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Quantitatively characterizing the social structure of a population provides important insight into the
forces shaping key population processes. Moreover, long-term social dynamics provide an avenue for
understanding population-level responses to changes in socioecological conditions. This is particularly
true for species that show natal philopatry and highly stable hierarchically structured social units, such
as the piscivorous resident killer whales of the northeast Pacific. The southern resident killer whale
population is a small, demographically closed population, comprising three commonly recognized pods
(J, K and L pods), that has recently been listed as endangered throughout its range in both Canadian and
U.S.A. waters. In this study, we quantitatively assessed social structure in this population from 29 years of
photo-identification data to characterize significant temporal changes in sociality. Preferential affiliation
among killer whales within both genealogical matrilines and pods was supported by two different
analytical methods and, despite interannual variability, these social clusters persisted throughout the
study. All three pods experienced fluctuations in social cohesion over time, but the overall rate of
intrapod affiliation was consistently lowest within L pod, the largest of the southern resident pods. The
most recent increase in fluidity within social units, occurring in the mid to late 1990s, was coincident
with a significant decline in population size, suggesting a possible common response to external
stressors. Quantifying these trends in social structure is the first step towards understanding the causes
and consequences of long-term changes in killer whale social structure.
! 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Sociality reflects the balance between the selective forces
causing and maintaining social groups, and the detriments asso-
ciated with group living (Crook & Gartlan 1966; Alexander 1974;
Clutton-Brock & Harvey 1977; Bertram 1978; Lott 1984; Packer et al.
1990; Gowans et al. 2007). The costs of group living include such
factors as increased competition and aggression, increased para-
sitism or disease transfer, while the benefits include social foraging,
group vigilance and cooperative care of young. Social groups
develop and persist when the driving forces enhance the fitness of

individuals in groups above and beyond that of solitary individuals,
despite the inherent costs of living in larger groups. However,
sociality evolves under the influence of ecological constraints,
which vary across both time and space and can affect both the size
and persistence of social units (Crook 1970; Emlen & Oring 1977;
Wrangham 1980; Wrangham et al. 1993; Chapman et al. 1995;
Wittemyer et al. 2005). The organization of individuals into social
groups can be characterized by the empirical assessment of social
structure within a population.

Social structure can be defined by the pattern of relationships
between individuals (Hinde 1976; Whitehead & Dufault 1999;
Kappeler & van Schaik 2002). At the most basic level, these rela-
tionships are defined by the day-to-day interactions among indi-
viduals and, as such, they shape many key population processes.
This class of interactions not only affects competition for resources
(including mating opportunities) and information transmission
(e.g. Whiten 2000; Rendell &Whitehead 2001), learned behaviours
(Giraldeau et al. 1994) and disease (Altizer et al. 2003; Cross et al.
2004; Keeling & Eames 2005), but also shapes patterns of gene flow
and opportunities for cooperative behaviour and reciprocity
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(Alexander 1974; Whitehead 1997). As such, social structure
determines many integral processes and offers insights into pop-
ulation dynamics and socioecological interactions.

Social structure can be characterized by quantifying the inter-
actions between individuals in terms of their nature, spatiotem-
poral patterning and longevity (e.g. Symington 1990; Connor et al.
1992; Whitehead 1997, 1999; Baird & Whitehead 2000; Wronski &
Apio 2006). Such descriptors rely upon long-term observational
data and the ability to identify individual animals over extended
periods by their persistent natural or artificial markings. Long-term
observational studies have provided unique insight into the social
structure of groups within several large mammal populations (e.g.
Packer et al. 1990; Baird & Whitehead 2000; Fernando & Lande
2000; Durant et al. 2004; Sinha et al. 2005; Wittemyer et al. 2005;
Sundaresan et al. 2007), and have proved invaluable in assessing
conservation priorities and modelling extinction risks for social
species (e.g. Vucetich et al. 1997). Social structure largely deter-
mines the interacting members of a population, shaping not only
the breeding pattern but also the behavioural plasticity of a pop-
ulation. As such, social systems can shape the impact of prey
dynamics and inflate the importance of demographic stochasticity
(Keane et al. 1994; Vucetich et al. 1997). Furthermore, incorporating
social structure into extinction or risk assessment models is
essential for accurately evaluating the persistence of social species.
These effects can be particularly dramatic for species or populations
with highly restricted natal dispersal.

In the eastern North Pacific behaviourally divergent and repro-
ductively isolated killer whale, Orcinus orca, lineages (or ecotypes)
exist in sympatry (Bigg 1982). Among these are the piscivorous so-
called ‘resident’ killer whales that travel in relatively large groups
commonly referred to as pods; a term used to describe groups of
whales found to occur together during at least 50% of documented
encounters over a period of several years (Bigg et al. 1990). Long-
term observations indicate that pods are most often composed of
several matrilineal units (clusters of adult females and their
offspring related to a common female ancestor; Bigg et al. 1990).
These resident-type killer whales show the most extreme form of
restricted dispersal, characterized by natal philopatry of both sexes
(Bigg et al. 1987, 1990). The social unity produced by a lack of
dispersal from the natal group creates a scenario in which the
population may be particularly vulnerable to both demographic
and environmental stochasticity (Guimaraes et al. 2007). Exam-
ining temporal patterns in the social structure within such pop-
ulations provides key baseline data that can be used to evaluate
socioecological interactions and model the potential impact of
future events.

The Southern Resident Killer Whale Population

The southern resident killer whale population is a small,
demographically closed population consisting of fewer than 100
whales. Population members occur commonly throughout the
coastal waters of southern British Columbia and Washington State,
with peak frequency in inshore waters during the summer months
(Ford et al. 2000). Since the early 1970s, this population has been
photographically censused on an annual basis using the natural
variability both in the shape of the dorsal fin, and the area of
pigmentation immediately posterior to the dorsal fin (the saddle
patch) to reliably identify each individual killer whale (Bigg 1982;
Bigg et al. 1987). In most years the population was enumerated
from the annual photographic identification census data. For rare
years in which the census was incomplete because of variability in
funding, field seasons or effort, population size was adjusted
retrospectively. This photo-identification approach has provided

the data necessary to monitor annual changes in population size
and demographics, data which have most recently provided the
basis for listing the southern resident killer whale population as
endangered under the Canadian Species at Risk Act (SARA) and the
U.S. Endangered Species Act (ESA). Photo-identification records
have also generated longitudinal association data spanning more
than three decades, providing unique insight into this matrifocal
society. Here, we examined the temporal trends in the stability of
the three commonly recognized southern resident killer whale
pods (J, K and L pods), and the associations among individual
matrilines. We also used novel analytical approaches to examine
temporal changes in social stability over three decades, and
explored the social dynamics of this population.

METHODS

Individual-based Photo-identification Data

A relational database was compiled of all existing photographic
records for the southern resident killer whales by combining
records maintained by the Center for Whale Research, WA (CWR)
and those from the Pacific Biological Station, Fisheries and Oceans
Canada (DFO). These data referenced every killer whale photograph
by date, time and location, thereby providing a longitudinal
resighting history for each whale, and a list of associates for each
whale during each encounter. The compiled data consisted of 1366
different killer whale encounters composed of 118704 individual
identification records, spanning all years between 1967 and 2003.
By pod, the number of encounter weeks ranged from 300 to 365,
and the number of photo-documented groups ranged from 575 to
652 per pod (Table 1). Recognizing that interindividual visual and
acoustic proximity provides the opportunity for interaction and the
transmission of information among whales, a group was defined
simply as all killer whales within sight, showing some degree of
coordinated behaviour and within acoustic range (approximately
10 km; Miller 2006). An encounter referred to a group of whales
photographed at a particular date, time and location. Our analyses
assume that animals that were spatially close and photographed
within the same group were associating. This assumption is based
on the anticipation that the whales’ communication capabilities
enable them to select among potential associates. Evaluating
associations among individual whales with reference to random
expectations will identify patterns of repeated nonrandom affilia-
tions that indicate preferred associations.

To assess long-term trends and interannual changes in social
cohesion within the population, we restricted all analyses to those
years with the most consistent data sampling. Killer whale
grouping patterns may experience seasonal changes in response to
changes in prey type and distribution; however, such seasonal

Table 1
Numbers of groups, sample periods and individuals used in analyses for three
southern resident killer whale pods

J pod K pod L pod

Number of groups 652 575 593
No. weekly sample periods 365 300 303
Average no. groups/week 1.71 1.80 1.76
No. individual whales 37 31 89
Average!SD annual pod size 19.00!1.71 16.66!1.47 48.28!5.48
Average!SD annual rate of

intrapod association
0.627!0.13 0.591!0.15 0.413!0.094

No. years when associations significantly
correlated with matriline identity

21/29 15/29 29/29

Association based on matriline identity was tested using a Mantel test where
significance was estimated at the level of P < 0.05 (annual P values for each pod are
not presented).
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effects are also reflected by changes in the populations’ ranging
patterns and seasonal research effort, decreasing the frequency of
encounters within the inshore waters. Because of the sparsity of
non-summer encounters, data were restricted to summer (May–
September) encounters to eliminate potential seasonal effects. All
of the results presented hereafter refer to the analysis of the 1108
killer whale encounters (107883 photographic identification
records) photo-documented between May and September, 1975
through 2003.

Annual Trends in the Strength of Intrapod Associations

Annual estimates of the strength of association among whales
were derived using the simple-ratio index of association (Cairns &
Schwager 1987). This metric generates a statistically unbiased
estimate of association (Ginsberg & Young 1992) in which the
affiliation between each pair of individuals is estimated as
a proportion of the total time spent together, where the number of
encounters with both individuals is divided by the total number of
encounters with either individual. A symmetric matrix of associa-
tion between all pairs of identified whales was generated based on
the number of sampling periods in which two individuals were
both photographed during the same encounter. These pairwise
association indexes were averaged across associates within pods to
generate annual estimates of average intrapod rates of association.
Likewise, association indexes among individuals belonging to
different pods were averaged to generate annual estimates of
interpod rates of association.

The length of the sampling period that defines association can
have a significant effect when estimating the strength of associa-
tions; short sampling periods may underestimate the rate of
association, whereas long sampling periods may artificially group
individuals and consequently result in overestimates. The primary
objective of the southern resident killer whale surveys was to
photo-document each individual whale every year. As a result, the
number of whales photographed during an encounter varied daily,
and rarely were all whales photographed during an encounter.
Therefore, the sampling period was set to a 7-day interval, where
a given pair of whales was considered to have associated during the
1-week period irrespective of the number of joint encounters
during that sampling period. Weekly sampling intervals proved
long enough to allow the grouping of a few encounters (mean
number of encounters per pod in 1 week¼ 1.76) over short time
periods. This increased the probability of a representative photo-
graphic sampling of the individuals within groups and allowed us
to assess long-term changes in associations among killer whales,
while decreasing the effects of fine-scale transient changes in
association and sampling effort variability between encounters and
years.

Association indexes were calculated for each annual data set
independently, and annual estimates of the average rate of asso-
ciation among pod members (intrapod) were derived for each of
the three southern resident killer whale pods. All association
analyses were performed using SOCPROGV.2 (http://myweb.dal.ca/
hwhitehe/social.htm) run in the MATLAB computing environment.
Trends in the strength of intrapod associations were assessed by
comparing annual estimates of intrapod association. A change-
point analysis was performed on the annual simple-ratio indexes to
look for periods of significant change in intrapod association rates.
The change-point analysis is based on the calculation of cumulative
sums from the intrapod association indexes, which reflect the
differences between the observed data values and the average rate
of intrapod association over time. A change-point model was fitted
to the data for each of the three pods independently, and to all three
pods together as multiple observations over the same time series.

Periods of significant change were assessed by performing a boot-
strap analysis and calculating confidence intervals from the data.
Change-point analysis and bootstrap confidence intervals (10 000
bootstrap samples) were calculated using Change-Point Analyzer
(http://www.variation.com/cpa/).

Examining the Significance of Social Units

Long-term behavioural observations on this killer whale pop-
ulation have supported the existence of a hierarchical female-based
system of social structure, wherein matrilines are composed of
individuals related to a living or ancestral female, and each of the
three larger pods are composed of varying numbers of matrilines
(Bigg 1982; Heimlich-Boran 1986; Bigg et al. 1990). Intermediary
units, referred to as subpods (Bigg et al.1987,1990), are occasionally
recognized within some of the larger southern resident pods.
Subpods are generally composed of one to several matrilineal units
that associate with a high degree of regularity. We used the long-
term photographic association data to examine the temporal
stability of these larger social units over the study’s 29 years. For
the purpose of our data analyses, we applied the strictest definition
of a ‘matriline’, including only genealogies known by relatedness
through female kin, excluding genealogies identified as ‘probable’
or ‘possible’ in the published identification catalogues (Ford et al.
1994, 2000). We calculated a mean association index both among
pods and among matrilines, based on the individual resighting
data. The Mantel test (Schnell et al. 1985) was used to test the null
hypothesis that associations within and between pods (or matri-
lines) are similar, and whales do not preferentially associate with
kin at these two hierarchical classes. Statistical significance was
estimated by permuting associations between classes 10 000 times
using the random permutation routine executed in SOCPROG.

The preferential association of related whales was also explored
by examining the identity of whales in photographs containing
multiple identifiable whales. Assuming that close physical prox-
imity and surfacing synchrony is a prerequisite for twowhales to be
photographed simultaneously, and this proximity presents the
opportunity for interaction among whales, photographic frames
containing multiple whales may reflect socially significant patterns
of association. We explored this by examining the identities of
multiple whales within single photographic frames, and comparing
their pod and matriline memberships. Although nearly all identi-
fication photographs were taken with a 300 mm telephoto lens,
both photographic effort (e.g. number of photographers) andmedia
(film versus digital) varied over the 29-year study period. In addi-
tion, metadata were not always readily available to identify
multiple photographs taken within a single surfacing sequence. To
control for identical sequential photographs and pseudoreplication,
all CWR photographs were indentified and sorted by encounter,
then photographs containing more than one whale were sub-
sampled to include only unique photographs (i.e. unique combi-
nations of whales) within each encounter. A similar approach was
adopted by Bigg et al. (1990), where photographic sequences were
used to gain information on the strength of social bonds among
resident killer whales.

Modelling Social Clusters Using a Bayesian Mixture Model

A Bayesian mixture model (BMM) was ‘blindly’ fitted to the
photographic identification data to identify social units, assuming
no prior knowledge of pod affiliations. The Bayesian framework
enabled uncertainty about both the number and the composition of
social clusters to be analysed and it communicated these uncer-
tainties as direct probability statements (e.g. Wade 2000). To
examine interannual changes in the number of social clusters
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within the population, we used the matriline identity of individual
whales as our data unit. As above, individuals whose genealogy was
uncertain and previously identified as ‘possible’ or ‘probable’ (Ford
et al. 1994, 2000) were assigned to their own matriline to avoid
artificially preclustering the data.

For each year separately, we summarized the encounter histo-
ries of the matrilines as a binary matrix taking the values 1 or 0,
depending whether or not each matriline was identified in each
encounter. These binary data were modelled as Bernoulli random
variables, where the underlying density of the encounter proba-
bilities was modelled as arising from amixture of distributions, and
clusters of matrilines with similar encounter histories were iden-
tified from their component distribution. Specifically, we modelled
the logistic function of the encounter probabilities to proceed from
a mixture of normal component distributions, and the clusters
were defined by the hyper-parameters specifying the mean and
variance of each of the component distributions (Escobar & West
1995). Temporal variability within components was specified by
a Gamma prior distribution for component variances, which was
centred on one with one degree of freedom to allow a range of
possible values. The component means were assumed to be nor-
mally distributed about zero (because of the logistic transform
of encounter probabilities), and the variability between compo-
nents was controlled by a Gamma distribution with mean of 1 and
a df of 1, to allow differences between components to emerge. This
mixture formulation allowed the identification of clusters repre-
senting groupings with different temporal transitions in encounter
probabilities over time.

To facilitate computation and inference about cluster alloca-
tions, we introduced indicator variables, one for each matriline, to
indicate which component in the mixture generated the vector of
encounter probabilities for each matriline (Neal 2000). We used
Markov ChainMonte Carlo (MCMC; Brooks 1998) sampling tomake
repeated draws from the model, and the cluster allocation attached
to each matriline was taken over the candidate values assigned at
each iteration of the chain. Variability in the sampled values rep-
resented uncertainty about cluster membership, which was
communicated as direct probability statements based on the rela-
tive frequency of values in the MCMC sample. A key feature of the
approach is that the number of clusters was not specified, but
instead the number of non-empty clusters was estimated from
a maximum ceiling value (C) of 10 clusters by adopting a Dirichlet
process prior for the distribution of mixing proportions (Escobar &
West 1995; Dey et al. 1999). The ceiling value was selected from an
initial pilot MCMC run with as many candidate clusters as indi-
viduals, and excessive empty clusters were subsequently omitted to
decrease computation time in the final MCMC runs.

The BMM was fitted to the encounter histories for each year
separately using WinBUGS software (Bayesian inference using
Gibbs sampling; http://www.mrc-bsu.cam.ac.uk/bugs/). A three-
chain MCMC run was used to assess convergence of the MCMC
routine, and inference was based on 10 000 iterations after
convergence was achieved. The length of the burn-in was assessed
using the method of Gelman & Rubin (1992), as modified by Brooks
& Gelman (1998), which is based on summary statistics comparing
the variances within and between the three different simulated
sequences.

RESULTS

Annual Trends in the Strength of Intrapod Associations

One hundred and fifty-seven different killer whales were
documented in the photographic database constructed from
summer encounters between 1975 and 2003. The size of the

southern resident killer whale population has fluctuated consid-
erably throughout the past three decades (Fig. 1). At the start of the
study, the population was at an all-time low following the removal
of numerous individuals during live-capture operations (Balcomb
et al. 1982; Olesiuk et al. 1990). Although the general population
trend has been positive, two periods of decline were evident in the
longitudinal population count data. Throughout the last 27 years of
the study, relative pod sizes remained consistent, with L pod being
the largest of the three pods (Fig. 1). In most years, J and K pods
were similar in size, and after 1975, K pod was consistently the
smallest of the three pods in the southern resident population
(Table 1).

The strength of intrapod association, as quantified by the
simple-ratio index (SRI), showed considerable interannual vari-
ability both within and across pods (Fig. 2). In general, annual
intrapod associationwas higher within J and K pods thanwithin the
larger L pod. However, considerable fluctuation was evident across
all three pods. We standardized the annual association indexes to
the mean for each pod to look for common temporal patterns. The
mean-standardized simple-ratio indexes (SRI) showed that, despite
interpod variability, some common trends in intrapod association
rates occurred over the 29-year period examined (Fig. 3). In general,
intrapod associations appeared relatively high and stable
throughout the 1980s. This period of social stability was succeeded
by a period of declining intrapod affiliation in the early and mid-
1990s, culminating in a remarkable low between 1997 and 2000
that was coincident with themost recent decline in population size.
Subsequently, social stability (as measured by the strength of
associations within pods) and population size increased again post-
2000, returning to the levels experienced during the 1980s (Fig. 3).
Despite these apparent trends, population sizewas not significantly
correlated with the overall simple-ratio index (R ¼ #0.125,
t28 ¼ 0.653, P ¼ 0.519) or the average intrapod simple-ratio index
(R ¼ #0.201, t28 ¼ 1.067, P ¼ 0.295), and only for J pod was there
a significant correlation between annual pod size and intrapod SRI
(J pod: R ¼ #0.430, t28 ¼ 2.475, P ¼ 0.020; K pod: R ¼ #0.002,
t28 ¼ 0.012, P ¼ 0.990; L pod: R ¼ #0.069, t28 ¼ 0.359, P ¼ 0.723).

A change-point analysis identified significant changes in the
time series of intrapod association rates for all three pods (Table 2).
Change-points were detectedwith$95% confidence for both J and L
pods. A plot of the change-point model fit to the data from all three
pods indicated that the variability in intrapod associations did not
exceed the maximum range expected assuming no change
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Figure 1. Annual size of the southern resident killer whale population and the three
primary social pods, based on photographic identification counts of the number of
individuals alive in June 1975–2003. C: population counts; :: L pod; ,: J pod;
: K pod.
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occurred (Fig. 4). However, two periods of significant change were
identified (Table 2). The first change detected with 96% confidence
was in 1979 when the average intrapod index of association
increased from 0.445 to 0.605. The second change, identified with
100% confidence, occurred around 1994 (95% CI ¼ 1992, 1998)
when the average intrapod index of association decreased from
0.605 to 0.491.

The Significance and Persistence of Social Units

The frame-by-frame photographic records maintained by the
CWR were examined to evaluate the probability of whales related
by either matriline and/or pod occurring in frames containing
multiple identifiable whales. The vast majority (84.38%;
N ¼ 60 400) of photographic frames contained only a single iden-
tifiable whale. Of the 5012 unique photographic frames containing
more than one whale, 1908 (38.1%) contained individuals from only
one matriline (as defined in Methods) and 4789 (95.6%) contained
whales from a single pod. If we assume spatial proximity is an
indicator of social affiliation, the analysis of photographic frames
containing multiple whales suggests that whales tend to cluster in
space with individuals that they are more closely related to. These
patterns clearly support the findings of Bigg et al. (1990), and

highlight the importance of social cohesion and the long-term
persistence of kinship-based intrapod affiliations.

Assigning both matriline and pod identity to each of the
photographically identified killer whales, we used Mantel tests to
assess whether membership to these two hierarchical social units
affected the strength of association among southern resident killer
whales as measured by the simple-ratio index; do whales prefer-
entially associate within their matrilines and pods? The data were
randomly permuted 10 000 times to generate an expectation under
the null hypothesis of random associations, and independent
Mantel tests were performed assigning either pod or matriline as
class variables in SOCPROG. Evidently, both matriline (t ¼ 18.05,
P > 0.99, matrix correlation ¼ 0.165) and pod identity (t ¼ 15.50,
P > 0.99, matrix correlation ¼ 0.381) significantly affected associ-
ations among killer whales. However, interannual variability was
evident in the significance of matriline membership when we
looked at annual grouping patterns within each pod. Within L pod,
the largest of the three pods, associations were significantly greater
within matrilines than between matrilines in all 29 years (Table 1).
The average rate of association was also higher among whales
within each of the three currently recognized L subpods
(X ! SD ¼ 0:589! 0:146) than among all L pod whales
(X ! SD ¼ 0:413! 0:094). The significance of annual intramatri-
line affiliations was more variable for J and K pods (Table 1). The
average rate of association among podmates (intrapod) was greater
than that among whales of different pods (interpod) in all years for
which data were examined, illustrating the persistence of these
large social groups overmultiple decades. Not only did these results
identify persistent, strong associations among whales within pods,
but also a preference for associating with close genetic relatives
(matrilines) within these pods.

Modelling Social Clusters Using the Bayesian Mixture Model

Between 1975 and 2003, the average! SD annual number of
matrilines represented in the photographic identification data was
38.48 ! 3.15, photographed during an average ! SD of
38.21 !16.95 encounters per year. The number of distinct clusters
represented by the data was estimated by the BMM, and each
matriline was assigned a probability of belonging to a cluster based
on their resighting pattern across the annual encounter data set.
The median number of social clusters that best fit the data ranged
from two to six across all years, with an average of 4.03 ! 1.02 over
all years. The number of clusters assigned to each of the three pods
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Figure 2. Annual mean ! SD intrapod association indexes for (a) J pod, (b) K pod and
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Figure 3. Annual intrapod rate of association for each of the three southern resident
killer whale pods. B: K pod; : L pod; :: J pod. Three-year running means were
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comparison.
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varied both across years and among pods: J pod had the lowest
variance (X ! SD ¼ 1:17! 0:38), L pod had the greatest variance
(X ! SD ¼ 2:00! 0:85), and K podwas intermediate between J and
L pods (X ! SD ¼ 1:34! 0:55). Shared clusters, where matrilines
from more than one pod were assigned to a single cluster, were
identified in only 9 of the 29 study years. In 2 of these 9 years (1977
and 1981), shared clusters comprised at least one matriline from
each of the three pods. In the other 7 years, shared clusters involved
less than 9% of possible available matrilines from pods outside the
cluster’s dominant pod (X ! SD ¼ 8:76! 8:49). The matrilines
within J and K pods were typically assigned to a single cluster for
each pod, whereas L pod matrilines were typically divided among
at least two clusters. Comparing the number of clusters assigned to
each of the three pods, it is evident that most of the interannual
variability in the number of social clusters can be attributed to L
pod (Fig. 5).

A 3-year running mean of the median number of social clusters
estimated by the BMM illustrated dynamic periods of change in the
clustering of the southern resident killer whales and declining
social stability in the late 1990s (Fig. 5). Furthermore, the median
number of social clusters was positively correlated with population
size (R ¼ 0.426, t28 ¼ 2.44, P ¼ 0.021). The influence of L pod on the
clustering dynamics was evident. Direct comparison between these
data and the rates of association quantified by the simple-ratio
index indicated a high degree of congruence between the two
methods of assessing social stability (3-year running means:
R ¼ #0.496, t26 ¼ #2.91, P ¼ 0.007), where the number of clusters
identified by the BMM decreased as the annual simple-ratio index
increased.

DISCUSSION

Assessment of the long-term social affiliations of the southern
resident killer whales revealed many significant and persistent
associations within a dynamic framework. Analysis of this 29-year
photo-identification database indicated that not only do whales of

a common pod and matriline tend to cluster together in space and
consequently are often photographed simultaneously, but they also
tend to associate more frequently than would be expected by
random patterns of association. Both the application of a traditional
pairwise association index and the Bayesian mixture model iden-
tified significant social clusters within the southern resident killer
whale population that persisted over the 29-year study. However,
both analytical approaches suggested marked temporal changes in
the strength of affiliation within social units over the past three
decades that may be associated with environmental or demo-
graphic changes.

The social structure identified in this study supports the long-
held beliefs of a stablematrifocal society composed of a hierarchy of
social units within the southern resident killer whale population.
The recognition of three higher level social pods maintained
through natal philopatry was adopted from direct field observa-
tions, and the alphanumeric numbering of the whales as they were
identified at the outset of the study shows the nonrandom cohe-
siveness of these groups (Bigg 1982; Bigg et al. 1990). The current
study further illustrates the persistence of the pod structure that
was characterized after the first 15 years of photo-identification
studies (Bigg et al. 1990). The significance of these social units in
resident killer whale populations is corroborated by behavioural
studies documenting correlations between social affiliation and
acoustic similarity (Deecke et al. 1999, 2000; Miller & Bain 2000;
Nousek et al. 2006) and the prevalence of group-specific vocaliza-
tions (Ford 1991; Riesch et al. 2005).

Table 2
Summary statistics for change-point analysis of annual association index estimates for the three southern resident killer whale pods, and all three combined (overall)

Pod Change-point year Confidence level 95% Confidence interval Average!SD intrapod SRI before change Average!SD intrapod SRI after change

J 1994 98% (1989, 1996) 0.674!0.110 0.491!0.071
J 2002 99% (2002, 2002) 0.491!0.071 0.720!0.057
K 1979 94% (1978, 1980) 0.343!0.148 0.754!0.128
K 1984 93% (1981, 1991) 0.754!0.128 0.601!0.089
L 1993 95% (1976, 1998) 0.440!0.129 0.361!0.068
Overall 1979 96% (1977, 1980) 0.445 0.605
Overall 1994 100% (1992, 1998) 0.605 0.491
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The cohesion of the three commonly recognized pods within the
study population (J, K and L pods) was assessed both at the level of
the individual and the matriline. The use of an association index
allowed us to examine the relative strength of affiliation among
individuals both within and between the pods and test the null
hypothesis that the southern resident killer whales associate
randomly with one another. The results clearly showed nonrandom
patterns of association and a significant preference for associating
within the larger social units, pods. In all 29 study years, not only
were associations significantly greater among whales belonging to
the same pod during summer months, but also, the overall average
rate of intrapod association was consistently higher than interpod
associations. These results are in direct agreement with the find-
ings of Bigg et al. (1990) and suggest that their description of the
social hierarchy within the southern resident killer whale pop-
ulation has remained valid over several decades. Despite the
unequivocal significance of these social units, interannual vari-
ability was evident both across the population as a whole and
within each of the three primary pods.

Field studies have also recognized a level of social structure that
is intermediate between kin-based matrilines and pods, these
intermediary units have been referred to as subpods (Bigg et al.
1987, 1990). Subpods are generally composed of one to several
matrilineal units that associate with a high degree of regularity.
Some authors have promoted these subpods to the level of pods
within the social hierarchy in response to putative pod splitting
within L pod in more recent years (Hoelzel 1993; Baird et al. 2005).
L pod, the largest of the three pods, showed both the greatest
variability in pod size and the lowest rate of intrapod association
(Table 1). Furthermore, the Bayesian mixture model reflected the
subdivisions within L pod by assigning matrilines within the pod to
multiple clusters in most years (Fig. 5). However, the significance of
the pod as the largest social unit within the population remained
high in every year despite fluctuations in the rate of association
among podmates. These patterns reinforce the higher level of
fluidity found within L pod, relative to J and K pods, identified
through analysis of photographic and observational data 1973–
1987 (Bigg et al. 1990), and may indicate that while the currently
recognized L pod is a significant social unit, the smaller subunits
may be more equivalent to the level of affiliation shown by J and K
pods. The current study clearly supports the long-term persistence
of this large pod and the social subunits identified by Bigg et al.
(1990), and cluster membership estimated by the BMM generally
reflected the currently accepted assignment of matrilines to sub-
pods within L pod in most years. However, the decreased level of
intrapod cohesion within L pod as a whole may warrant revision of
the social unit hierarchy.

Interestingly, L pod was the only pod with significantly greater
associations within matrilines than between matrilines in all 29
study years. This result may suggest that matrilineal kin-based
units become the social units of greatest importance when pods
grow to such an extent that association among all pod members
becomes difficult or costly in terms of resource procurement. It is
recognized that within social species, optimal group sizes are
affected by demographic parameters and environmental
constraints, and group fissioning can occur when groups reach
a maximal or optimal size (Alexander 1974; Aviles 1999; Lefebvre
et al. 2003). However, a high degree of genetic relatedness within
social groups can play an important role in themaintenance of large
groups where direct fitness costs are offset by the indirect benefits
accrued through such behaviours as cooperative care and altruism,
and group foraging among genetic relatives (Hamilton 1964;
Maynard Smith 1964; Giraldeau & Caraco 1993; Ross 2001).
Temporary splitting of pods along genealogical lines may reflect
a mode through which the population is able to respond to

changing environmental or demographic conditions that favour
smaller groups, whilst maintaining and benefiting from strong
familial ties. Interannual fluctuations in the number of clusters and
the strength of intrapod associations suggest that rather than true
fissioning, intermatrilineal divisions within L pod may occur on
a temporary basis analogous to the fission–fusion structuring
described for other delphinid populations (Wursig & Wursig 1977;
Shane et al. 1986; Wells et al. 1987). Fission–fusion dynamics may
reflect a behavioural response of this much larger pod to the
changing abundance and distribution of resources such as prey
patches. However, such group fluidity may also reflect the lower
degree of genetic relatedness (as indicated by a greater number of
matrilines) within this pod compared to that within J or K pods.

The patterns resolved in this study clearly illustrate a dynamic
social structure with significant changes in the strength of killer
whale affiliations during the summer months between years and
decades. The decline in social cohesion experienced through the
1990s was common to all three pods and evidenced by both
analytical approaches. Moreover, this period of declining social
cohesion coincided with the most recent population decline. Such
dramatic changes in the social structure of the population may
indicate a response to socioecological shifts, and could have
significant demographic consequences. Broad examination of the
data for correlations between pod size, or population size, and
measures of social affiliation failed to reveal trends consistent
across all pods. However, the coincidental declines in both social
cohesion and population size, and the positive correlation between
population size and number of matriline clusters (estimated by the
BMM)may suggest concurrent responses to extrinsic variables (e.g.
prey abundance and distribution). Because of the paucity of data
outside the summer season, seasonal effects were not examined, so
the social dynamics described herein only reflect patterns from
summer encounters. Quantifying these trends in social structure is
the first step towards understanding the factors shaping such social
dynamics and the effects of changing patterns of social structure.
Further analyses exploring potential explanatory covariates and
seasonal effects are warranted to resolve significant factors shaping
killer whale populations.

Both intrinsic and extrinsic factors affect sociality. The distri-
bution and abundance of prey are recognized among the most
important extrinsic factors influencing social structure for most
medium and large terrestrial carnivores (Kruuk 1966; Bekoff &
Wells 1980; Messier 1985; Vucetich et al. 1997). However, while
interactions between cetacean grouping behaviour and prey type
and availability have been found for killer whales (Baird & White-
head 2000; Lusseau et al. 2004), the social consequences of such
extrinsic factors remain unknown. For the southern resident killer
whale population that shows such strong and persistent social ties,
resolving this missing link is critical for the conservation of this
endangered population. The temporal shifts in social cohesion
identified in this study may reflect a response to important changes
in prey type or availability and warrant further investigation. Ford
et al. (2005) found a significant correlation between chinook
salmon, Oncorhynchus tshawytscha, abundance and trends in killer
whale survival, suggesting that prey limitation may be an impor-
tant factor in population declines. Understanding the social
consequences of population dynamics in response to changes in
prey abundance is critical.

Extrinsic variables are known to shape the group structure of
many social mammals; however, sociality itself may play an
important role in the persistence of this population. By their very
nature, matrifocal societies confer particular significance to older
females. As such, the death of a matriarch may affect the degree of
affiliation both within and between matrilines. Recent studies
examining killer whale social networks suggest that particular
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matrilines or individual whales may play central roles in main-
taining cohesionwithin social networks (Williams & Lusseau 2006).
The patterns of mating shown by this population will also
undoubtedly be affected by shifts in social structure. The best
information available to-date indicates that whales within the
three southern resident killer whale pods mate outside their natal
pod, but within the population (Barrett-Lennard 2000; Barrett-
Lennard & Ellis 2001). As such, changes in the degree of social
cohesion and the number of social clusters within the population
could have marked effects on mating patterns and population
growth rates. Considering the longevity of killer whales (females
have been estimated to live at least 80 years; Olesiuk et al. 1990),
long-term observational studies, such as those on which the
current study was based, are important for understanding both the
social and population dynamics of killer whales. Despite nearly
three decades of data, uncertainty surrounding the implications of
the social dynamics described here and the underlying causes still
remain.

The inherent grouping patterns described in this study may
confer both positive and negative conservation implications. While
social interactions provide the opportunity for cultural trans-
mission and social learning (Giraldeau et al. 1994; Deecke et al.
2000; Rendell &Whitehead 2001; Yurk et al. 2002), this structuring
also affects population permeability in terms of disease trans-
mission (Altizer et al. 2003; Cross et al. 2004). Mammalian species
such as killer whales that live in complex social groups may be
particularly vulnerable to infectious diseases for a number of
reasons. Most obviously, disease risk is enhanced as a direct result
of the close proximity of individuals and the high rates of interin-
dividual contact (Altizer et al. 2003; Caillaud et al. 2006; Guimaraes
et al. 2007). Knowledge of association patterns can provide key
insight into disease dynamics and, in the case of the African buffalo,
Syncerus caffer, a critical link between environmental fluctuations
and disease dynamics (Cross et al. 2004). Recent studies have
emphasized the importance of incorporating data on social struc-
ture within epidemiological models (Nunn et al. 2008). high-
lighting the effect of nonrandom associations of individuals within
a population on the spread of infectious disease.

The weight of evidence suggests a strong, yet indirect link
between social structure and population dynamics that is probably
driven by extrinsic factors. The southern resident killer whale
population is a small, demographically closed, endangered pop-
ulation that is characterized by numerous intrinsic characteristics
that have the potential to negatively affect its survival. Quantita-
tively evaluating the social structure and describing the long-term
social dynamics of this population provides a first, critical step
towards understanding the links between the extrinsic factors
shaping social structure and the consequences of past and future
changes in social and population dynamics. Real-time responses to
extrinsic factors are often reflected by changes in the stability of
social units, as such, characterizing past and present social struc-
ture provides a benchmark for monitoring the future health of the
southern resident killer whale population.
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