive killer 

whales (Bain, 1986, 1988; Ford, 1989, 1991) show that individuals retain their vocal 

repertoire after being isolated from their social groups, which demonstrates that the 

behavioural variants persist after removal of the learning situation. Finally, the results of 

Chapter III support earlier findings by Ford (1984, 1987, 1989, 1991) and Strager (1995) 

that different social groups of killer whales produce structurally distinct vocal signals, thus 
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satisfying Mundinger's criterion for the presence of different behavioural variants. Hence, 

the vocal dialects of resident killer whales fulfil all criteria set by Mundinger (1980), and 

represent true cultural traditions. 

Comparing the results in Chapter III with earlier studies by Ford (1984) and Bigg et al. 

(1990) demonstrates the importance of scale when interpreting patterns of acoustic 

variation in resident killer whales. Results may differ depending on the level of the social 

structure at which acoustic variation is analysed. For this reason, one needs to be careful 

when applying the findings of this study to the individual level, or to the level of the 

community. While this thesis focusses on the association patterns and patterns of 

acoustic variation within a single vocal tradition, resident killer whales also associate 

frequently with individuals belonging to different vocal traditions with whom they share no 

part of their vocal repertoire (Bigg et al., 1990; Ford, 1991). Killer whales infrequently 

mimic discrete calls from vocal traditions other than their own, but such mimicked calls 

have distinct tonal properties from the originals and are easily identified by ear (Ford, 

1991). Multiple vocal traditions have persisted in the northern resident community in spite 

of frequent acoustic contact and the ability for cultural transmission. This suggests that 

cultural transmission is restricted to the vocal tradition, and is evidence for selective 

copying in killer whales. Individual animals do not indiscriminately copy from each other, 

but rather copying occurs only during associations with close matrilineal kin. 
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Selective copying of vocal patterns has been documented in birds and humans, and 

whether an individual includes a certain pattern into its vocal repertoire has been shown 

to depend on a variety of factors. These include the mating success of the tutor using the 

vocal pattern (Payne, 1985), plumage colour and age of the tutor as well as his date of 

arrival at the nesting site (Payne and Payne, 1993), frequency of social interactions with 

the tutor (Payne, 1981b; Kroodsma and Pickert, 1984; Baptista and Petrinovich, 1986) 

and the frequency of the vocal pattern in the population (Boyd and Richerson, 1985; 

Kroch, 1989). A bias towards copying the vocalizations of close relatives has been 

demonstrated in certain songbirds (Gibbs, 1990; Zann, 1990; Mann and Slater, 1995), 

where juvenile males preferentially copy their father's song. In bottlenose dolphins, male 

calves develop a signature whistle similar to that of their mother (Sayigh et al., 1995). A 

similar bias towards copying from matrilineal kin, albeit present in both sexes, can be 

used to explain the persistence of distinct vocal traditions among killer whales in spite of 

frequent acoustic contact between members of different acoustic clans. Bowles et al. 

(1988) provide additional evidence for selective copying from maternal kin, since in their 

study a captive calf copied the vocal repertoire of its mother in spite of other individuals in 

its environment vocalising far more frequently. Unless killer whales possess an additional 

marker of genetic relatedness at the level of the matrilineal unit, the dialects themselves 

may serve to determine whether cultural transmission occurs. Documenting and 

quantifying the relationship between the degree of maternal relatedness and the amount 

of cultural transmission occurring between individuals and groups will present an 
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important step towards a complete understanding of vocal variation in resident killer 

whales. 

Many studies on vocal dialects so far have focused on the vocal behaviour of songbirds. 

My study has shown many similarities between the vocal dialects in songbirds and killer 

whales, but also some fundamental differences. For this reason, definitions of vocal 

dialects (e.g., Mundinger, 1982), and theories about their function (e.g., Nottebohm, 1975, 

1985; Marler and Tamura, 1962) which were developed for songbirds are not always 

applicable to this species. One of the major differences between the two dialect systems 

is that killer whale dialects diverge along social boundaries which are not easily translated 

into spatial terms. In this respect, killer whale dialects are more similar to certain linguistic 

variation in humans, which serves to delineate social boundaries within an interacting 

population (e.g., Krysin, 1977; de-Wolf, 1990). 

Another fundamental difference is that in many species of songbirds, the song is acquired 

during a formative period, after which it remains essentially unchanged throughout the 

animals' life (e.g., Marler, 1970; Payne, 1981b; Slater and Ince, 1982). The colony specific 

dialects of yellow-rumped caciques are one notable exception to this pattern (Trainer, 

1989). The results of Chapter II and the evidence for vocal copying in captivity (Bain, 

1986, 1988; Ford pers. comm.) suggests that killer whales are able to modify their vocal 

behaviour throughout their entire lives. A life-long ability for vocal learning has been 

documented for several other species of mammals (see Janik and Slater, 1997), and this 
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ability can greatly accelerate the transmission of vocal variants in a population (Trainer, 

1989). Due to their lifelong ability to modify their vocal behaviour, social groups of resident 

killer whales must maintain the structural similarity of call types shared among them 

through regular acoustic contact and cultural exchange. 

My findings suggest that the structural variation of shared call types in resident killer 

whales is the outcome of two opposing forces. On the one hand, structural modification of 

call types through cultural drift introduces variation and causes acoustic differentiation. 

Horizontal transmission, on the other hand, distributes the structural modifications among 

frequently associating groups, and thus generates acoustic conformity. For some call 

types, a decrease in the amount of cultural transmission will eventually lead to a 

divergence of call structure, whereas extensive acoustic contact between two groups may 

cause structural convergence. The patterns of acoustic variation we observe at any point 

in time reflect the historical strengths of these two forces acting on the vocalizations of the 

groups which are being compared. 

A similar mechanism of dialect evolution has been proposed for songbirds (see Lemon, 

1975; Mundinger, 1980; Catchpole and Slater, 1995; Lynch, 1996) and humans (e.g., 

Bailey 1973). Two mechanisms generate vocal differences: Cultural drift in the structure 

of learned vocal signals results from errors in their reproduction and copying, innovation 

is the spontaneous generation of new vocal patterns, or the active modification of existing 

ones (Lemon, 1975; Payne, 1996). Cultural transmission distributes this variation 
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throughout the population and hence promotes conformity. Errors in call reproduction and 

copying, as well as active innovations are passed on from one individual to the next 

through copying (Mundinger, 1980). In songbirds, cultural transmission can also introduce 

vocal variation from adjacent populations, or even from different species (Baylis, 1982). 

My results can be synthesized into a tentative model for dialect evolution in killer whales. 

Structural similarity of shared call types reflects genetic relatedness along maternal lines 

through an indirect relationship, mediated by the amount of cultural exchange among 

individuals and groups. Similarity is maintained by cultural transmission of structural 

modifications to the calls, and within a killer whale vocal tradition, the amount of horizontal 

transmission occurring among social groups is determined by the strength of the bond 

between them. This is because the frequency of association and hence the amount of 

acoustic contact between groups reflects this social bond. Additionally, a mechanism of 

selective copying prevents cultural exchange between unrelated groups, and thus 

maintains an abrupt dialect boundary between different vocal traditions. This model 

remains tentative, because it is unclear at which level of maternal relatedness selective 

copying prevents cultural exchange, and because we do not have a precise 

understanding of how well association patterns reflect maternal kinship at the level of the 

matrilineal unit and the pod. 

If the correlation between the frequency of association and maternal genetic relatedness 

is high within a vocal tradition, structural similarity of shared call types acts as a precise 
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marker of maternal kinship, and may therefore function in mate choice or reduction of 

resource competition with close kin, as outlined by Ford and Fisher (1982) and Ford 

(1991). If, on the other hand, the correlation between association patterns and maternal 

relatedness is low at the level of the matrilineal unit and the pod, the vocal dialects of killer 

whales are better indicators of the social and cultural history of a group. Wright (1996) 

suggests that such culturally inherited acoustic traits may act as markers for an entire 

complex of culturally transmitted behaviours such as food localization and foraging 

techniques, habitat preferences, or seasonal migratory routes. Resident killer whales feed 

extensively on Pacific salmon {Oncorhynchus spp.; Ford et al., in press), a resource 

which exhibits a great deal of predictable temporal and spatial variation. Nichol and 

Shackleton (1996) present some evidence for culturally transmitted behaviour complexes 

in the form of diet specialization and differential seasonal ranges within the northern 

resident community. Therefore, social groups of resident killer whales could act as 

repositories for culturally transmitted information about timing and location of peaks in 

resource abundance, and the similarity of shared call types could act as an indicator of 

the similarity of these behaviour complexes among different groups. The results of 

Chapter II suggest that certain call types are more stable than others. Acoustic variation 

of mutable call types, such as N4, likely reflects short term social events, whereas more 

stable call types, such as N9, are better indicators of long term histories of association 

and possibly maternal kinship. It may well be that killer whale vocal dialects encompass 

markers of genetic and cultural similarity in the same dialect system. 
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My findings show that the similarity of shared call types in resident killer whales is 

maintained by constant horizontal transmission rather than an absence of structural 

change. This raises interesting questions about dialect evolution in other killer whale 

populations. The social structure of the transient community also seems to be organized 

along matrilineal lines, although social bonds within this community appear to be weaker 

than they are among resident whales. Adult male and female transients are often 

encountered apart from their mothers (Bigg et al., 1990). Whereas the resident 

communities of the northeast Pacific exhibit complex systems of vocal dialects, all 

transient killer whales recorded in Washington State, British Columbia, and southeast 

Alaska share the same vocal repertoire of 8 call types (Ford, 1984). This homogeneity of 

the transient dialect either suggests that the discrete call types of transient killer whales 

are inherently more stable than those of residents, or it can be explained by a great 

amount of cultural transmission throughout the entire transient community. In the latter 

case, I would expect all members of the transient community to maintain frequent acoustic 

contact, either directly or through intermediates in order to allow structural modifications 

to the discrete calls to spread to all members. Such a high level of cultural transmission 

could be maintained through seasonal gatherings of large groups allowing for direct 

acoustic contact, or through frequent and varying association of small groups permitting 

vocal modifications to spread through indirect transmission. 

This study has shed light on mechanisms and patterns of acoustic variation in killer 

whales on the level of the matrilineal unit. Further research is needed to quantify patterns 
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of acoustic variation among the individuals of a matrilineal unit, and to test whether the 

mechanisms responsible for generating and maintaining them are the same. New 

techniques of quantifying acoustic variation, such as the one described in Chapter I, will 

prove useful here. This study has shown that modifications of the structure of shared call 

types can be transferred between frequently associating matrilineal units with very similar 

vocal repertoires. It is left for future research to determine the extent of cultural 

transmission between more distantly related groups. For example, the members of B-

subclan share some call types used by A-subclan. Is there still exchange of structural 

modifications at this level? Killer whale vocal dialects evolve by modification of the vocal 

repertoire as well as by modification of call structure, and this study has focused entirely 

on the structural level. A study taking Ford's (1984, 1991) work on vocal repertoires to the 

level of the matrilineal unit and the individual, and taking a detailed look at repertoire 

stability and call use over time, is needed to test whether cultural transmission acts on the 

level of the vocal repertoire as it does on the level of call structure. While this study has 

answered questions about the mechanisms generating vocal change and the patterns of 

variation they create, much further research is required to fully delineate the influences on 

vocal dialects in resident killer whales and their role within the context of their unique 

social organization. 
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APPENDIX I: List of Recording Sessions Used 

Table A-l: Recording sessions for A08 subpod 

Date 

01 Auq 1985 
13 Oct 1986 
20 Jul 1995 
27 Jul 1995 

05Jun 1997 
26 Auq 1997 

Recorded by 

D.E. Bain 
D.E. Bain 
D. Briggs 
D. Briqqs 
J.KB. Ford 
F. Thomsen 

N1 

-
-
-
-
-
-

N2 

5 
-
4 
6 
1 
5 

N4 

2 
2 
3 
4 
13 
-

N9 

-
-
-
-
-
-

Comments 

Table A-l I: Recording sessions for A09 subpod 

Date 

17 Sep 1991 
27 Sep 1991 
05 Oct 1991 
06 Oct 1991 

Recorded by 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

N1 

-
-
-
-

N2 

-
-
-
-

N4 

6 
6 
6 
6 

N9 

-
-
-
-

Comments 

Table A-lll: Recording sessions for A23 subpod 

Date 

04 Nov 1993 
21 Oct 1994 
16 Jul 1995 
20 Jul 1995 

35209 

Recorded by 

OrcaLab 
OrcaLab 
D. Briggs 
OrcaLab 
G.M. Ellis 

N1 

-
-
-
-
-

N2 

-
-
- ' 
-
-

N4 

9 
1 
-

14 
-

N9 

4 
-
9 
5 
3 

Comments 

Table A-IV: Recording sessions for A25 subpod 

Date 

26 Jul 1984 
20 Jul 1985 

09 Sep 1986 
09 Jul 1990 
20 Jul 1995 
08 Jul 1996 

Recorded by 

D.E. Bain 
OrcaLab 
OrcaLab 
OrcaLab 
D. Briqqs 
D. Briqqs 

N1 

-
-
-
-
-
-

N2 

. 
-
. 
. 
-
-

N4 

5 
2 
-

17 
-
-

N9 

1 
1 
9 
4 
4 
2 

Comments 

A-i 



APPENDIX I: List of Recording Sessions Used 

Table A-V: Recording sessions for A12 subpod 

Date 1 Recorded by 

28 Auq 1984 

14 Jul 1986 

05 Aug 1986 
07 Auq 1986 

19 Aug 1988 

06 Sep 1988 
15 Sep 1988 
22SeDl988 
02 Jul 1990 
03 Jul 1990 

04 Jul 1990 

15 Jul 1990 
12 Oct 1990 
04 Auq 1991 
26 Aug 1991 

25 Oct 1991 
14 Oct 1992 
13 Jul 1992 

03 Auq 1992 
21 Sep 1992 
30 Jul 1993 
18 Aug 1993 

23 Auq 1993 
14 Jul 1994 
15 Oct 1994 
17 Oct 1994 

08 Sep 1995 
08 Sep 1995 
12 Sep 1995 

21 Sep 1995 
28 Sep 1995 

08 Oct 1995 

10 Oct 1995 

30 Jul 1996 

09 Sep 1996 
12 Nov 1996 

13 Nov 1996 

15 Jul 1997 
18 Jul 1997 

23 Jul 1997 

23 Jul 1997 

27 Jul 1997 
28 Jul 1997 

01 Auq 1997 

26SeDl997 

D.E. Bain 

OrcaLab 

OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 
. OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
J.K.B. Ford 

OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 

F. Thomsen 
» F. Thomsen 
OrcaLab 

F. Thomsen 

F. Thomsen 

F. Thomsen 

F. Thomsen 

OrcaLab 

N1 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
6 
-
1 
3 
-
-
-
-
-
-
-
4 
1 
-
1 
1 
1 
-
-
-
-
-
-
-
-
-
-
-
-
-

N2 

-
-
1 
3 
-
-
-
. 
-
-
-
-
-
2 
2 
2 
-
-
-
-
-
-
. 
-
1 
1 
-
-
-
2 
1 
-
2 
-
-
-
-

3 
-
-
-
-
1 
-
-

N4 

-
3 
6 
15 
9 
2 
10 
3 
5 
5 
5 
4 
5 
3 
13 
8 
7 
5 
8 
4 
8 
7 
9 
7 
9 
8 
4 
5 
6 
2 
3 
4 
-
7 
2 
8 
7 
4 
1 
4 
4 
3 
1 
3 
4 

N9 

2 
1 
9 
9 
-
-
-
. 
-
5 
4 
1 
11 
2 
4 
15 
10 
3 
8 
-
7 
7 
7 
2 
6 
13 
4 
4 
3 
3 
3 
-
4 
10 
2 
9 
-
7 
3 
1 
-
3 
1 
6 
-

Comments 

131 subpod also in recording range 

0953-1421 hrs. 
1500-201 Ohrs. 
111 subpod also in recording range 

115 subpod also in recording range 

111 subpod also in recording range 
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APPENDIX I: List of Recording Sessions Used 

Table A-VI: Recording sessions for A30 subpod 

Date 

25Jun1985 

07 Jul 1985 

13 Jul 1985 
24 Jul 1985 

12 Jul 1988 

15 Jul 1988 
15 Sep 1988 
22 Oct 1988 
21 Jun 1989 
25Jun 1989 

20 Jul 1989 
11 Oct 1989 

02 Nov 1989 
13 Jun 1990 

18 Jun 1990 
23 Jul 1990 
30 Aug 1990 

33386 
15 Jul 1991 
19 Aug 1991 
23 Aug 1991 

24 Aug 1991 
30Auq1991 
04 Sep 1992 
06 Sep 1992 
03 Oct 1992 
23 Oct 1992 

26 Jun 1993 
11 Aug 1993 

19 Sep 1993 

16 Oct 1993 
13 Nov 1993 
19 Jul 1994 

06 Aug 1994 
26 Oct 1994 

28 Jun 1995 

30 Jun 1995 

02 Jul 1995 
10 Jul 1995 
09 Aug 1995 
13 Aug 1995 

03 Nov 1995 
04 Nov 1995 

17 Jul 1996 
18 Jul 1996 

03Auq1996 
13 Jul 1997 

16 Jul 1997 
17 Jul 1997 

18JuM997 

23 Jul 1997 

31 Jul 1997 
02 Aug 1997 

08 Aug 1997 
09 Aug 1997 

Recorded by 

A. Morton 

D.E. Bain 

D.E. Bain 
D.E. Bain 

OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 
OrcaLab 

OrcaLab 

OrcaLab 

OrcaLab 

OrcaLab 

OrcaLab 
OrcaLab 

F. Thomsen 
F. Thomsen 

F. Thomsen 

OrcaLab 

F. Thomsen 
F. Thomsen 

OrcaLab 
F. Thomsen 

F. Thomsen 

N1 

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
1 
-
1 
5 
2 
2 
2 
5 
-
-
-
-
-
-
-
-

• -

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

N2 

1 
4 
1 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
3 
-
. 
-
-
-
-' 
-
-
-
-
-
3 
1 
-

1 
1 
-
1 
-
-
-
1 
-
-
-
-
-
2 
-
1 
-
-
1 
-

N4 

6 
7 
10 
1 
7 
5 
8 
4 
5 
6 
3 
5 
5 
8 
5 
7 
4 
1 
2 
2 
11 
2 
6 
2 
5 
6 
11 
8 
4 
5 
3 
4 
10 
1 
13 
4 
4 
4 
4 
4 
-
1 
3 
9 
8 
7 
1 
1 
9 
-
-
4 
-
6 
3 

N9 

4 
11 
3 
3 
5 
-
8 
8 
-
-
-
-
-
5 
2 
7 
7 
-
3 
1 
6 
9 
2 
5 
6 
5 
5 
5 
8 
2 
1 
5 
-
-

10 
3 
-
4 
1 
1 
1 
1 
7 
8 
6 
1 
-
3 
5 
2 
2 
4 
1 
3 

Comments 

131 subpod also in recording range 

111, 115 suboods also in recording range 

115 subpod also in recording ranqe 

115 subood also in recording range 
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APPENDIX I: List of Recording Sessions Used 

Table A-VII: Recording sessions for A36 subpod 

Date 

26 Jul 1985 
25 Jul 1991 

20 Sep 1991 
22 Sep 1991 
30 Sep 1991 
01 Jun 1992 
05 Jul 1994 

11 Auq 1994 
11 SeD 1996 
27 Aug 1997 
07 SeD 1997 

Recorded by 

D.E. Bain 
OrcaLab 
OrcaLab 
OrcaLab 
OrcaLab 
J.K.B. Ford 
J.K.B. Ford 
V.B. Deecke 
F. Thomsen 
F. Thomsen 
F. Thomsen 

N1 

-
1 
-
3 
6 
5 
-
3 
-
-
-

N2 

4 
-
-
2 
-
-
1 
1 
7 
1 
6 

N4 

-
3 
2 
1 
18 
-
-
-
-
-
-

N9 

. 
2 
-
1 
4 
-
-

14 
-
-
-

Comments 

Table A-VIII: Recording sessions for A11 subpod 

Date 

20 Jul 1985 
08 Auq 1987 
14 Aua 1987 

Recorded by 

D.E. Bain 
D. Briggs 
D. Briqas 

N1 

. 

. 
-

N2 

-
-
-

N4 

4 
14 
6 

N9 

-
-
-

Comments 

Table A-IX: Recording sessions for A24 subpod 

Date 

17 Sep 1985 
??Mav1992 
??Mav1993 
14 Auo 1995 

Recorded by 

A. Morton 
S. Wischniowski 
S. Wischniowski 
D. Briqqs 

N1 

. 

. 

. 
-

N2 

. 
-
-
-

N4 

1 
6 
7 
10 

N9 

-
-
-
-

Comments 
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APPENDIX II: Composition and Genealogies of the Matrilineal Units ofA-Subclan 

APPENDIX II: Composition and Genealogies of the Matrilineal 

Units of A-Subclan 

modified from Bigg et al. (1990); Ford et al. (1994) 

Legend for 

• it 

t 

c 

? 

Figures A1-A7: 

Animal born before 1973, genealogy and age inferred from association patterns 

Dead or missing in 1997 

Removed by live capture 

Sex undetermined 
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APPENDIX II: Composition and Genealogies of the Matrilineal Units of A-Subclan 

tA 
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Figure A-1: Composition and genealogies of A08 and A09 subpods. 
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Figure A-2: Composition and genealogy of A23 subpod. 
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Figure A-3: Composition and genealogy of A25 subpod. 
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APPENDIX 11: Composition and Genealogies of the Matrilineal Units ofA-Subclan 
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Figure A-4: Composition and genealogy of A12 subpod. 
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Figure A-5: Composition and genealogy of A30 subpod. 
1985 1990 1995 
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Figure A-6: Composition and genealogy of A36 subpod. 

A-vii 



APPENDIX II: Composition and Genealogies of the Matrilineal Units of A-Subclan 
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Figure A-7: Composition and genealogies of A11 and A24 subpods. 
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APPENDIX III: Computer Algorithms 

APPENDIX III: MATLAB 4.2 Algorithms for Frequency Contour 

Extraction and Neural Network Analysis 

1) Function Sidewinder 

function X = sidewinder(X, tempres, freqres) 
[height,duration] = size(X); 
z = (1 :height).*freqres; 
x = (1 :duration).*tempres; 
spgram = pcolor(x,z,X)'; axis([1 x(duration) 0 z(250)]); 
colormap((hot)); shading flat 
drawnow 
like = input('ls the call to your liking (y/n)? ','s'); 
if like == 'n', 

close(gcf), 
y = [], break, 

end 
disp('Click on the beginning of the call') 
[start, whatever] = ginput(1); 
start = round(start/tempres); 
disp('Click on the end of the call') 
[stop, whatever] = ginput(1); 
stop = round(stop/tempres); 
X = silence2(X,start); 
y = ones(1,duration); 
floor = min(min(X)); 
timebin = start; 
oldetyme = 0; 
while timebin <= duration 

• spectrum = X(1 :height,timebin); 
bottom = find(spectrum > floor); 
if ~isempty(bottom); 

last = bottom(length(bottom)); 
else 

last = 5; 
end 
autoco = xcov(spectrum); 
autoco = autoco(round(length(autoco)/2):length(autoco)); 
y(timebin) = chamois(autoco,2, last); 
Y(:,timebin) = autoco; 
timebin = timebin+1; 
time = round((timebin-start)/(5*(duration-start)) * 100)*5; 
if oldetyme ~= time 

disp([sprintf('%3.0f, time),'%']) 
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oldetyme = time; 
end 

end 
y(stop:duration) = ones(size(stop:duration)).*y(stop); 
z = (1 :height).*freqres 
x = (1 :duration).*tempres; 
spgram = pcolor(x,z,X)'; axis([1 x(duration) 0 2*max(y(start:stop)*freqres)]); 
colormap((hot)); shading flat 
hold on 
contour = plot(x(start:stop),y(start:stop)*freqres,'b-'); 
drawnow 
y = y*freqres; 
call = y(start:stop); 
y(1:100) = spline(1 :length(call),call,1 :length(call)/100:length(call)); 
y(101) = (stop - start)*tempres; 
y = yd : i o i ) ; 
plot(y(1:100)); 
disp(sprintf('The call is %1.0f ms long', y(101))) 
disp(' ') 
X = y; 

2) Function Chamois 

function X = chamois(X, first, last) 
if first == 0 

counter = last-2; 
while counter > 1 

slope = X(counter+1 :last); 
foot = X(counter); 
if any(slope < foot) 

localmin = counter; 
counter = 0; 

end 
counter = counter-1; 

end 
last = localmin; 
first = 2; 

end 
counter = first; 
while counter <= last 

slope = X(1 :counter-1); 
foot = X(counter); 
if any(slope < foot) 

localmin = counter; 
[kjocalmax] = max(X(localmin:last)); 
localmax = localmax + localmin; 
counter = length(X); 

end 
counter = counter+1; 

end 
X = localmax; 
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APPENDIX III: Computer Algorithms 

3) Function Netindex 

continue = 'y'; 
patternl = input('name the first pattern (eg: a12-n1): ', 's'); 
pattern2 = input('name the second pattern: •', 's'); 
plD1 =[1 0]'; 
plD2 = [0 1]'; 
[filename path] = uigetfile('*', 'choose a batch file'); 
[filelength.filenumber] = size(neurowaffle); 
minerr = 0.625*filenumber; 
disp(sprintf('Your neurowaffle contains %1 .Of inputs'.filenumber)) 
hidden = input('How many hidden neurons will it be today? '); 
result = zeros(6:2); 
clear output batch filename identifier 
i = 1 ; 
while i <= filenumber 

clear TR W1 W2 b1 b2 epochs 
testfile = neurowaffle(:,i); 
testout = syrup(:,i); 
if i == 1 

trainfile = neurowaffle(:,[i+1:filenumber]); 
trainout = syrup(:,[i+1 :filenumber]); 

elseif i == filenumber 
trainfile = neurowaffle(:,[1 :filenumber-1]); 
trainout = syrup(:,[1 :filenumber-1]); 

else 
trainfile = neurowaffle(:,[1 :i-1 i+1 :filenumber]); 
trainout = syrup(:,[1 :i-1 i+1 :filenumber]); 

end 
trainsuccess = 0; 
while trainsuccess == 0 
initsuccess = 0; 

while initsuccess ==0 
clear TR W1 W2 b1 b2 epochs tp 
[W1, b1, W2, b2] = initff(trainfile, hidden,'logsig'.trainout.'logsig'); 
tp = [NaN1]; 
[W1 ,b1 ,W2,b2,epochs, TR] = trainbpx(W1 ,b1 ,'logsig',W2,b2,'logsig',trainfile,trainout,tp); 
if TR(1,1) < minerr 

disp('Network initialised just fine!') 
disp(' ') 
initsuccess = 1, 

else 
disp('Trouble initialising, will try again') 
dispC ') 

end 
end 

tp = [25 150]; 
[W1 ,b1 ,W2,b2,epochs, TR] = trainbpx(W1 ,b1 ,'logsig',W2,b2,'logsig,,trainfile,trainout,tp); 
checker = TR(1,150)/TR(1,1); 
if checker < 0.8 

trainsuccess = 1; 
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disp('Network trains just fine!') 
disp(' ') 

else 
disp('Trouble training, will try again') 
disp(' ') 

end 
end 

tp = [500 4850 0.00001]; 
[W1,b1,W2,b2,epochs, TR] = trainbpx(W1,b1,'logsig', W2,b2,'logsig',trainfile,trainout,tp); 
[a b] = size(TR); 
lasterr = TR(1,b); 
out = simuff(testfile,W1,b1,'logsig', W2,b2,'logsig'); 
if testout == plD1 

testpattern = patterni; 
elseif testout == plD2 

testpattern = pattern2; 
end 
ifout(1)>out(2) 

outpattern = patterni; 
else 

outpattern = pattern2; 
end 
disp(sprintf('The results of network %1 .Of out of %1 .Of are:', i, filenumber)) 
disp(' ') 
disp(['lnput: ' testpattern]) 
disp(' ') 
disp(['Output: ' outpattern]) 
disp(sprintf('%1.5f %1.5f',out)) 
disp(' ') 
[a b] = size(TR); 
lasterr = TR(1,b); 
discerr = mean(abs(out-testout)); 
disp(sprintf('Discrimination error: %1.5f, discerr)) 
disp(' ') 
results(1:2,i) = testout; 
results(3:4,i) = out; 
results(5:6,i) = [discerr; lasterr]; 
i=i+1; 

end 
results(1:4,filenumber+1) = [NaN NaN NaN NaN]'; 
results(5,filenumber+1) = mean(results(5,1:filenumber)); 
results(6,filenumber+1) = mean(results(6,1:filenumber)); 
disp(['The average discrimination error for' patterni ' vs ' pattern2 ' is:']); 
disp(sprintf('%1.5f, results(5,filenumber+1))) 
hidden = num2str(hidden); 
eval(['save ' [patterni pattern2 '.' hidden]' results' ' -ascii']); 
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