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Spatial and temporal variation in sperm whale coda
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Variation in vocal repertoires within species can result from various processes, from genetic drift to cultural
evolution. Studying the detailed nature of such variation over time and space can provide insight into
these underlying processes. The temporal stability or otherwise of vocal variants is important information
in assessing the possibility of interaction between vocal variation and genetic evolution, while the
geographical scale of variation can give useful clues in detailing population structure, thus providing
management information. We studied variation in the vocal output of sperm whales, Physeter
macrocephalus, which use short stereotyped click sequences called codas in social contexts, over timescales
of up to 6 years and spatial scales of up to 10 000 nautical miles. We found no evidence from either
correlation or regression analyses for change over time in the coda output of known social units. We did,
however, find evidence for reduced similarity over distances of 200–1000 km. The apparent temporal
stability of coda output suggests the possibility of evolutionary interactions. The scale of spatial variation is
broadly similar to estimated home range sizes for this species, and the potential for interbreeding over such
distances suggests differences between areas may represent local dialects rather than geographical variation
through isolation.

� 2005 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
In many species vocal output varies over time and space.
Factors affecting this variation include random genetic
drift, random or directional cultural evolution (Slater
1986; Deecke et al. 2000) and local adaptation to acoustic
environments or ecological niches (e.g. Nottebohm 1972;
Au et al. 1985; Barrett-Lennard et al. 1996; Daniel &
Blumstein 1998). In addition, the need for recognition by
offspring (e.g. Charrier et al. 2001), groupmates (e.g.
Boughman & Wilkinson 1998), territorial neighbours
(e.g. Catchpole & Slater 1995), coadapted conspecifics
(e.g. Grant & Grant 1996) or conspecifics in general (e.g.
Searcy & Brenowitz 1988) can affect vocal variation.
Studying the features of variation in any particular case
can help us understand which of these factors might be
operating. Often, the nature of variation gives important
clues in assessing both the function of variation and the
relation between vocal variation and social structure (Tyack
& Sayigh 1997). In wide-ranging species, geographical
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variation can be indicative of population structure and
thus provide important information for management (e.g.
Stafford et al. 2001). Similarly, where vocal variation is
based on cultural transmission, understanding the stability
of variation is important, since stability is probably a pre-
requisite for significant interaction between cultural and
genetic evolution (Laland 1992).
One species of particular interest in this respect is the

sperm whale, Physeter macrocephalus, the largest of the
odontocetes and one of the most abundant large whales in
the postwhaling era (Whitehead 2002). Sperm whales are
present in all the world’s deep oceans, but one of the
better-studied populations is that of the Eastern Tropical
Pacific. Here, an ongoing longitudinal study has revealed
a highly complex matrilinearly based social structure
(Whitehead & Weilgart 2000), necessitating a terminology
that distinguishes between long-term social units and
short-term groups. Females and their young live in social
units consisting of on average 12 individuals; units are
persistent over decades, but individuals occasionally trans-
fer between units. Groups are temporary collections of
two or more units that typically associate for 7–10 days
before splitting back into their constituent units (Christal&
Whitehead 2001). Concurrent studies of vocal behaviour
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have focused on codas (Watkins & Schevill 1977): short
stereotyped sequences of clicks (Fig. 1). These vocalizations
are considered social in nature (rather than sensory as in
echolocation clicks also made by sperm whales, Møhl et al.
2003), primarily because their production is highly corre-
lated with periods of social behaviour (Whitehead &
Weilgart 1991), although they are also heard during
foraging dives (Watkins & Schevill 1977).
All known social units can be assigned to vocal clans

based on the usage frequency of certain coda types
(Rendell & Whitehead 2003b). For example, one clan uses
primarily codas containing regularly spaced clicks, and is
termed the ‘Regular’ clan; another uses codas that have
a pause before the final click, and is termed the ‘C1’ clan.
Across the Eastern Tropical Pacific we have identified five
such vocal clans, and since our observations that units
overwhelmingly form groups with other units from the
same clan, we have suggested that these clans form
a further, higher, level of social structure (Rendell &
Whitehead 2003b). These clans are sympatric and there
is evidence of gene flow between them, such that their
existence is best explained by cultural transmission (Ren-
dell & Whitehead 2003b). We have also shown that,
within a social unit, coda types are shared between
individuals, and that several unit members contribute to
coda output (Rendell & Whitehead 2004). Clans also vary
in other, nonvocal, aspects of behaviour, most notably
foraging success (Whitehead & Rendell 2004).
We investigated differences in coda usage and pro-
duction within clans, over time and space. We first looked
for evidence that coda output changes over time, using
recordings of known social units. In cetaceans, cultural
vocal traits vary widely in stability. The song of humpback
whales, Megaptera novaeangliae, can change very rapidly,
with complete population-level song replacement in
about 2 years (Noad et al. 2000). In contrast, killer whale,
Orcinus orca, dialects change relatively slowly, such that
dialects may reliably reflect recent ancestry (Barrett-
Lennard 2000; Deecke et al. 2000). The sperm whale’s
taxonomic position is a matter of some debate (e.g.
Milinkovitch et al. 1993), but in terms of social structure
it is much closer to the killer whale (Baird 2000) than the
humpback, so it is of interest to know where sperm
whale vocal behaviour might lie in a comparative anal-
ysis. Another reason for studying stability of vocal traits
is the potential for gene–culture coevolution. Variation in
vocal output in sperm whales is correlated with variation
in mitochondrial DNA (Whitehead et al. 1998); the
implications of this led one of us to suggest that low
mtDNA diversity in sperm whales (and other matrilineal
odontocetes) may be the result of gene–culture coevolu-
tion (Whitehead 1998). This proposal was based on
models that used the stability of cultural traits as an
important parameter, but there has been no direct
study of the stability of such traits in sperm whales
until now.
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Figure 1. Waveform and sonagram of a single coda containing five clicks, illustrating the interclick interval (ICI). Sonagram based on 256 point

Fast Fourier Transforms, time resolution 0.003 s.
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Second, we looked for evidence of geographical variation
within clans. There aremany reasons to expect this; in birds
adaptation to local acoustic conditions is likely to be an
important determinant of signal structure (Nottebohm
1972, 1975; Handford 1981; Slabbekoorn & Peet 2003),
and apparently similar variation has been noted in other
cetaceans (Ding et al. 1995; Rendell et al. 1999). Geo-
graphical variation can also arise through neutral drift in
signal structure in relatively isolated populations, arising
through either genetic or cultural drift (e.g. Slater 1986).
However, there is at least one cetacean species that main-
tains highly homogeneous patterns of culturally trans-
mitted behaviour over large geographical areas: the
humpback whale (Cerchio et al. 2000). In sperm whales,
previous studies of geographical variation in coda output
found a weak pattern overlaid and dominated by what we
nowknowtobe clan structure (Weilgart&Whitehead1997;
Rendell & Whitehead 2003b). We aimed to remove the
variance in coda output attributed to clans and looked in
more detail at geographical variation within clans. This
information is important since geographical variation in
vocal behaviour is often among the best indications we
have of population structure in wide-ranging oceanic
cetaceans (e.g. Stafford et al. 2001), and sperm whales are
a species for which our lack of knowledge on population
structure is chronic (Dufault et al. 1999).

METHODS

Data in the form of acoustic recordings and images for
photoidentification were collected during periods spent
following sperm whales at sea. Animals were approached
under protocols approved by the Dalhousie University
Committee on Laboratory Animals and designed to min-
imize disturbance of the focal animals. Recordings were
made with a variety of equipment sets (Offshore Acoustics
hydrophone (frequency response 6 Hz–10 kHz, G3 dB)
connected directly to a Sony TC-D5M cassette recorder, or
either a Benthos AQ17 or modified AQ21B hydrophone
(frequency response 1–10 kHz, G3 dB) connected via
either Barcus-Berry ‘Standard’ or Ithaca 453 preamplifiers
to either a Uher 4000, Sony TC770 or Nagra IV-SJ reel-to-
reel tape recorder) and subsequently digitized on to
a desktop PC at 44.1 kHz. The acoustic and photoidentifi-
cation database used here is identical to that presented in
Rendell & Whitehead (2003b). We measured interclick
intervals (ICIs) in codas (Fig. 1) and then standardized
them to overall coda length for an analysis that focused on
rhythm over tempo, the former being better conserved in
codas (Moore et al. 1993). We assigned codas to type using
k-means-based methods, and linked codas to specific units
and groups based on proximity of recording to the photo-
identification of known animals, as described in Rendell &
Whitehead (2003a, b). For brevity, we do not repeat these
methodological details here.
We compared collections of codas quantitatively using

two different measures. First, we used a measure of
multivariate similarity based on the infinity-norm dis-
tance between two coda vectors. This distance is simply
the largest absolute difference between ICIs (interclick
interval); for example two four-click codas defined by the
ICIs [0.32 0.34 0.33] and [0.30 0.45 0.25] would have
absolute differences of [0.02 0.11 0.08] and the infinity-
norm distance is the maximum of these values, 0.11.
Obviously, this can be calculated only for codas of the
same length. To construct an aggregate measure of the
similarity of any two sets of codas, we first calculated the
distances between each coda in the reference set to all
codas with the same number of clicks in the comparison
set. We then converted the distance values to similarities
between 1 and 0, using the formulation similarity Z b/
(b C distance), to allow for a minimum similarity value
and thus prevent single comparisons of very different
codas unreasonably influencing an aggregate measure.
Finally, we summed these values and divided them by
the total number of coda comparisons possible between
the two sets, that is, the product of the number of codas in
the two sets of codas; this is equivalent to an average
similarity where codas containing different numbers of
clicks have a similarity equal to zero. Thus, the final
similarity value contains information both about how
similar the codas of the same number of clicks in the two
sets are and also about the extent to which codas in the
two sets have the same number of clicks. This procedure
can be mathematically expressed as:

sABZ
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where SAB denotes the similarity between coda sets A and
B, li is the number of clicks in coda i of set A, lj is the
number of clicks in coda j of set B and dij the maximum
absolute distance (or infinity-norm) between the vectors
containing the standardized interclick intervals of the
codas xi and xj (||xi � xj ||N). We chose the value b Z 0.001
in converting distances to similarity as being approxi-
mately the maximum resolution of our recordings
digitized at 48 kHz given a median coda length of 0.93 s
and a maximum time resolution of 0.001 s. Details and an
analysis of the performance of this measure are given in
Rendell & Whitehead (2003a). Second, we compared
results from this measure with results obtained using
a Spearman rank correlation between the number of times
each coda type occurred in the two collections to be
compared (Weilgart & Whitehead 1997). Thus, we
analysed data using two measures with one independent
of classification and the second based on a classification of
codas (Rendell & Whitehead 2003a).
To investigate the stability of coda usage over time, we

calculated, using both multivariate similarities and type–
usage correlations, the similarities between the first and
last days on which groups containing each known social
unit were recorded (i.e. unit members were photographed
within 2 h of the recording start time), provided that 25 or
more codas were recorded on both days. We estimated
bootstrap standard errors for these values as the standard
deviation of the similarities between 1000 bootstrap
resamples of the codas recorded on each day (Rendell &
Whitehead 2003a). We then tested these values against
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the number of days between the first and last recordings,
using Spearman rank correlation between similarity and
days between recordings and also a linear regression
analysis on the same data. If repertoires are evolving over
the timescales for which data are available, such analyses
would show a trend with similarity declining over longer
time intervals. Note that because nonunit members were
almost always present during these recordings (with the
exception of one unit, designated unit T, which was
always recorded alone) our data are partially confounded
by variation in coda output between units. They can,
however, inform us of how coda usage is changing at the
clan level, since units appear to form groups primarily
with other units of the same clan, and they would be
likely to pick up major changes in unit-specific repertoires.
To look for evidence of geographical variation in vocal

output within clans, we first selected all days on which the
group recorded had been assigned to a clan (Rendell &
Whitehead 2003b). Then, within each clan, we calculated
the similarities between coda outputs recorded on pairs of
days having no photoidentified animals in common to
minimize the possibility that different groups were re-
corded. On average, 14 animals were identified on the days
used in this analysis. Mean group size in these studies is
about 24 (Whitehead 2003b), so about 58% of the animals
present were identified on each day. We also calculated the
geographical distance between the midday positions on
those days. If there were geographical variational within
clans then one would expect these data to be related: as
distance increases, coda output similarity should decrease.
We calculated Spearman rank correlation coefficients for
each clan independently. We could not test the resultant
correlation coefficients for significance, however, because
this analysis used data pairwise such that individual days
contributed tomore thanonedatapoint,meaning that data
entered into the correlation analysis were necessarily not
independent. Instead, we used a t test assuming that each
clan-specific correlation coefficient was an independent
estimateof a single ‘true’ value, todetermine theprobability
that this true valuewas negative against thenull hypothesis
that it was zero or positive. All tests were two tailed, and all
analyses were carried out using Matlab v6.1. (MathWorks
Inc., Natick, MA, U.S.A.).

RESULTS

In the analysis of temporal variation, datawere available for
10 different social units from three clans (Regular clan: A,
A2B, C, I, J, K, P;C1 clan: F, G; Short clan: T). There was no
statistical evidence for consistent changes in coda output
over the timescales for which data were available (up to
2203 days, about 6 years; Fig. 2) using either multivariate
similarity (infinity-norm, bZ 0.001: rS Z �0.04, P Z 0.45;
linear regression: r2 Z 0.006, F1,9 Z 0.046, P Z 0.84) or
type–usage correlation (rS Z �0.09, P Z 0.40; linear re-
gression: r2 Z 0.004, F1,9 Z 0.033, P Z 0.86).
There is evidence of geographical variation within clans

based on data from 87 different days and four clans. Pairs
closer than about 200 km (ca. 100 nautical miles) had
elevated similarity, but this dropped off between 200 and
1000 km (Fig. 3). The C1 and 4C clans had large negative
correlations between distance and similarity, the Regular
clan had a moderate negative correlation for the multi-
variate similarity method and a large negative correlation
for the type–usage correlation, and the Short clan had
small negative correlations for both methods; t tests of the
combined geographical distance versus similarity or cor-
relation values for each clan (Table 1) were significant
at the 95% level for the multivariate similarity method
(t3 Z �3.765, PZ 0.032) but not for the type–usage
correlation, although the effect was in the same direction
(t3 Z �2.539, P Z 0.084). Assuming the clan coefficients
are normally distributed and estimate a common value,
the maximum likelihood estimators for the common
correlation coefficient are �0.27 (95% confidence interval,
CI Z [�0.41 �0.14]) and �0.27 (95% CI Z [�0.56 0.02])
for the multivariate similarity and type–usage correlation
measures, respectively.
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Figure 2. Similarities between the coda output on the first and last
days on which groups containing each unit (indicated by letters)

were recorded against the number of days between dates. Error bars

are bootstrap standard errors from 1000 bootstrap resamples;

straight horizontal lines indicate the mean G 1 SE unit similarities
within (upper) and between (lower) clans, respectively. (a) Using

multivariate similarity, infinity-norm, b Z 0.001; (b) using type–

usage correlations based on classification of codas to types.
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Figure 3. Similarities between the coda output of groups sharing clans (Regular, C1, short, 4C) but no individuals (according to

photoidentification records) plotted pairwise against geographical distance between midday positions. (a) Using multivariate similarity,
infinity-norm, bZ 0.001; (b) using type–usage correlations based on classification of codas to types.
DISCUSSION

We found no evidence that unit coda output changed
consistently over time. However, an important caveat to
this result is that data are available for only a very limited
timescale relative to the life span of a sperm whale. The
maximum time between recordings in this analysis was
about 6 years (unit G; Fig. 2), one-tenth of a female sperm
whale’s life span of about 60 years (Rice 1989). Hence,
while the best data available on this question tell us that
coda output is essentially stable over periods of about 6
years, we remain ignorant of rates of change over longer,
and arguably more relevant, timescales. We also cannot
remove the potential confound of other social units,
which were likely to have been present for most of our
recordings, and thus for variation between units affecting
our ability to detect temporal change, although coda
usage does not appear to vary much within clans (Rendell
2003; Rendell & Whitehead 2003b). Nevertheless, these
data provide an important foundation to investigate this

Table 1. Spearman correlations between coda output similarity
measures and geographical distance across groups

Clan

Multivariate

similarity (bZ0.001)

Type–usage

correlation

Regular �0.14 �0.58
C1 �0.33 �0.22
Short �0.17 �0.08
4C �0.45 �0.21

All �0.37 �0.58
issue further; for comparison, Deecke et al. (2000) used
a data set spanning 12 years to detect finescale structural
evolution of discrete calls in killer whales, although these
calls remain easily recognizable over periods of more than
30 years (Ford 1991). It is noteworthy that data in Deecke
et al. (2000) also show little evidence for call change if
restricted to the same timescale as our study; therefore we
cannot exclude the possibility of repertoire change occur-
ring over longer timescales. More longitudinal data are the
only remedy for our ignorance in this case. Nevertheless,
in the present study we were unable to find evidence for
rapid change, to preclude potential interactions between
culture and genetic evolution (Whitehead 1998).
We did, however, find some evidence of geographical

variation within clans, with groups of the same clan that
shared no individuals generally having higher coda out-
put similarities at ranges of less than 200 km (about
100 nautical miles; Fig. 3). All clans showed a negative
trend in repertoire similarity over increasing distance,
although the strength of this trend varied between clans.
Such variation probably reflects high levels of intragroup
variability in coda usage (Fig. 2 shows that coda usage can
change markedly within a social unit over short time-
scales; compare units A and F for example), but may
also indicate that different clans show different levels
of geographical variation.
Our data are in accordance with work that found some

evidence of geographical variation, albeit weak relative to
clan variation (Weilgart & Whitehead 1997), although the
present study is novel in that we could separate geo-
graphical effects caused by varying clan distributions from
those that occur within clans. This variation could occur
in two ways. First, animals may stay in one area and
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develop local vocal patterns (as in geographically based
bird song dialects). Second, animals moving into a given
area may adopt vocal patterns characteristic of that area,
perhaps in response to local ecological conditions, since
we know that other cetacean species can alter their vocal
output in response to varying acoustic conditions (Au
et al. 1985; Lesage et al. 1999). In mobile species such as
cetaceans either scenario is plausible. Female sperm
whales are known to range over thousands of nautical
miles (Jaquet et al. 2003), but the average displacement
over periods of about 5 years is nearer 740 km (400
nautical miles; Whitehead 2001). This latter distance
matches the distance below which coda output similari-
ties are elevated (Fig. 3), although the extent to which
largescale movements (i.e. more than 2000 km) are a reg-
ular occurrence for individual sperm whales is still largely
unknown (e.g. Dufault & Whitehead 1995). Because of
these potential movements, we cannot definitively sepa-
rate the possibility that the observed variation represents
some form of geographical within clan ‘accent’ and the
possibility that the variations described here represent
coda output being altered according to local conditions.
However, given the apparent stability of coda output
(Fig. 2), the former seems more likely. Whether local
‘accents’ are permanent or facultative, we consider this
geographical variation unlikely to take the form of direct
acoustic adaptation to local sound propagation condi-
tions, referred to as ‘habitat matching’ in birds (Catchpole
& Slater 1995), given the structural homogeneity of the
sperm whale’s deep ocean habitat.
How does our observed geographical variation relate to

ecological variation? Autocorrelation in oceanic ecosys-
tems breaks down on the order of 500 km (ca. 260 nautical
miles) according to fisheries data analysed by Myers et al.
(1997), and it is notable that the elevated coda output
similarities in Fig. 3 also fall within this range. At lower
trophic levels oceans can be divided into biogeographical
‘provinces’ with distinct primary production properties
(Sathyendranath et al. 1995; Platt & Sathyendranath
1999); in the Atlantic, these can be about 1800 km
(1000 nautical miles) across (Sathyendranath et al.
1995), larger than the average ranges of sperm whales
(Whitehead 2003a). Although we are aware of no such
similar formal partition of the Pacific Ocean (although
a biome level approach was taken by Longhurst 1998), it
seems that geographical variation in coda output is
broadly congruent with what we know of the spatial
structure of ocean systems, although none of the above
partitions relate directly to the sperm whale’s major prey
group, mesopelagic squid. An interesting study would
relate vocal variation within a group of known animals to
concurrent ecologically relevant data such as defecation
rate and scattering layers, andwith physical oceanographic
parameters; if vocal patterns change according to local
conditions, this should also be detectable longitudinally.
However, a patternof local ‘accents’would be closer towhat
is observed in other cetacean species (e.g. Ding et al. 1995).
We need to know more about sperm whale movements to
clarify this issue, since therewill be anupper limit to the rate
of permanent range shifts for geographical variation to
become established.
An important issue in considering this spatial compo-
nent to vocal variation is the likelihood of animals
interbreeding over the scales in question, since this
establishes the distinction between geographical variation
caused by genetic drift, in the case of restricted inter-
breeding, and the establishment of learned local dialects
in the case of large amounts of interbreeding, potential or
otherwise (Connor 1982). In this case, there is no clear
answer, based on what we know of sperm whale re-
productive biology. Males leave their natal groups at the
onset of puberty, and head for polar waters: nearer the
poles, schools of males contain fewer, but larger, individ-
uals. Upon attaining an apparently size-related social
maturity, males then return to the tropics where they
encounter and presumably mate with groups of females
(Whitehead &Weilgart 2000). Hence, there is potential for
large amounts of gene flow over the spatial scales of
interest. Results of genetic studies are inconsistent with
mating within the natal group, and observed global
homogeneity of nuclear markers indicates that males
may mate successfully in areas very distant from their
mother’s home range (Lyrholm & Gyllensten 1998;
Lyrholm et al. 1999). Thus, the potential for interbreeding
over these spatial scales means that variation is best
described as a form of local dialect.

In summary, we have shown that the vocal output of
sperm whale clans is stable over periods of up to 6 years,
although this result cannot preclude the possibility of
longer term variation. We have also found evidence that
there is variation within clans over geographical scales of
200–1000 km, a result that is consistent with current
knowledge of sperm whale movements and ecological
structure in the ocean.
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