
 

Journal of Animal 
Ecology

 

 2005

 

© 2005 British 
Ecological Society

 

Blackwell Publishing, Ltd.

 

Quantifying the influence of sociality on population 
structure in bottlenose dolphins

 

DAVID LUSSEAU*, BEN WILSON*‡, PHILIP S. HAMMOND†, 
KATE GRELLIER*†, JOHN W. DURBAN*§, KIM M. PARSONS*¶, 
TIM R. BARTON* and PAUL M. THOMPSON*

 

*

 

Lighthouse Field Station, School of Biological Sciences, University of Aberdeen, George St, Cromarty, Ross-shire, 
IV11 8YJ, UK; and 

 

†

 

Sea Mammal Research Unit, Gatty Marine Laboratory, University of St Andrews, St Andrews, 
Fife KY16 8LB, UK 

 

Summary

1.

 

The social structure of a population plays a key role in many aspects of its ecology
and biology. It influences its genetic make-up, the way diseases spread through it and the
way animals exploit their environment. However, the description of social structure in
nonprimate animals is receiving little attention because of the difficulty in abstracting
social structure from the description of association patterns between individuals.

 

2.

 

Here we focus on recently developed analytical techniques that facilitate inference
about social structure from association patterns. We apply them to the population of
bottlenose dolphins residing along the Scottish east coast, to detect the presence of
communities within this population and infer its social structure from the temporal var-
iation in association patterns between individuals.

 

3.

 

Using network analytical techniques, we show that the population is composed of
two social units with restricted interactions. These two units seem to be related to known
differences in the ranging pattern of individuals. By examining social structuring at dif-
ferent spatial scales, we confirm that the identification of these two units is the result of
genuine social affiliation and is not an artefact of their spatial distribution.

 

4.

 

We also show that the structure of this fission-fusion society relies principally on
short-term casual acquaintances lasting a few days with a smaller proportion of asso-
ciations lasting several years. These findings highlight how network analyses can be
used to detect and understand the forces driving social organization of  bottlenose
dolphins and other social species.
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Introduction

 

Social animals tend to organize in units that can react
differently to various density-dependent and density-

independent factors (Bronikowski & Altmann 1996;
Whitehead & Rendell 2004). It can therefore be mis-
leading to assess the dynamics of  populations with-
out considering the heterogeneity imposed by social
structure. For example, different social units, or com-
munities, can have varying foraging success depending
on environmental conditions (Whitehead & Rendell
2004), which in turn can produce stratification of the
survival and reproductive successes of their members.
Social animals must make choices to join and leave
groups of conspecifics throughout their life (Krause &
Ruxton 2002). The way that individuals interact with
conspecifics is influenced by intrinsic factors such as
the presence or absence of preferred associates. In turn,
these intrinsic factors are shaped by extrinsic habitat
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characteristics including both density-dependent fac-
tors such as prey availability (Baird & Dill 1996; Fritz &
deGarineWichatitsky 1996; Honer 

 

et al

 

. 2002; Lusseau

 

et al

 

. 2004; Vucetich, Peterson & Waite 2004) and den-
sity-independent pressures such as landscape complex-
ity (Bronikowski & Altmann 1996; Templeton &
Giraldeau 1996; Lusseau 

 

et al

 

. 2003). The resulting
social structure of an animal population becomes a
fundamental component of its biology, influencing its
genetic make-up (Pusey & Wolf 1996; Sugg 

 

et al

 

. 1996;
Krutzen 

 

et al

 

. 2003), the spread of diseases (Newman
2002b; Corner, Pfeiffer & Morris 2003), pathways of
information transfer (King 1991; McComb 

 

et al

 

. 2001;
Leavens 2002; McComb 

 

et al

 

. 2003), and the way that
the population exploits its environment (Hoelzel 1993;
Baird & Dill 1996; Connor 

 

et al

 

. 1998). Identifying the
occurrence, number and composition of social group-
ings helps reveal individual association preferences,
and is an important prerequisite for characterizing the
social structure of a population (Whitehead 1997).
However, in this process it is important to tease apart
aggregative behaviour driven by an external force, such
as prey distribution or landscape structure, and those
resulting from genuine social preferences.

In his seminal 1976 article, Robert Hinde described
a conceptual framework for studying the emergence
of social organization and structure in animal popu-
lations. Thirty years later, this framework is still a
landmark and regularly used (Sambrook, Whiten &
Strum 1995; Gamble 1998; de Waal 2000; Gowans,
Whitehead & Hooker 2001; Kappeler & van Schaik
2002; Kozlowska & Hanney 2002; Sigurjonsdottir

 

et al

 

. 2003). However, the latter part of this framework,
the study of animal social structure, has received little
attention in nonprimates (Whitehead 1997). The struc-
ture, that is ‘understanding the patterning of relation-
ships independently of the particular individuals
concerned’ (Hinde 1976), can be problematic to deter-
mine in species for which meaningful relationships are
difficult to describe. In particular, to abstract the
patterning of relationships in a model, one must first
describe these patterns in what Hinde called the surface
structure.

Quantifying the surface structure of an animal soci-
ety is difficult, because it represents a complex agglom-
eration of objects (individuals, also called vertices
thereafter) in which relationships change in time and
space. Network analyses developed in physical sci-
ences, and more recently furthered in social sciences,
provide a set of tools with a proven track record for
dealing with such complex adaptive systems (Watts &
Strogatz 1998; Newman 2001, 2003b; Newman 

 

et al

 

.
2001). They can help to describe the architecture of net-
works of animal social relationships, and also find the
features driving them (Lusseau & Newman 2004). In
most animal studies, the relationship between pairs of
individuals (dyads) is defined by time spent together
using an association index (Whitehead & Dufault
1999). Various studies have shown that individuals

spending more time together than would be expected
by chance tend to be socially associated; for example,
forming alliances in bottlenose dolphins (Connor,
Heithaus & Barre 1999, 2001) and chimpanzees
(Mitani & Amsler 2003). Therefore it appears that
measuring how much time animals spend together is
a behaviourally meaningful way of quantifying their
social association (Hinde 1976). The rate at which asso-
ciation between individuals changes over time in a soci-
ety (lagged association rates) can also help abstract the
social structure of a population (Whitehead 1995).

One problem with this approach is that association
patterns based upon the amount of time that animals
spend together are influenced both by individual rang-
ing patterns or habitat preference, and by genuine
social affiliations. Recent work on the bottlenose
dolphin population studied in this paper has shown that
there is considerable variation in ranging patterns.
Some individuals have only been observed within a
core-study area, while others range more widely and
visit the core area only occasionally (Wilson 

 

et al

 

.
2004). Consequently, estimates of association patterns
may be biased because individuals with similar ranging
patterns are more likely to be sighted together.

In this study, we used network analyses, association
analyses, and estimates of lagged association rates to
investigate social structuring in this population of
coastal bottlenose dolphins. In particular, we focused
our analyses on data collected at different spatial scales
to tease apart the social component of the observed
associations from the spatial segregation of animals.
The goal of this study is to determine the temporal and
spatial structure of social interactions in this popula-
tion. First, we assess whether the observed variation in
ranging pattern corresponds to separate social units or
only result from aggregative behaviour and then we
assess how associations among individuals are persist-
ent with time.

 

Materials and methods

 

    

 

Observations were conducted in the inner Moray
Firth and adjacent coastal waters of eastern Scotland
(Fig. 1). This area is used by a resident population of 

 

c

 

.
130 bottlenose dolphins, of which approximately 60%
of individuals can be reliably distinguished over long
periods using photographic documentation of natural
markings (Wilson, Hammond & Thompson 1999).

Observational data on the associations of these indi-
viduals were made during boat-based surveys carried
out during summer months (May to September) from
1990 to 2002 (Wilson, Thompson & Hammond 1997).
The primary goal of these surveys was to estimate the
abundance of bottlenose dolphins using photographic
mark–recapture techniques (Wilson 

 

et al

 

. 1999). Most
surveys were conducted within a 250-km

 

2

 

 core-study
area within the Moray Firth (Fig. 1), which was further
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subdivided into six subareas. Wider-scale surveys were
also conducted along the coast south from the Moray
Firth to the Firth of Forth on a less regular basis. Sur-
vey design and effort has varied between years, in
response to variations in weather and attempts to
increase recapture probabilities as the use of the core-
study area has declined (see Wilson 

 

et al

 

. 2004). How-
ever, in summers (May–September) of all years we
made at least 10 surveys within the core study area,
with all except the Inverness Firth subarea being visited
in each year.

In all cases, once a school was encountered, individ-
uals were photographed and later identified using nat-
ural markings on their dorsal fins such as scars, nicks
and lesions (Wilson 

 

et al

 

. 1999). A school was defined
as individuals within 100 m of one another behaving in
a co-ordinated fashion (Wells, Scott & Irvine 1987).

 

   


 

We used only high-quality photographs to distinguish
individuals in the encounter based on the pattern of
nicks, lesions, scars and variation in dorsal fin shape
(Wilson 

 

et al

 

. 1999). Association analysis were only
conducted for individuals with reliable markings that
were known to last for several years (Wilson 

 

et al

 

.
1999), but the photographs of all individuals were used
to assess which groups were used in the analyses of
social structure. Specifically, we only used data from
encounters in which at least 50% of all dolphins esti-
mated to be present were photo-identified. Of these
encounters, all individuals present were photo-identified
in 50% of schools, and 72% of the schools had three-
quarters of the individuals identified.

Fig. 1. Map of the study area. The home range of the population extends from the Moray Firth to the Firth of Forth (St Andrews
subarea). Most of the sampling took place in the inner Moray Firth (inset) which was divided into several subareas.
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For the association analysis of reliably marked indi-
viduals, individuals were defined as associated if  they
were present in the same school. We assessed the rela-
tionships among dyads in the social network of the
population using the half-weight index of association
(Cairns & Schwager 1987) that quantifies associations
on a scale from 0 (two individuals never seen together)
to 1 (two individuals always seen together). The half-
weight index (HWI 

 

=

 

 2

 

X

 

/ [

 

A

 

 

 

+

 

 

 

B

 

], where 

 

X

 

 is the
number of times dolphins 

 

A

 

 and 

 

B

 

 were seen together
and 

 

A

 

 and 

 

B

 

 are the total number of times dolphins 

 

A

 

and 

 

B

 

 were sighted) was used to minimize bias due to
sampling techniques (Cairns & Schwager 1987) and to
enhance comparability with other bottlenose dolphin
studies (Wells 

 

et al

 

. 1987; Smolker 

 

et al

 

. 1992; Lusseau

 

et al

 

. 2003). Individuals were only used in the analysis
if  they had been observed more than five times during
the study period (Chilvers & Corkeron 2002). Almost
all individually recognizable animals have spent at
least some of their time within our core study area in
the inner Moray Firth (Fig. 1 inset). However, using
repeated observations from within and outside this
area, we divided individuals into two broad categories:
those that have only ever been observed in the inner
Moray Firth and those that have been observed in both
the inner Moray Firth and other parts of the popula-
tion’s home range (Wilson 

 

et al

 

. 1997, 2004).

 

Defining preferred companionships

 

Preferred companionships, i.e. associations occurring
more often than expected by chance, were defined in
two ways. First, all dyads with an HWI greater than
HWI

 

null

 

 were defined as preferred companionships,
where HWI

 

null

 

 

 

=

 

 

 

n

 

associate

 

/[

 

N

 

 

 

−

 

 1] relates to the average
association index obtained if  an individual associates
at random in the population (

 

N

 

 is population size)
(Whitehead 1995) and therefore has 

 

n

 

associate

 

, which is
the average school size in which the individual is found.

Dyads occurring more often than expected by
chance were also defined using the Manly Bejder per-
mutation technique (Bejder, Fletcher & Brager 1998).
This technique tests the significance of these associ-
ations by randomly permuting individuals within
schools, keeping the school size and the number of
times each individual was seen constant using SOC-
PROG 1·3 (Whitehead 1999) (available at http://
www.dal.ca/

 

∼

 

hwhitehe/social.htm). This is achieved by
switching two individuals present in two different schools.
After each permutation the HWI for each pair was
calculated and the observed HWI was compared with
expected values of the HWI. If more than 95% (one-tailed
test) of expected HWI were smaller than the observed HWI,
the pair of dolphins was defined as a preferred compan-
ionship. The number of permutations was set to 500 000
to allow for an average of 200 permutations per dyad.

The first technique is advantageous because it relies
directly on the association indices. However, associ-
ation indices are proportions and therefore provide only

an indication of the association strength between two
individuals that relies on the number of  times indi-
viduals have been observed (which is why we restricted
the data to individuals observed at least five times). The
second technique takes this uncertainty into consider-
ation. However, it does not rely directly on the associ-
ation indices and may be affected by spatial structuring
of the samples. It also depends on an arbitrary cut-off
point (the acceptable level of type II errors). It is there-
fore valuable to compare the results obtained using
both these techniques.

 

   
   

 

We used the Girvan–Newman algorithm to detect
community structure within the network (Girvan &
Newman 2002; Lusseau & Newman 2004; Newman &
Girvan 2004). The method finds natural divisions of
networks into tightly knit groups by looking for the
boundaries that run between groups. Boundaries were
identified using a ‘betweenness’ measure (Freeman
1977). Betweenness quantified how often an edge
between two individuals, which is a preferred com-
panionship here, was crossed when moving between
any pair of individuals on the network graph. The more
often an edge was passed, the higher its betweenness;
it therefore identified bottlenecks in the network. In
other words, the technique finds pairs of dolphins that
are often used in the network graph when moving from
one dolphin to another. Edges with the highest
betweenness scores were removed from the network,
leaving behind the groups themselves. The algorithm
breaks the network into a number of communities
(= groups), from one to 

 

n

 

 communities, where 

 

n

 

 is the
number of individuals studied. To select the best divi-
sion, i.e. the division which provides the most edges
within communities and the least between, we calcu-
lated a modularity index, 

 

Q

 

 (Newman 2003a). The
modularity index quantified the number of edges run-
ning within and between communities:

where 

 

i

 

 (rows) = 

 

j

 

 (columns) is the number of commu-
nities, 

 

e

 

ij

 

 is the proportion of edges running between
communities 

 

i

 

 and 

 

j

 

, and 

 

a

 

i

 

 = 

 

Σ

 

j

 

 

 

e

 

ij

 

. A good community
division should have many edges within communities
and few between, leading to high 

 

Q

 

-values. The first local
peak in 

 

Q

 

-values indicates divisions between commu-
nities (Newman 2003a; Lusseau & Newman 2004).

Here we are interested not just with the fact that
divisions exist within our network, but also with under-
standing whether the ranging pattern of individuals
plays a part in defining those communities. We are
therefore looking for geographical homophily, or
assortative mixing, the preferential association of indi-
viduals with others who are like them in some way
(Newman 2002a). Using the two broad ranging pattern

Q e aii i
i

  (   ),= −∑ 2
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categories, this effect can be quantified using an assor-
tativity ‘correlation’ coefficient (Newman 2003a). Let

 

e

 

ij

 

 be the fraction of ties in the network that connect
individuals of type 

 

i

 

 to individuals of type 

 

j

 

. Then the
assortativity coefficient is defined as

This quantity equals 1 when we have perfect assortative
mixing (all individuals associate solely with others of
the same type as themselves) and zero when mixing is
random. Partial mixing gives values between 0 and 1.
The standard deviation of 

 

r

 

 was calculated as described
in Newman (2003a).

 

Teasing apart spatial from social structure

 

If  the movement of some dolphins is restricted in space,
e.g. confined to the inner Moray Firth, these dolphins
are more likely to be found in the same school just by
chance. If  any homophily is detected in the previous
analysis (see section above) it may be related to spatial
sampling bias because some individuals were more
likely to be observed in some locations than in others.
We therefore performed the same analyses using only
data collected in those areas where individuals with
both types of ranging patterns (inner Moray Firth only
or inner Moray Firth and elsewhere) were equally likely
to be encountered (Wilson 

 

et al

 

. 1997), having there-
fore an equal chance to interact. Therefore, if  any
assortativity by home range characteristics emerged in
the schools encountered there, it should be the result of
social structure. To detect these areas, and confirm that
the findings in Wilson 

 

et al

 

. (1997) remained consistent
throughout the study period, we calculated for each
subarea (Fig. 1) the proportion of encounters with
both types of individuals.

 

     
 

 

Network properties

 

Defining the local and global structure of the social
network can help elucidate the dynamics of affiliations,
illustrating how individuals associate with their neigh-
bours and how they relate to other communities. We
focused on three properties of the network architec-
ture. First we calculated the clustering coefficient, 

 

C

 

,
which is a measure of the likelihood that, if  two indi-
viduals 

 

α

 

 and 

 

β

 

 are associates and 

 

α

 

 is associated with

 

γ

 

, then 

 

β

 

 and 

 

γ

 

 are also associated. The quantity 

 

C

 

therefore measures the number of triads in the network
compared with the total possible number of triads
given the number of  individuals present. We also
calculated the average shortest path, 

 

l

 

, between all indi-
viduals; that is if  we ‘travel’ from one individual to the
next on the network, on average how many individuals

do we go through on the way. These two measures pro-
vide clues to the shape of the network; essentially they
help classify the network as being either random,
ordered or a small world (Newman 2003b). Small
world networks share properties with both random
and ordered networks as they have a high clustering
coefficient (characteristic of ordered networks) and a
short average shortest path (characteristic of random
networks). That is, they are highly clustered yet all indi-
viduals can be reached in only a few steps. We therefore
compared the properties of the social network with
random networks that were designed to have the same
number of  vertices and edges but where edges were
randomly distributed among vertices. The properties
were calculated using Ucinet (Borgatti, Everett &
Freeman 2002), the networks were drawn using Netdraw
(Borgatti 2002), and the random networks were designed
using Pajek (Batagelj & Mrvar 2002).

Finally, recent studies show that affiliation processes
can also be derived from degree homophily (Newman
2003b). The degree of  a vertex (an individual in the
network graph) is the number of edges (preferred com-
panionships) linking it to other vertices (Newman 2003b).
Using the same assortativity technique as described
above we determined whether individuals tended to
associate with others that had similar degree values.

 

Lagged association rate

 

We plotted the lagged association rate in relation to
time both for all relationships (all dyads) and for within
and between communities relationships using SOC-
PROG. We then tested various social structure models
(Whitehead 1995) and selected the best fitting and most
parsimonious model using Akaike Information Cri-
teria (AIC) (Burnham & Anderson 1998). The models
tested were developed using exponential decay and
constants to mimic the dynamic of association patterns
between pairs of individuals (Whitehead 1995). The
models are composed of three components and any
meaningful combination of those. These components
are constant companionships, rapid disassociation
(that is association lasting less than a few hours), and
casual acquaintances that can last from a few days to a
few years. For this latter component, the duration of
the acquaintances is directly approximated from the
exponent of the exponential function (

 

τ

 

, in days). We
tested eight social structure models ranging from societies
composed only of constant companionships (in which
the association rate, 

 

g

 

(

 

d

 

) in days (

 

d

 

), remains constant
through time 

 

g

 

(

 

d

 

) = 1) to models considering two levels
of casual acquaintances and some rapid disassociation
( , where 

 

a

 

 and 

 

b

 

 are the pro-
portion of animals with which an individual associates
at rates given by the exponential functions). The error
around both the duration of the acquaintances and the
proportion of relationships within the society that are
represented by the components was estimated using
jack-knifing (see Whitehead 1995 for more details).

r
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Results

 

  

 

Between 1990 and 2002, there were 930 encounters
with dolphins during which school composition infor-
mation was collected during the summer months. Of
those, 809 schools were suitable for analyses given our
selection criteria. Using both network construction
techniques, all of the 124 reliably identified individuals
observed during the study period were linked in one
network. The permutation technique linked them with
738 preferred companionships, or edges, while the
HWI

 

null

 

 cut-off  technique linked them with 3138 edges.
Both techniques yielded similar, high and significant
assortativity coefficients by ranging pattern (

 

r =

 

 0·61 

 

±

 

0·026 for the permutation technique and 

 

r

 

 = 0·55 

 

±

 

 0·012
for the HWI

 

null

 

 technique). Both networks could be
best described as being composed of two communities
(first maxima: Q = 0·46 and 0·39, respectively) (Newman
2003a) and only 10 of the 124 individuals (8% of indi-
viduals) were classified differently by the two associ-
ation techniques. These individuals were located at the
periphery of the communities (Fig. 2). The sex of 36
individuals was known from field observations, but sex
of individuals did not appear to explain communities;
of the eight known males, two and six were in each
community, and of the 28 known females, 12 and 16
were in each community. Following the homophily
result, the two communities could be broadly described
as (1) individuals only observed in the inner Moray
Firth (the inner community thereafter), and (2) others
(the outer community thereafter). For 87·1% and
83·9% of individuals, the ranging pattern matched the
social community to which they belonged using the
HWInull and permutation techniques, respectively.

     
  

During the survey years, 610 dolphin encounters were
documented in the Sutors, Three Kings and Eathie
subareas (Fig. 1 inset), where dolphins of both types of
ranging patterns are likely to be encountered (Wilson
et al. 1997; Fig. 3). Using only these 610 encounters,
the community structure of the network created was
very similar to that described in the previous section
(Fig. 2). The dichotomy in two communities remained
apparent when restricting the data set to schools observed
in these areas (first maxima: Q = 0·45 for the network
based on the permutation technique and Q = 0·42 for
the other network). The HWInull technique linked all
individuals with 2474 edges based on the schools en-
countered in the Eathie, Sutors and Three Kings sub-
areas. The permutation technique yielded a network
composed of 91 individuals linked by 312 edges (some
individuals were not commonly observed in these
subareas). The relationships were again well explained
by the ranging pattern of individuals (geographical

assortative mixing: r = 0·50 ± 0·040 for the permutation
technique, r = 0·54 ± 0·014 for the HWInull technique).
For 86·3% and 83·6% of  individuals, the ranging
pattern matched the social community to which they
belonged using the HWInull and permutation techniques,
respectively.

 

The social network of the dolphins displayed features
of small worlds; that is it was highly clustered yet all
individuals could be reached in only a few steps. The
average shortest path was similar to that of a random
network with the same number of vertices and edges
(3·9 vs. i = 2·9 ± 0·001 for the permutation technique
and 2·1 vs. i = 1·8 ± 0·001 for the HWI cut-off  tech-
nique: 10 random networks in each case), but the
network’s clustering coefficient was much higher
(0·412 vs.  ̄C = 0·048 ± 0·001 for the permutation technique
and 0·584 vs. C̄ = 0·206 ± 0·001 for the HWI cut-off

Fig. 2. The social network of bottlenose dolphins occupying
the Moray Firth, Scotland resolved using (a) the Manly
Bejder permutation technique, and (b) by applying a cut-off
based on the average null half-weight index of the population.
The Girvan–Newman algorithm defined two communities in
both networks (white and black vertices) and only 10 vertices
were classified differently in both networks (grey vertices). In
both cases, the two communities seem to be composed of
individuals that have a different ranging pattern. There appears
to be an inner community composed mainly of individuals
that have only been seen in the inner Moray Firth (triangles)
and an outer community composed mainly of individuals that
have been observed in other parts of the population’s home
range as well as in the inner Moray Firth (circles).
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technique: 10 random networks in each case). There was
some degree of homophily in this network (r = 0·170),
which means that individuals tended to associate with
others that had similar numbers of associates as they
had.

     
    


Association rate remained higher than expected by
chance (null association model) for the whole study
period (Fig. 4). Both within and between social com-
munities interactions could be described with a similar
model (Fig. 4b), which also fitted best the overall pat-
tern of association (Fig. 4a). A model containing two
levels of acquaintances, a short, casual level of asso-
ciation and a longer-term one, described all four lagged
association rates (Fig. 4a and Table 1). Not only did

the same model describe all interactions, its para-
meters were also similar across all types of association
(Table 1). The social structure therefore appeared to be
mainly driven by short-term relationships, which
tended to last a few days. Individuals also had longer-
term companions, roughly one-quarter of individuals
with whom they were in a school, with whom they have
relationships that last 7–8 years (Table 1). The long-
term relationships of the outer community seemed to
be shorter-lasting, averaging 5 years compared with
the 8 years of the inner community (Table 1).

Discussion

Bottlenose dolphins live in fission-fusion societies
(Connor et al. 2000). That is, they live in large com-
munities whose members form frequently changing
schools (White 1992). This definition has been used to
describe the social structure of many species ranging

Fig. 3. The proportion of individuals from each ranging pattern seen between 1990 and 2002 in each subarea of study. Bold
numbers above each subarea represent the total number of individuals identified in that subarea and numbers in italics are total
number of encounters of schools in that subarea. See Fig. 1 for location of different sampling areas.

Fig. 4. Lagged association rates for (a) all individuals and (b) among and between social communities. These association rates are
compared with the null association rate. Error bars are 1 SE and were obtained by jack-knifing. Best model explaining the
observed association rates (the two casual acquaintances model) is displayed for (a).
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from primates (Goodall 1986; de Waal 1997) to felids
(Packer 1986) and including other cetartiodactyls such
as humpback whales Megaptera novaeangliae (Valsecchi
et al. 2002), red deer Cervus elaphus (Conradt & Roper
2000) and other ungulates (Rubenstein 1994). Under
this general umbrella, bottlenose dolphin social structure
varies drastically, from being mainly driven by con-
stant companionship (Lusseau et al. 2003) to featur-
ing mainly acquaintances that last a few days as in this
study and others (Wells et al. 1987). While this umbrella
definition provides a general idea of their social struc-
ture, it does not capture the surface structure of these
populations, echoing findings emerging from the study
of chimpanzees (Lehmann & Boesch 2004).

These quantitative techniques help define the social
structure of a population more precisely, and help elu-
cidate the dynamic processes underlying observed
association patterns. For example, while our data dis-
play similar small world features to the dolphin social
network in Doubtful Sound, New Zealand (Lusseau
2003), the degree homophily present in the Moray
Firth was not seen in Doubtful Sound (Table 2).
Degree homophily could emerge from at least two dif-
ferent affiliation patterns: (1) the triadic closure model,
or ‘friend of a friend’, where two associates are more
likely to become associates of each other’s associates
(Banks & Carley 1996; Davidsen, Ebel & Bornholdt
2002), and (2) Barabasi’s preferential attachment

model of network growth (Barabasi & Albert 1999),
where incoming individuals associate with individuals
that already have many associates. It therefore appears
that the extent of assortativity by degree can vary in
bottlenose dolphins, unlike human societies (Newman
2003b) that seem to always assort by degree (see Table 2
for some examples).

One shortcoming of these techniques is that they do
not lend themselves to classical significance testing.
Further work is required to apply sensitivity analyses,
using jack-knifing or randomization procedures, to
infer the robustness of these results.

Bottlenose dolphins living off  the east coast of Scot-
land appear to be separated into two social units, which
have limited interactions. Both the techniques used to
define the social network yielded very similar results in
terms of both the position of individuals (Fig. 2) and
the network’s structure (Table 2). Furthermore the two
units appear to be related to the ranging patterns of
individuals, even when the spatial structure of the data
set is taken into consideration, and could be described
as inner and outer Moray Firth social communities.
These findings reinforce earlier hypotheses about the
spatial structuring of the population representing
potential competition by exclusion between social
groups (Wilson et al. 1997). We show that individuals
that are commonly seen in the inner Moray Firth are
not observed in other locations and, when given the

Table 1. The lagged association rate of individuals in the population is best explained by a model including two levels of casual
acquaintances. This table provides the parameters of this model for each type of association; within and between the two
communities, and overall. The association rate between individuals, g(d), is given as a function of the time lag, d and is related to
a proportion, pcas, of short-term relationships that last τcas days and a proportion, pperm = 1 − pcas, of longer-term relationships that
lasted τperm days: . The standard error (SE) of each parameter was estimating by jack-knifing.
The SE for the time lag is given as a ± 1 SE interval around the mean. For a more detailed description of the model refer to
Whitehead (1995)

Association type pcas τcas (days) pperm τperm (years)

Outer community 0·76 (0·024) 1·3 (0·3–100·0) 0·24 (0·024) 5·43 (4·73–6·37)
Inner community 0·79 (0·020) 1·3 (1·0–1·8) 0·21 (0·020) 8·00 (7·09–9·16)
Between communities 0·75 (0·017) 1·3 (0·9–2·8) 0·25 (0·017) 7·08 (6·51–7·76)
Overall (all individuals) 0·77 (0·016) 1·3 (0·7–10·0) 0·23 (0·016) 7·92 (7·24–8·72)

g d p e p ed d
( )    ( / ) ( / )= +− −

cas perm
cas permτ τ

Table 2. Statistics for the Moray Firth bottlenose dolphin social network and a number of other published social networks,
including another bottlenose dolphin population. The table provides the number of vertices in the network (n), the number of
edges (m), the average shortest path between vertices in the network (l ), the clustering coefficient (C ), and the degree correlation
coefficient (r)

Network n m l C r References

Moray Firth dolphin association
Permutation technique   124   738 3·9 0·412 0·170 This study
Cut-off technique   124   3138 2·1 0·584 0·222 This study
Doubtful Sound dolphin   64   159 3·4 0·303 −0·044 Lusseau (2003)
association (permutation Lusseau & Newman (2004)
technique)
Film actors  449 913 25 516 482 3·5 0·20 0·208 Watts & Strogatz (1998)
Biology coauthorship 1 520 251 11 803 064 4·9 0·088 0·127 Newman (2001)
Physics coauthorship  52 909  245 300 6·2 0·45 0·363 Newman (2001)
Company director  7 673  55 392 4·6 0·59 0·276 Newman et al. (2001)
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choice to interact with individuals coming in the area
during summer time, tend to stay within their commu-
nity. In contrast to other studies that describe adjacent
communities of bottlenose dolphins in warmer waters
(Wells et al. 1987), the home ranges of the two social
units in Scotland largely overlap. This may be related to
the presence of abundant prey items in this location
that allows the two communities to coinhabit in the
same area at this time of year.

Foraging specializations could also explain the var-
iation in ranging pattern between the two social units.
Cultural transmission of foraging specializations has
been described in another population of bottlenose
dolphins (Krützen et al. 2005). The low mitochondrial
DNA diversity in the Moray Firth population (Parsons
et al. 2002) linked with the existence of distinct social
units highlight the need to further our understanding of
the role of cultural hitchhiking in the coevolution of gene
and behavioural traits in this population (Whitehead
1998; Whitehead & Rendell 2004). Recent genetic
studies reinforce this link as social facilitation of forag-
ing strategies within local communities of bottlenose
dolphins has been put forward as a likely explanation of
the genetic structure of bottlenose dolphin populations
along European coastlines (Natoli et al. 2005). Special-
izations need not be in the diet itself, but can also be
related to the techniques used to capture prey (Whitehead
& Rendell 2004; Krützen et al. 2005). The latter example
may be more probable as bottlenose dolphins are gener-
ally believed to have a catholic diet (Barros & Wells
1998; Santos et al. 2001). However, specializations in
prey preferences could reconcile both statements.
Dietary studies will help elucidate this hypothesis.

The communities were not discrete, and both the tech-
niques used to detect preferred companionship yielded
an integrated network of association. This highlights
the importance of some individuals that have preferred
companionships in both communities and may there-
fore play the role of broker in the network (Lusseau &
Newman 2004). The presence of brokers between two
social units could hypothetically allow for information
transfer at various levels (Rendell & Whitehead 2001).
The social network is a small world, which is not an
equilibrium state (a steady state in a thermodynamic
analogy) and shows that associations between indi-
viduals do change (Newman 2003b). The analysis
provides us with an idea of  the central tendency of
associations in this population, temporal variation
analyses will help us understand the dynamics around
this average (how often dyads change, and how the
network copes with disappearances and appearances).

The sex of  many individuals in this population is
still unknown. However, the two communities do not
appear to be explained by the sex of individuals
because females, defined as individuals with calves
(Grellier et al. 2003), are found in both of them. The
genetic relationship of individuals is also not well
known. However, a recent study based on material
from bottlenose dolphins found stranded in the Moray

Firth discovered only two mtDNA haplotypes (n = 15
individuals), a low diversity compared with other
neighbouring populations (Parsons et al. 2002).
Unfortunately, the identity of many stranded animals
was unknown, and we cannot relate this genetic infor-
mation to the community structure we observed. This
reinforces the need to clarify the relationship between
genetic and social diversity in the population.

These bottlenose dolphins appear to live in schools
mainly composed of individuals with whom they spend
little time. The association rate model does not capture
the behaviour of associations over the first month in
which individuals interact. The number of associates
declines sharply over that period, showing that short-
term acquaintances are a strong feature of the society,
even stronger than the best fitting model describes it.
This study draws a picture of the Scottish east coast
bottlenose dolphin society that is highly reminiscent of
what is known of the well-studied bottlenose dolphin
population occupying Sarasota Bay, Florida. Some
associations last many years, but the overall social
structure is dominated by casual acquaintances lasting
short periods (Wells et al. 1987). The availability of
food resources appears to play an important part in
shaping school size in the Scottish population and
seems to affect the decision that individuals make to
leave or join schools (Lusseau et al. 2004). Here we
show that during this decision process, individuals will
generally not remain in the same school. This could
allow information about food availability to travel
quickly through the social network, which would be
advantageous where food availability is patchy and
varying rapidly within a season.

We can conclude that this bottlenose dolphin popu-
lation lives in a fission-fusion society that is predomin-
antly composed of short-term acquaintances lasting a
few hours to a few days. Longer-lasting associations
form an integrated network, which is composed of two
social units largely explained by the ranging patterns of
individuals. These two units have limited interactions
via a few common individuals. We cannot rule out that
a process very similar to human affiliation formation is
taking place in the dynamics of association formation
in this social network because of the degree homophily.
To date the population has been managed as one entity.
This study, along with others (Wilson et al. 2004), show
that it is necessary to take into consideration the
community structure of this population when trying to
enhance its viability. Understanding the social rela-
tionships among individuals helps to define and target
management guidelines for different sections of  a
population and models of population dynamics should
take this segregation of individuals into consideration
when assessing viability or trends in abundance.
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