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POD-SPECIFIC DEMOGRAPHY OF KILLER WHALES (ORCINUS ORCA)'
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Abstract. Killer whales live in stable social groups, called ““pods.” It has been suggested
that the structure of such groups may influence the vital rates, and hence the fitness, of
their members. To test this suggestion we used data from a long-term study of killer whales
in the Pacific Northwest (Bigg et al. 1990). We constructed stage-classified matrix population
models for the entire population, two sub-populations, and individuals pods. The popu-
lation growth rate for the entire population is A = 1.0254, with 90% bootstrap confidence
interval from 1.0178 to 1.0322. The mean female population stage distribution is not
significantly different from the predicted stable stage distribution. Population growth rate
is most sensitive to changes in adult and juvenile survival, followed by fertility. Factors
that cause even small changes in survival will thus have a large impact on population
growth. Pod-specific growth rates range from A = 0.9949 to A = 1.0498. Most of the inter-
pod variance in growth rate is due to variance in adult reproductive output. Randomization
tests show that this variance is not significantly greater than expected on the basis of variation
in individual life histories within the population. We conclude that there is no evidence
for an effect of social structure on pod-specific population growth rate. The restriction of
population growth rates to such a narrow range suggests, but does not prove, a possible

role for density-dependent processes.

Key words: demography, marine mammals; matrix population models; Orcinus orca; population
growth rate; randomization tests; sensitivity analysis; social structure, stage-classified models.

INTRODUCTION

The social structure of a population can have im-
portant demographic consequences. Population struc-
ture (e.g., the stable age distribution) appears in clas-
sical demography as a consequence of the birth and
death rates. In social animals, however, population
structure may be a cause, as well as a consequence, of
the vital rates. The caste structure of an ant colony,
the distribution of harem sizes in a band of baboons,
or the presence of helpers in a family of Scrub Jays
may be important determinants of the rate of increase
of the colony, the band, or the family. One way to
document the effects of social structure is to compare
the demography of groups with different compositions.
This is the approach we have taken to study the de-
mographic consequences of social structure in killer
whales.

Killer whales (Orcinus orca; Odontoceti, Delphini-
dae) are marine mammals of cosmopolitan distribu-
tion that live in well-defined social groups, or ““pods.”
Their life history has been summarized by Bigg et al.
(1990) and Olesiuk et al. (1990). They are long-lived,
with estimated maximum ages of 80-90 yr for females

' Manuscript received 15 May 1992; revised 12 October
1992; accepted 16 October 1992.

2 Order of authorship determined by the toss of a coin.

3 Present address: Canadian Wildlife Service, Pacific and
Yukon Region, P.O. Box 340, Delta, British Columbia V4K
3Y3, Canada.

and 50-60 yr for males. Both sexes reach sexual ma-
turity between 10 and 18 yr of age; males become
physically mature =6 yr after sexual maturity. Females
produce single calves (twins occur rarely); the inter-
birth interval is usually 4-6 yr. Calves are closely as-
sociated with their mothers for much of their juvenile
period.

Female killer whales become reproductively senes-
cent between 35 and 45 yr of age. Many pods thus
contain post-reproductive females, as has also been
noted in short-finned and long-finned pilot whales (Ka-
suya and Marsh 1984, Marsh and Kasuya 1986, 1991,
G. Desportes, personal communication). Post-repro-
ductive females, of course, make no direct contribution
to population growth (i.e., have zero reproductive val-
ue). However, it has been suggested that post-repro-
ductive female cetaceans may play an important social
role by nurturing other females’ young and creating a
matriarchal bonding system. They may also contribute
to the success of their group by remembering habitat
uses in a complex environment (Norris and Pryor 1991).

A typical killer whale pod contains mature females
and their young (one to three juveniles per female) and
variable proportions of males and/or post-reproduc-
tive females. The 18 pods in this study contain between
5 and 63 individuals (Appendix), and a similar range
is reported in other regions of the world (Hall 1986,
Katona et al. 1988, Oien 1988, Sigurjonnson 1988,
Hoelzel 1991).
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Pods appear to be stable social units, possessing their
own characteristic dialects of whistles (Ford and Fisher
1983, Ford 1991). In the study on which this analysis
is based, 20 yr of observation revealed no instances of
migration between pods (Bigg et al. 1990, K. C. Bal-
comb, IIl, personal communication). Pods can share
feeding grounds and meet in other habitats. Mating has
rarely been observed, but many workers believe it oc-
curs when pods encounter each other. It is not known
how new pods form. Patterns of similarities in dialects
between pods suggest that some were probably more
closely linked in the past, and may have originated
from a common pod (Ford 1991). Within pods there
are sometimes groups of individuals (typically, sisters
with their calves) whose members associate more with
each other than with other members of the pod. This
suggests that pods might sometimes split, but this has
never been documented.

Our analyses are based on data obtained by the late
Michael Bigg and his co-workers (Bigg et al. 1990,
Olesiuk et al. 1990) on killer whales in the coastal
waters of British Columbia and Washington state. These
data are the result of a long-term longitudinal study,
begun in 1973 and still continuing, although we have
used only published data from 1973 through 1987. Bigg
etal. (1990) report yearly observations on almost every
individual (recognized through photo identification) in
every pod, including records of births and disappear-
ances, and observations of relations with other indi-
viduals. Although there are several other marine mam-
mal individual identification projects (Lyrholm 1988,
Sigurjonnson et al. 1988; see Hammond et al. [1990]
for case studies of other species), this study is unique
in its duration and in having followed all individuals
in the population. It provides an invaluable resource
for the demographic analysis of a long-lived marine
mammal.

In their study Bigg and his colleagues identified two
resident sub-populations (Bigg 1982, Bigg et al. 1990).
The northern sub-population (16 pods, 176 individuals
in 1987) ranges from southern Alaska through John-
stone Strait, between Vancouver Island and the main-
iand. The southern sub-population (3 pods, 105 indi-
viduals in 1987) is found from Johnstone Strait south
to Washington state. Live-capture exploitation be-
tween 1964 and 1973 affected the southern sub-pop-
ulation (34 individuals removed) more heavily than
the northern sub-population (14 individuals removed).
There may also be unknown environmental differences
between the northern and southern regions.

Olesiuk et al. (1990) used age-specific life tables and
a two-sex, age-classified matrix model to estimate the
rate of increase, stable age distribution, and reproduc-
tive value of the entire population. They also examined
the sensitivity of population growth rate by numerical
methods. Our goal is to extend the demographic anal-
ysis to the pod level. Because pods are permanent social
elements in this species, pod structure might have im-
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portant effects on the vital rates, and hence on popu-
lation growth. It is impossible to use age-classified
models at the pod level, because pods contain too few
individuals to allow estimation of the necessary pa-
rameters. Therefore we used a stage-structured model,
based on a set of natural stages in the life cycle: year-
lings, juveniles, reproductive adults, and post-repro-
ductive adults. This simplification sacrifices some pre-
cision compared to a detailed age-specific model, but
allows us to examine the demography of individual
pods. Comparison of our results for the total popula-
tion with those of Olesiuk et al. (1990) suggests that
the loss of precision is not great.

We begin by describing the model, the data set, and
the methods and results for the parameterization and
analysis of the model. We then apply the model to the
entire population to obtain a demographic character-
ization of the killer whale (population growth rate, sta-
ble stage distribution, reproductive value, sensitivity,
and elasticity), and compare our results with those of
Olesiuk et al. (1990). Next we use the model to examine
demographic differences between sub-populations and
among pods, testing for statistical significance using
randomization methods. Finally, we discuss the im-
plications of our results for killer whale biology and
management.

THE MATRIX MODEL

Our model describes the dynamics of the female
portion of the population. We divided the population
into four biologically defined stages: (1) yearlings (in-
dividuals in the first year of life), (2) juveniles (past the
first year but not mature), (3) mature females, and (4)
post-reproductive females. Age at maturity was defined
by the first observation of an accompanying calf. Onset
of the post-reproductive stage was defined retrospec-
tively. If a female is not observed with a calf for 10 yr,
she is considered to have become post-reproductive at
the beginning of that 10-yr interval.

The model is of the form:

n( + 1) = An() (1

where n(?) is a vector giving the numbers in each stage
in the population at time ¢, and A is a population
projection matrix (Caswell 1989a). The projection in-
terval (from ¢ to t+1) is 1 yr. The matrix A and the
corresponding life-cycle graph are shown in Fig. 1. The
P, give the probabilities of surviving and remaining in
the same stage, and the G, give the probabilities of
surviving and moving to the next stage. In this partic-
ular model, P, = 0, because the length of the yearling
stage is equal to the projection interval. The fertility F
gives the number of female offspring at /+1 per adult
female at time ¢.

The matrix elements are calculated from estimated
stage-specific survival probabilities ¢, and transition
probabilities 7;, and from the mean reproductive out-
put 7 of adult females. Because births can occur year-
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round (although they are more likely between fall and
spring), we used the stage-classified birth-flow for-
mulation (Caswell 1989a), resulting in the following
formulae:

G, ‘7111/2

P =0

G, = 7,0,

P, =1 = vy,
G; = v30;,
Py=(1 = v3)0,
P, =0,
F,=0,"G,™,

Fo=0,(1 + P)m/2.

(The term F, for reproductive output of juveniles cor-
responds to individuals that mature and reproduce
during the projection interval.) Similar stage-struc-
tured models have been used for long-lived animals
and plants (e.g., Caswell 1986, Crouse et al. 1987).
Their main assumption, implicit in the structure of the
life-cycle graph, is that all individuals within a stage
are effectively identical. Thus the probability of mov-
ing from the juvenile to the adult stage, for example,
is the same regardless of how long the individual has
been in the juvenile stage. This is certainly not true in
this, or most other cases. The failure of this assumption
is most important for transient analyses; it has much
less impact in the calculation of long-term growth rates
(Caswell 1989a). In our case, we have the advantage
of being able to compare our results with a full age-
classified analysis for the entire killer whale population
(Olesiuk et al. 1991), so we will have some idea of how
well the stage-structured approximation works.

ESTIMATING THE MATRIX PARAMETERS

We based our analyses on the data appearing in Ap-
pendix Tables A and B of Bigg et al. (1990). (We did
not consider their pod W01, which consisted of a single
post-reproductive female and her three sons.) These
data, the result of a complex process of age estimation
(Olesiuk et al. 1990) and genealogy construction (Bigg
et al. 1990), are the best estimates of age and parentage
available. The reader is referred to the original papers
for details.

For our study, we used the following information:

1) The observed year of birth for individuals born
during the study, and the estimated year of birth for
others;

2) The estimated year at maturity, defined as birth
of the first calf;

3) The estimated year at onset of the post-repro-
ductive stage;

4) The observed year at death or disappearance;

5) The sex of each individual, although the sex of
juveniles was not always known; and
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Fi1G. 1. The life-cycle graph and corresponding stage-clas-
sified population projection matrix for killer whale popula-
tions. Stage 1: yearlings; stage 2: juveniles; stage 3: reproduc-
tive adults; stage 4: post-reproductive adults. Because the
duration of the yearling stage is the same as the projection
interval, P, = 0.

6) The total number of female calves observed with
a female during the study. All calves of unknown sex
were counted as 0.5 female.

Although our model describes the demography of
females, we used data on males in two ways. Newborn
individuals of unknown sex were assumed to be 50%
female, and we used data from males and individuals
of unknown sex to estimate juvenile survival. Thus we
assumed that juvenile survivorship was equal for males
and females, which appears to be borne out by infor-
mation on sex ratio at maturity (Olesiuk et al. 1990).

Parameterizing the matrix model (Fig. 1), for the
population, sub-population, or pod, requires estimates
of m, g;, and v, from the appropriate group of individ-
uals. We estimated each of these parameters as a ratio
of events (births, deaths, maturation) to exposure, where
the exposure (in units of individual-years) was obtained
from the records of individual whales.

The mean offspring production (#2) was estimated
as the ratio of the number of female offspring produced
by the group to the number of female-years of exposure
during the study. The exposure of an individual was
defined as the time period over which that individual
was both included in the study and a reproductive
adult. For example, an individual who was mature at
the beginning of the study and still alive and repro-
ductive at the end of the study was exposed for the
entire duration of the study. An individual that became
mature during the study and disappeared 3 yr later was
exposed for only 3 yr.

The survival probabilities (¢o,) were calculated as one
minus the ratio of deaths in stage i to the number of
individual-years of exposure in stage i. Exposure was
calculated differently for each stage. For yearling sur-
vival (g,), exposure is just the total number of births.
For juvenile survival (s,), the exposure was calculated
as the number of years of observation of juveniles.
Females were treated as juveniles from the year after



