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AN EVALUATIGN OF EVOLUTIOHARY ?§OCESSES IN KTLLER WHALES

(ORCINUS ORCA)

(ggnce the time of Durwin, evolution, both of traits which are genetically
trenswitted and of traits which are learned, has been a topic of considerable
interest. Natural selectior has been postulated to act at several different
levils, Darwin lookcd at selection as maximizing individual reproductive suc—
cess.  However, later thought questioned how trafts which lower individual fit-—
ness, such -5 altruistic traits, could arise (Trivers 1971, Axelrod and Hamilton
1981y, The principle alternatives have been that sclection acts at the level of
the  group  (to maximize population fitness, Winne-Edwards 1962) or at the level
of the gene (kin selection, Hamilton 1964). Wilson (1977) has explored the con—
ditions wunder which these two models make the same predictions.  He found that
stracturce demes, popuiations consisting of many snaller trait-groups, could
f111 this role. To discriminate among these models, one must be able to evalu-
et the costs and benefits of behavioral acts, and Interpret them in light of
the depree of relutedness of the individuals involved.

Processes of the evolution of culiural traits, that is traits which arc
passcd on from on: pencration to the next by imitation, are also subjects of
considerable intercst. Hundinger (19830) proposed 2 model of branching-
rivicviate  evelution, He sugpested that cultural evolution should parallel
genetic evolution. For example, imitation would be the equivalent of reproduc-
tion; Insipht, invention copy error, etc. would be sources of new traitg;
paychiological scloction would result in differential prescrvation of culrtural

vraits; meme flow would be cquivalent to gene fiow, wund memetic drift should
perallel penetic drift.  Although Mundinger could not cite any examples  of
memetic drift, he sugpested it would be found in small poepulztions.

‘hese ideas are drawn primarily from terrestrial observations. However, as
general  orinciples, they should apply to marine systems as well. A marine Bys-
tem which consists of smnll groups within larger groups and has culturul trsits
would be the most interzsting to study, since it could b2 used to examine levels
i scicction, as well as the evolution of cultural traits.

Connor and Norris (1932) suggested that the odontocete cetaceans may have
evolved reciprocal altruism, If this is correct, then odontocete schools could
be used to examin: levels of sclection. For example, altruism could be analyzed
to determine whother it is best explained by selection at the lovel of the gene
(nepotism), individunl (reciprocal altruism), or group.

Eiller whales (Urcinus orca) are an excellent species for evploring these
conCopts., A killer whale is a membcr of several differcnt trait-groups. The
susllicst of these is the mother—offspring group. Pods consist of one or nmore
nother-offspring groups which normally travel together and use sinilar sounds
(Bigg 1982; Ford and Fisher 1982, 1983). Pods which share some call types are
termed  acoustic communitics (the vocal repertoires of these pods constitute the
"institutions” of Hundinger). Pods which associate with one another atre called
communities {the TMdemes” of Wilson). Comunities nmny be goographically
separated (e.g., the northern snd  southern resident communitics of British
Colunbin), or mry overleop spatially (c.g., the transient comanpity with the two
regident commounitics: Bigp 1922). Thus a killer whale encounters beth clesely
and  distantiy reoleted individunls on  a regular brsis (from the same mothor-



offspring group and different pods, respectively), in addition to rare
envounters  with other distontly related individuals (from a different commun—
ity)(gyne occasional interactions between residents and transients wmay provide
the ructure required by Wilson"s model. Thus the structure and behavior of
killer whale populations contain the range of variation necessary for testing

hypotheses about the process and rate of selection of genetical and cultural
traits.

Bigs (1982, parsonal communication) has conducted long-term observations of
wild killer whales. His study showed that all dndividuals in the Vancouver
Island area are recognizeble by the shape of the dorsal fin and saddle, a grey
pitch  posterior to the dorsal fin. Mother-offspring relaticnships of calves
born during the study period are known. By observing typical mother-offspring
1sseciation patterns, he was able to identify the mothers of many other
juveniies and sub-adults. Photographic recerds of juveniles at capture sites inm
the 196078 provide the relationships among some adults. He noted the absence of
dispersal, that is, all individuals remained associcted with a particular adulr
female  throughout the study. Given the absence of dispersal, he suggested that
pods arc likely to consist of closely related individuals and that new peds may
form by mradunl separation of mrtrilines. His work has not reovealed the mating
systim. Tae rate of new pod formation and the mating system are needed to
"ot rminc degrees of relatedness,

Killer whale sounds were first recorded in the 19607s (Valdez 1961). Sche-
vill and Vatkins (1960) described scresms composed of rapidly repeatedly clicks.
Clicks consist of both high and low frequency components. Poulter (1568) found
the screams could be placed in scveral discrete cetegories, and noted that two
individuals wused different repertoires. Steiner et al. (1979) described
viasterentyped  whisitles (this is surprising, since many delphinids use stereo-
typed whistles: Caldwell and Caldwell 1965; Caldwell, Caldwell and lall 1973;
Stusner  4Y&l). Jeitl et al. (1681) and Awbrey ¢t al. (i%32) noted macrogeo-
graphic variation among the North Atlantic, North Pacific, and Southern Occan.

Ford and Fisher {1532, 1u83) reported stable dizlects in killer whales. The
dialects are composcd of different repertoires of discrete calls. They further
rot.d thst how often pods were seen together was an indicator of the similiarity
of their sound production. They suggested that the overlap of dialects could be
used to estimate the relatedness of pods. As with new pod formation, informa-
tion on the rate of dialect forwmation Is unavailable.

Davllein and Awbrey (19%2) were sble to discriminate individual captive
killer whales by sound. This suggests variation in call structure at the indi-
vidual level, Evidence that cell structure is learncd is  tentative and comes
from observations of killer whales in captivity. Bain (1984) noted that calls
produced by an lcelandic killer whale hud become very siwilur to those of a tank
mate from British Columbia, in contrast to those used before they were placed
togethier. This supgests that variatjon exists and miy be learned by imitation,
th2 necessary conditions for cultural evelution to occur.

Work to date is nearjy sufficisnt to beyin examining levels of sclection
and rates of cultural evolution in this species. The missing dats are: related-
ness of avults within o pod, the pattilineal contribution to degrees of related-
ness, and variation in vocal behuvier as » function of relationship. This



projeet dis intended to fill in these gaps.
() Objectives of the Study

The objectives of this study cre: 1) to determine the wmatrilincal rela-
tionship of adults within a pod, 2) to determine the mating system in the popu-
lution, and hence degrees of relatedness; 3) To determine the structure of
vocalizations of individuals vhosc reisationships to each other are known; &} to
use Llhis informsation to produce & model for pod formation; and 5) to use histor—

ical reconstruction to examine the evelution of vocal behavior in the popula-
tion.

Study Area and Aninals

The population to be studied is resident to Northern British Columbia {the
northern resident community, Bigg 1932). Over the last three¢ summers, members
of this pupulation have been observed on over 90 & of the days in Johnstone
Sirait. The sheltered waters dn this area make it ideal for research. Past
studivs and the availubility of captive @nimals from this population offer addi-

“tional advantages for research in this area.

Lvinesiee i Relationships Brsed on Surface Association

ih: relationships of most whales in the population are being determined by
Bigp (pcrsonal communicatlion) bosed on photographs of whales at the surface at
the same time. However, a few whales are not expected to fit the mother-
offspring patoern. These whales ore postulated to be grandmothers, aunts or
unclee, but determinrtions within these categories do not appear to be possible
uging wcsgociction alone (3. Heimlich~Boran, personal communication}.

A morc detsiled approach to the question of surface associstion is to
record respirstory scquences. It appears that mothers normally surface prior to
their offspring. 1In the cases of adults which were photographed as juveniles
during cepturce opcrations, this appears to be the case as well, The persistence
of this pattern into adulthood might prove effective for determining matrilineal
relutionstiips wwong adults.

Mating Systen and Patrilineal Relationships Based on Morphology

The mating system of killer whales has bren difficult to deteruwine for
several reasons. First, mating is believed to take place during parts of the
voar when weather do0s not pernit observetion. Copulerions which take place
enderwvater or at night would be difficult or Impossible to observe. Finally,
even if copulations were observed, many cetaceans copulate when they are not in
bresding condition (Caldwell and Caldwell 1977), so these may not be effective.

An alternative spproach is to lock for genetic signatures (Beecher 1952, Wu
et al., 1980). Fvans et al. {1982) noted variation in the color pattern of
killer whales throughout the world. Meny of these variants czn be observed in
the northern resident community. By understanding the geonetics of coler pat—
tevng znd other movpholojicn? traits, one should be able to describe the possi-
ble appearances of fathers,



Photographs of saddles, dorsal fins, and post—ocular patches have been
examinid and placed in various categories. The second step is to determine
inhe(” ance rules, e.g., describing traits as dominant, recessive, or incom-
plet Jt dominant. Then thesc rules can be tested for logical comsistency {e.g.,
no offspring should be homozygous for a trait its mother deoes not possess). To
tust the validity of the wodcl, the probability of it fitting the data by chance
will be determined. For example, a femsle heterozygous for several traits
crossed with ar  unbknown male could producce just about any kind of offspring.
But, cven if 90 % of possible putterns could be produced, a sample of 30
mother~offspring pairs would be sufficient to test to the p € .05 level. An
additional test, to avold the circularity of testing the data set used to pro-
duce the rules, would bo to test them on a different population, such as the
southern resident community.

Then offspring could be compared to their mothers to determine what their
foriers would have looked like., This could identify some fathers, and their
mutrilineal relation to the mother could be used to describe the mating systen.
This would provide the patrilineal coutributlon to degrues of relatedness, which
will yield the average degree of relatedness of various classes of individuals.

(In tie future, colluiction of tissu: sauples froam selected individuals for
chromosome analysis (Arnason et al. 1930) or isozyme analysis Duffield (1984)
could be uscd to confirm findings concerning degrees of relatedness and the met-
ing system.)

Structure of Vocalizations as an Indicator of Maotrilineal Relatedness

The principal focus of this study is to record calls frow known individucls
and families. This task consists of threec major componcnts: developing a method
for localizing underwiter sound; developing a mezsure of the similarity of
vocalizations; and data ccquisition and enalysis.

Locolization of Undervater Sound

Studiecs of underwater acoustic signals have been hampered by the inability
to identify signal sources. Two bosic approaches are used to determine the
source. The first is amplitude measurement. Loud sounds somstimes cap be
stiribuied to the =nima)  nearest the hydrophone. Measuring arrival-time (or
phnse) differences along a hydrophone array is another approach. Signuls are
recorded on different channcls of a tape recorder and then lincd up to determine
arrivel-time differences. These time differences are then used to coleulate
source location.

Vorious array sizes have been tried. Large arrays (e.g., Watkins and Sche-
vill, 1971, 1972, 1974, 1977, aud Watkins 1976) ere more precise st long dis-
tances provided arrival-time differences are accurately measured, but signals
ate subject to more distortion and large vessels »re required to deploy them.
Smsll arrays (e.g., Clark 1980} are useful primarily for determining direction,
but c¢an produce fair estimates of distance when arrival times are accurately
measured,

The method used here is to deploy a three-weter tetrahedral array. This
producss a maximum  soparation of 2 msee (f.e., it takes 2 msec for sound Lo



Lravel from one hydrophone to another}. The signals from the array are recorded

an HP 3%9638A eighi-chunnel tape recorder. Two channels are stored simultone-
0us¥j,¢wan H? 5&51C Fourier Avnalyzer System. The cross~correlation function of
the chine uscd  to measure the avrrvival-time diffcrence between these two
channels. By ussng the tape-servo function, playback times should be accurate +
5 microscconds. additionsl errors, such as noisc, tape drop-outs, deppié;
shifts, non—linearities in the ocean, and variance in the frequency response of
Jifferent channcis of the recording system will also affect the accuracy of
timo—difference measurements., VYher an overall accuracy of 20 microseconds (1 %)
can be attained, direction to the source can be detenmined within a few deprees,
but distances will be known rather inmprecisely. This level of accuracy is about
the same as thet obtained when noting the locction of a whale visually.

The Similarity of Sound

lany methods have beoen used to classify anfmal sound (e.g., Hafner et al.
1479, Dablheim snd  Awbrey 1YgZ, Miller 1%79, Martindale 1980 ab, Clark 1982).
Howaver, these are often based on what the observer considers to be artificial
categorics {Clark, personal communication; Miller, personal communication).
Whilz a “natural™ method is not feasible at present (Miller 1979), one based on
nodvls of biological information processing may prove more satisfactory than
thnen hnsed on features which are easy to measure,

it appears that models of the visual system are generally wmuch better
developed than those of the auditory system. This 1s not necessarily a problenm,
gince one cun classify sounds by looking at spectrograms (Slater et al. 1984)
cnd  the various scnsory modalities are likely to function in a similar manner
{s2¢ Puccetti and Dykes 1978, Bridgemzn 1978, Bach-y-Rita 1972, and Bain 1383).

The method under development stems from the spatial frequency theory of
vision {Catpbell spd Kobson 1468, Campbcll 1977, Robson 1983, Drugmsn 190, Pol-
len and Ronner 1931). A computer model of this type of processing has been
doevcloped by Watson (1933). Modifications of this model bused on the guditory
literature (e.g. Dolmazon 1982, Moller 1982) and the observed structure of
killer whale cails are being used in an efiort to classify sounds by recursive
application of Fourier analysis. The basic approach is to calculate the fre-
quuncy structure of & call. The eall is then split into frequency bands, and
the powar spectrum of the change in powcr through time of each band is deter-
mined. The power spectra of the power spectra are compared to determine the
similuricy of sounds.

By examining the variation between mothers and their offspring, one would
find a mzasure of the amount of change likely to occur in one generation. By
examining the variance among offspring of particular femnles, one would find a
limit on how much variation there could be between sisters. These findings
would permit a second test of the relatedness of adult females within a pod.

Data Acquisition

The research group will camp on West Cracroft Island, British Cclumbia,
from late June to cariy Septeaber, 1985, When killer whales are located by
shore-based observers, thoy will be approached im an 187 fiberglass metor boat.
The dndividuslis will be identified and the hydrophone array pleced in front of



them. Their locations will be recorded as they pass the array. The array is
then wmoved and  the process rtopeated. Identifications will be visuul, but
p%o{“’documenteé when possible. Photographs obtained in these settings may be
uwse o Fror wmorphological analysis, and surfacing scquences of whales passing the
boat may be used in the respiratory seguence analysis.

Data Annlysis

vata will be analyzed at the Marinc Acoustic Services Laboratory of the
University of Calitornia at Ssnta Cruz during the academic year following the
field sesson. Equipment available includes an HP 5451C Fourier Anaslyzer System
for sound anulysis and computer facilitics for additionasl date analysis.

Models of Pod Formation

Two models seen likcly to describe pod formation. A deterministic model
would state thet it is part of the normal life-cycle of a fenmule to form a new
pod. emales which failed to raise female offspring would lcad to dead ends, so
on &aversge the noecber of pods would remain constant, Alternatively, new pod
formntion could bo a rare event. New pods would only form at times of ecologi-
c:l opportunity, such as the opening of new hobitat or following the mrss
stranding of another pod (Bigg, porsonal comaunicatien).

These two models make differunt predictions sbout the relatedness of vepro-
ductive fenmales within a pod. Under the first model, they would be closely
reloted, normally sisters or cousins. Under the second, they could be distant
cousins, or as close as sisters. These models would be supported by finding
thot individuals within a mother-offspring group sound more like each other than
other individuals within the samz pod. They could be discriminated between by
th> relatedness found for reproductive females within a pod.

Other mod«ls, such as merging of maternal subgroups, or coalescence of
unrelated males and females, seem unlikely, since these events have not bzen
obs=rv2¢ {but see Balcomb et al. 1982). However, longer term ocbservation may
reveal reticulate pod formation.

iiistorical Reconstruction

Historical reconstruction is a method which attempts to describe unknown
ancestral forms based on extant forms (Platnick and Cameron 1977, Goodman et al.
18783. To do this, forms which are identified as functional equivalents (e.g.,
two words with the seme meaning or diffurent forms of the same protein) are com-—
pared, Characters which are the same in all extant forms are assumed to be the
same in the common ancestor. Chardacters which vary are assumed to have the form
which is most common in the extant population. These ancestral forms, in  turn,
wmzy be compared, and a prior ancestor reconstructed. While the confidence one
s declines with cach extrapolation, one also gets an impression of which forms
have a cowmon ancestor, and how far back in time divergence occurred. Genetic
traits which can be traced in this manner are called ‘“homologous traits,” and
cultural troits are called “institutions” {Mundinger 19060).

The final step of this project will be an historical reconstruction of eall
LYPCs . Using the medel for pod formution, and the amount of change found



between gencrations, the age and structure of ancestral forms of calls will be
cstg;’acd. This reconstruction may reveal whether the study area wes colonized

onc T many times since the last ice age (Bigy, personal communication), and
the timing of colonization.

Value of the Research

Once deprees of relatedness are known, they can be used in conjunction with
studies of the natural history of the species to examine the process of sclec-
tion. Lxamples of such studies in progress by other workers include: foraging
stiatepies (Felleman and Heimlich-Boranm, Jacobsen and Gallagher), reproductive
behavier (Bipz), and social organization (Bigg, Balcowmb, Osborne, Ileimlich-

Borean) Thes2 could be analyzed in terms of costs, benefits, and degrees of
relatedness.

Determining the pattern of new pod formation would provide new data for
theorice on dispersal  (the absence of dispersal is rare in birds and manmals,
Greenwood 1980; so the killer whale pattern should prove very instructive).

A portuble systen for localizing underwater sound will be wvalusble 1in
future studies of cetaccans. Continued study of known individuals could be used
to ¢rscribe the development of vocal behavior. Sound sequences from individuals
would be valuable in efforts to understand communication. An automated techanique
for classifying sounds would be quite uscful in such studies.

Summary

This projcct, using behavioral and morphological techniques, will determine
desrecs of relatedness within a  population of killer whales. By examining
differences in vocalization, a cultural trait, and determining the time over
wiich these differences may have arisen, an estimate of the rate of cultural
evolution will be obtained. This information will be valuable in evaluating
theorics concerning vvolution.
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