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Abstract

Social systems are the outcomes of natural and sexual selection on individuals’ efforts to

maximize reproductive success. Ecological conditions, life history, demography traits and

social aspects have been recognized as important factors shaping social systems.

Delphinids show a wide range of social structures and large variation in life history traits

and inhabit several aquatic environments. They are therefore an excellent group in which

to investigate the interplay of ecological and intrinsic factors on the evolution of

mammalian social systems in these environments. Here I synthetize results from genetic

studies on dispersal patterns, genetic relatedness, kin associations and mating patterns

and combine with ecological, life history and phylogenetic data to predict the formation

of kin associations and bonding in these animals. I show that environment type impacts

upon dispersal tendencies, with small delphinids generally exhibiting female-biased

philopatry in inshore waters and bisexual dispersal in coastal and pelagic waters. When

female philopatry occurs, they develop moderate social bonds with related females. Male

bonding occurs in species with small male-biased sexual size dimorphism and male-

biased operational sex ratio, and it is independent of dispersal tendencies. By contrast,

large delphinids, which live in coastal and pelagic waters, show bisexual philopatry and

live in matrilineal societies. I propose that sexual conflict favoured the formation of these

stable societies and in turn facilitated the development of kin-biased behaviours. Studies

on populations of the same species inhabiting disparate environments, and of less

related species living in similar habitats, would contribute towards a comprehensive

framework for the evolution of delphinid social systems.
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Introduction

Social systems epitomize the outcomes of natural and

sexual selection on the attempts of individuals to maxi-

mize their inclusive fitness. In mammals, because of dif-

ferences in the potential rate of reproduction (PRR) of

males and females, the lifetime reproductive success of

females is generally limited by food resources, while

that of males is mainly constrained by access to mates

(Trivers 1972; Emlen & Oring 1977; Clutton-Brock &

Parker 1992). Female distribution is therefore mainly

influenced by food abundance and distribution, while

the distribution and number of females, and the pres-

ence and behaviour of other males, are expected to
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affect male distribution (Wrangham 1980). Ecological

factors, primarily food distribution and predation risk,

have been identified as the major causes of variation in

mammalian social organization and structure (Ruben-

stein & Wrangham 1986).

In addition to ecological conditions, life history traits,

demography and social factors related to intra-sexual

competition and inter-sexual conflict are recognized as

key factors shaping social systems (e.g. Bekoff et al.

1981; Sterck et al. 1997; Kappeler 1999; Clutton-Brock

2007; Bro-Jørgensen 2011), and these may also associate

with phylogenetic signals (e.g. Di Fiore & Rendall 1994;

Linklater 2000; Chapman & Rothman 2009). Among

demographic factors, dispersal patterns have an impor-

tant effect on social structure and social relationships. In

mammals that live in social groups, females generally

remain in their natal group or range, while males



2 L . M . M ÖL LE R
disperse before breeding (Greenwood 1980; Clutton-

Brock & Lucas 2011). Because of their PRR, females ben-

efit more than males from a high degree of familiarity

with food resources, and this may be best attained by

philopatry (Pusey & Packer 1987; Clutton-Brock & Lucas

2011). For males, sex differences in parental investment

generally lead to a bias in the ratio of sexually receptive

females to sexually mature males (the operational sex

ratio, OSR), which in turn generates intensive competi-

tion among males for mates (Trivers 1972; Emlen &

Oring 1977; Clutton-Brock & Parker 1992, 1995). Sexual

conflict between females and males may then lead to

sexual coercion of females by males (Van Schaik & Kap-

peler 1997; Kappeler 1999), which in turn promotes

counter-strategies by females (Agrell & Wolff 1998). The

interplay of social structure, dispersal patterns and mat-

ing tactics has important effects on the genetic structure

of populations (Sugg et al. 1996; Dobson et al. 1998;

Storz 1999), and in turn genetic relationships between

individuals within populations are expected to influence

their cooperative behaviours (Dobson et al. 1998).

Delphinid cetaceans are long-lived mammals that

show a wide range of social structures, display large

variation in life history traits and inhabit numerous

marine, estuarine and freshwater environments (Wells

et al. 1980, 1999; Connor 2000; Gowans et al. 2008).

Some species of delphinids exhibit extremely complex

social groupings matched only by other long-lived,

large-brained mammals, such as primates and elephants

(Connor et al. 1998). Delphinids are therefore an excel-

lent group in which to investigate the interplay of eco-

logical and intrinsic factors on the evolution of

mammalian social systems in aquatic environments.

Recently, Gowans et al. (2008) proposed a socio-

ecological model that considered the effects of food dis-

tribution, predation risk and ranging patterns on the

evolution of delphinid social structure. This framework

only considered the effects of ecological factors on

social strategies, without taking into account the poten-

tial impacts of phylogeny, demography, life history

traits and social factors on delphinid sociality. In this

study I synthetize results from recent genetic studies on

dispersal patterns, genetic relatedness, kin associations

and mating patterns in delphinids and combine with

ecological, life history and phylogenetic data to make

predictions about the formation of kin associations and

bonding in these animals. This represents an important

step towards a more comprehensive framework for the

evolution of social systems in delphinids.
The social structure of delphinids

Delphinids live in schools of a few individuals to thou-

sands of animals, and these can range from very fluid
schools of small delphinids to highly stable matrilineal

pods of toothed whales that join up to form social

groups at higher hierarchical levels (Table 1). Here I

synthetize some of this variation with examples from

the most studied species with different life histories

and inhabiting disparate environments. Environments

are classified according to Wells et al. (1999). ‘Inshore’

environments include enclosed bays and estuaries, and

their associated coastal waters; ‘coastal’ as habitats

along an open shoreline; and ‘pelagic’ as offshore deep-

water habitats, including continental shelf waters,

unbounded by shorelines.

Small delphinids inhabiting inshore and coastal shal-

low waters are generally found in small schools, where

school size and composition can change frequently (e.g.

Wells et al. 1987; Smolker et al. 1992; Slooten et al.

1993; Bräger 1999). Depending on the availability of

food resources, these dolphins may exhibit small home

ranges and show year-round site fidelity, or larger

range patterns and seasonal or weak site fidelity (e.g.

Wells et al. 1987; Karczmarski 1999; Möller et al. 2002;

Bräger et al. 2003). Sex and age segregation in small

delphinids appears to repeatedly occur either between

schools or within schools, depending on school size and

activity, and the reproductive status of individuals (e.g.

Wells et al. 1987; Smolker et al. 1992; Karczmarski 2000;

Möller & Harcourt 2008). In all delphinids studied so

far, the strongest social bonds are found between moth-

ers and their calves. Apart from those, associations

between some individuals persist more than with oth-

ers. Strong and long-term social bonds have been par-

ticularly observed between male bottlenose dolphins

(Tursiops spp.) and moderate bonds between females

(Wells et al. 1987; Connor et al. 1992; Smolker et al.

1992; Möller et al. 2001, 2006; Wiszniewski et al.

accepted). Other small delphinids, such as humpback

dolphins (Sousa chinensis) and Hector’s dolphins (Cepha-

lorhynchus hectori) living in coastal environments,

appear to mainly exhibit casual and short-lasting affilia-

tions between individuals (other than mother–calf pairs;

Slooten et al. 1993; Bräger 1999; Karczmarski 1999;

Karczmarski et al. 2000).

Small delphinids inhabiting deeper coastal waters are

generally found in larger and more fluid schools than

those found in inshore and shallow coastal waters. They

also appear to have larger home ranges and show either

little or seasonal site fidelity to local areas. In pelagic

waters, they are found in medium-sized to extremely

large schools reaching up to thousands of individuals;

schools are dynamic in size and composition and are

believed to range over vast areas (e.g. spotted and spin-

ner dolphins in the eastern tropical Pacific; Scott & Catt-

anach 1998; Scott & Chivers 2009). Some degree of sex

segregation within the large pelagic schools has also
� 2011 Blackwell Publishing Ltd
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been proposed (e.g. Dohl et al. 1986; Pryor & Kang Sch-

allenberger 1991).

In contrast, large delphinids, such as killer whales

and long-finned pilot whales, living in coastal and off-

shore waters are found in smaller and more stable

schools than those of small delphinids living in com-

parable environments and form hierarchically struc-

tured, matrilineal societies (Bigg et al. 1990; Amos

et al. 1993). In addition, the Risso’s dolphin (Grampus

griseus), a medium-sized delphinid that inhabits pelagic

waters, appears to have a unique social structure, with

stable long-term bonds organized in pairs or small

clusters stratified by age and sex classes (Hartman

et al. 2008).
The delphinid socio-ecological model

The risk of predation has long been suggested as one of

the most important driving forces in the evolution of

delphinid social organization (Norris & Dohl 1980; Nor-

ris & Schilt 1988), with school size generally associated

with habitat openness, which in turn is correlated with

the risk of predation (Wells et al. 1999). It is also well

recognized that the distribution and abundance of food

resources influence delphinid ranging patterns and

school sizes and that cooperative foraging possibly

played a role in the evolution of social organization in

several species (Würsig 1986; Wells et al. 1999; Connor

2000). Detailed reviews of the potential benefits and

costs of group living in odontocetes can be found in

Wells et al. (1980, 1999), Connor (2000) and Gowans

et al. (2008).

The delphinid socio-ecological model of Gowans

et al. (2008) predicts that temporally and spatially pre-

dictable resources, which generally occur in complex

inshore environments, should lead to high site fidelity,

small home ranges and small school sizes. It further

predicts the formation of female nursery groups for

calf protection from predators, loose social networks of

females based on reproductive status and long-term

bonds between males for sequestering individual

females for mating. By contrast, the framework envis-

ages that when resources are unpredictable, delphinids

will show larger home ranges and associate in larger

bisexual schools for predator avoidance and coopera-

tive foraging. This in turn may facilitate the formation

of long-term social bonds between females if coopera-

tion for offspring care is beneficial, but few long-term

bonds between males are likely to form because males

are unable to sequester individual females. It also pre-

dicts that because resource availability occurs in a

range of complex distributions, in some circumstances,

intermediate ranging patterns may emerge, where dol-

phins form medium-sized schools as a way of balanc-
� 2011 Blackwell Publishing Ltd
ing intra-group competition for food and predation

protection.
Delphinid life history traits

Delphinids are long-lived animals, with delayed matu-

rity, low lifetime reproductive rates and high level of

maternal investment, although considerable variation

exists in these traits within the family (Table 2).

The smaller delphinids appear to live to just under

20 years of age, while medium-sized to larger delphi-

nids can live for over 60 years (Table 2). In cetaceans,

longevity is closely related to body size (Whitehead &

Mann 2000). Delphinids range in length from about 1.3

to 1.8 m in the smallest species (e.g. genera Cephalorhyn-

cus and Sotalia) to the large killer whales, which can

reach lengths of almost 10 m (Table 2). There is also

significant variation in sexual size dimorphism (SSD;

Table 2), which is correlated with body size (Connor

et al. 2000). Females attain slightly larger size than

males in a few of the smaller delphinids, males attain

slightly larger size than females in most of the small

species, and greater male-biased SSD is seen in the lar-

ger delphinids (Table 2). Larger males also generally

have larger propulsion structures and weapons, which

are probably involved in male–male competition (Wells

et al. 1999).

There are also differences in the age delphinids reach

sexual maturity, with males and females reaching sex-

ual maturity at a similar young age in Lissodelphininae

and females generally maturing at a younger age than

males in Delphininae and Globicephalinae (Table 2).

Gestation, age at weaning and inter-birth interval also

vary within delphinids (Table 2). Inter-birth interval

generally increases with body size and correlates with

gestational time and the duration of lactation (White-

head & Mann 2000). Large delphinids of the genera

Globicephala, Pesudorca and Orcinus show the lowest

rates of prenatal growth (length at birth ⁄ gestation per-

iod) among cetaceans, suggesting very low prenatal

energetic effort (Huang et al. 2011).

Additional information on reproductive parameters

in delphinids, male reproductive strategies and female

reproductive strategies and life histories in cetaceans is

available in Perrin & Reilly (1984), Wells et al. (1999),

Connor et al. (2000) and Whitehead & Mann (2000).
Dispersal patterns in delphinids and kin
availability

Female philopatry is likely to be favoured when

resources are spatially and temporally predictable, which

in the case of delphinids is more likely to occur in inshore

and coastal areas compared to pelagic environments.
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Recent genetic studies have demonstrated female-biased

philopatry for several inshore and coastal populations

of small delphinids (Table 3). In these philopatric popu-

lations, females have the potential to spend their lives

in close association or spatial proximity with their

maternal kin, thus creating opportunities for the devel-

opment of kin-biased affiliations and behaviours (e.g.

Möller et al. 2006; Frere et al. 2010b). In at least two

Indo-Pacific bottlenose dolphin (T. aduncus) popula-

tions, males also show a moderate degree of philopatry

(Krützen et al. 2004; Möller & Beheregaray 2004). Based

on long-term behavioural data, Connor et al. (2000) sug-

gested the possibility of locational bisexual philopatry

for bottlenose dolphins, by which males would include

their natal home range into their adult home ranges.

The availability of male kin in these populations could

then lead to the presence of male relatives in coopera-

tive alliances (e.g. Krützen et al. 2003) and associations

between male and female kin (e.g. Wiszniewski et al.

2010).

By contrast, in pelagic waters where resources are

likely to be less predictable, genetic analyses of several

populations of small delphinids suggest that both males

and females are likely to disperse, with no significant

sex bias in dispersal (Table 3). Opportunities for associ-

ation between kin in populations exhibiting bisexual

dispersal, or among individuals of the dispersing sex,

however, may still arise if there is dispersal of pater-

nally related cohorts, if kin of different cohorts disperse

together or if individuals disperse into groups already

containing genetic relatives.

Evidence for an exception to the above-mentioned

patterns comes from long-term behavioural studies and

genetic data from killer whales (Orcinus orca) and long-

finned pilot whales (Globicephala melas), where neither

males nor females appear to disperse from their natal

groups (Table 3). This is challenging to explain as the

balance between benefits of kin cooperation and the

costs of inbreeding is predicted to increase the magni-

tude of sex-biased dispersal with an increase in social

complexity (Perrin & Goudet 2001). This unusual pat-

tern among mammals, which was first demonstrated

based on long-term behavioural data (Bigg et al. 1987,

1990), was recently genetically confirmed for several

populations of killer whales from the North Pacific

and North Atlantic (Pilot et al. 2010; Table 3). Connor

(2000) suggested that the lower costs of locomotion for

cetaceans in the aquatic environment could reduce the

cost of philopatry for odontocetes compared to terres-

trial mammals, as observed for the killer and pilot

whales. The most extreme case is the fish-eating killer

whales of British Columbia and Washington Strait.

These killer whales are found in stable matrilineal

groups, with no dispersal observed by either sex (Bigg
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et al. 1987, 1990). This dispersal pattern is in contrast

to the sympatric marine mammal-eating killer whale,

despite extensive geographic overlap. Mammal-eating

whales are generally found in smaller groups and

appear to be composed of only a single matriline with

up to two generations. From these groups, females

may disperse when their first calf is born, or males,

other than the firstborn, before sexual maturity (Baird

1994; Baird & Dill 1995; Baird 2000). Smaller groups

appear to be optimal for foraging their main prey, har-

bour seals (Baird & Dill 1995), suggesting that dis-

persal in these animals is related to foraging efficiency.

Long-finned pilot whales also appear to display a pat-

tern of bisexual philopatry, with molecular typing

revealing that large pods of pilot whales caught in a

drive fishery consisted of single extended families

(Amos et al. 1991, 1993). Differences in philopatric and

dispersal patterns impact on the kinship structure of

groups and in turn will affect social relationships

among individuals (Clutton-Brock & Lucas 2011).

Therefore, among the delphinids, the prospects for

association and potentially cooperation with a large

number of relatives appear to be highest among these

bisexually philopatric toothed whales.
Genetic relatedness, kin associations and mating
patterns in delphinids

Analysis of relatedness and parentage in delphinids is

still in its infancy (Table 4). Kinship relationships in

delphinid schools are best known from studies of bot-

tlenose dolphins living in inshore environments, where

strong female philopatry and moderate male philopatry

were suggested (Möller & Beheregaray 2004; Krützen

et al. 2004). Genetic studies in populations of Indo-Paci-

fic bottlenose dolphins from Australia suggested that

females form moderate social bonds with maternally

and biparentally related females (Möller et al. 2006; Fre-

re et al. 2010b; Table 4) but also associate closely with

unrelated females, including those in similar reproduc-

tive status (Möller & Harcourt 2008). In addition, cer-

tain females in one population associated closely with

related adult males (Wiszniewski et al. 2010; Table 4).

Altogether, these results imply kin recognition in del-

phinids (Box 1).

Male bottlenose dolphins in some inshore popula-

tions associate strongly with other males forming alli-

ances and coalitions that cooperate to gain access to

receptive females for mating (Wells et al. 1987; Connor

et al. 1992, 1999; Möller et al. 2001; Wiszniewski et al.

accepted; Tables 4 and 5). Strong male bonds and the

formation of coalitions have also been suggested for

other members of the subfamily Delphininae (Atlantic

spotted dolphins, S. frontalis, Herzing & Johnson 1997;
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spinner dolphins, S. longirostris, Norris & Johnson

1994). In bottlenose dolphins, male alliance formation

has been documented in populations with male-biased

and female-biased dispersal patterns (Table 5), and

therefore, this cooperative behaviour appears to have

evolved independently of dispersal tendencies. Mem-

bers of stable alliances are closely related in some

populations (Krützen et al. 2003; Parsons et al. 2003;

Tables 4 and 5), but in other populations, allied males

are on average only randomly related (Möller et al.

2001; Owen 2003; Wiszniewski et al. in press;

Tables 4 and 5). In one population where males in

stable alliances were on average more related than

expected by chance (Krützen et al. 2003), the repro-

ductive success of males within some of the alliances

was significantly skewed (Krützen et al. 2004). Levels

of inbreeding in this population were higher than

expected by chance, with young, less experienced

mothers producing earlier calves that are more inbred

and less fit (Frere et al. 2010a). By contrast, in a popu-

lation where allied males are on average randomly

related, reproductive skew within alliances was not

significantly different from random expectations,

although there was a moderate degree of polygyny in

the population with males in larger alliances fathering

more calves per capita (Wiszniewski et al. 2011). In

another species, the Atlantic spotted dolphin, age

appears to have an effect on male reproductive suc-

cess (Green et al. 2011).

Information on the degree of genetic relatedness of

delphinid schools living in coastal and pelagic waters,

where bisexual dispersal is typical, is scarcer. In the

striped dolphin, analysis of genetic relatedness showed

higher average relatedness between adult females

within small schools, suggesting that females preferen-

tially associate with adult kin in these groups (Gaspari

et al. 2007; Table 4). In some other dolphin species liv-

ing in open environments and usually found in large

schools, genetic relatedness has been investigated

based on samples from stranded animals. Short-beaked

common dolphins, for example, do not appear to asso-

ciate preferentially with relatives, but sex, age and sex-

ual maturity may influence associations in these

animals (Viricel et al. 2008; Table 4). A similar pattern

is also suggested for Atlantic white-sided dolphins

where groups were mainly composed of unrelated

adult individuals and calves, with juveniles absent

from the groups studied (Mirimin et al. 2011; Table 4).

Calves in the latter study were not closely related to

each other, suggesting that the mating system was

more likely to be promiscuous (Mirimin et al. 2011).

Large group sizes and promiscuous mating systems,

coupled with the bisexual dispersal patterns of pelagic

dolphins, should lead to dilution of genetic relatedness
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rü

tz
en

et
al

.
(2

00
3,

20
04

)

T
u

rs
io

ps
tr

u
n

ca
tu

s
S

ar
as

o
ta

B
ay

F
ir

st
o

rd
er

2
R

an
d

o
m

ly
re

la
te

d
M

B
0.

7§
1.

06
0

3–
6

W
el

ls
et

al
.

(1
98

7)
,

W
el

ls
(1

99
1)

,

S
co

tt
et

al
.

(1
99

0)
an

d
T

o
ll

ey

et
al

.
(1

99
5)

T
u

rs
io

ps
ad

u
n

cu
s

P
o

rt
S

te
p

h
en

s
F

ir
st

o
rd

er
2–

4
R

an
d

o
m

ly
re

la
te

d
M

B
0.

8
1.

00
3–

3–
5†

†
M

ö
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ö
ll

er
(u

n
p

u
b

li
sh

ed
d

at
a)

.

12 L . M . M ÖL LE R
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experiments have shown that bottlenose dolphins

respond more strongly to whistles of closely related

than to those of unrelated but familiar individuals

(Sayigh et al. 1999). This has been also demonstrated

in a similar experiment but using synthetic whistles

from which all voice features were removed, sug-

gesting that signature whistles may be used as refer-

ential signals similar to the use of names in humans

(Janik et al. 2006). Signature whistles are also used

for maintaining group cohesion (Janik & Slater 1998),

including that between kin (Smolker et al. 1993). In

captivity, dolphins were more likely to produce sig-

nature whistles when one of the group members vol-

untarily swam to a different pool (Janik & Slater

1998). In the wild bottlenose dolphin, calves whistled

more often towards the end of mother–calf separa-

tions, just before reunions (Smolker et al. 1993).

Allied male bottlenose dolphins also converge to

similar whistles as social bonds strengthen (Wat-

wood et al. 2004). While most studies on the function

of signature whistles have been conducted in bottle-

nose dolphins, these whistles have also been

reported in several other dolphin species, including

SOCIOGENETIC STRUCTURE IN DELPHINIDS 13
values within schools (e.g. Lukas et al. 2005; Holek-

amp et al. 2011). By contrast, genetic analyses of sev-

eral populations of killer whales in the North Pacific

and North Atlantic demonstrated very high levels of

genetic relatedness within pods, both within and

between sexes (Pilot et al. 2010; Table 4). In these ani-

mals, gene flow appears to be mainly mediated by

males during temporary associations of pods and tem-

porary dispersal of males between pods, populations

and ecotypes, with only a few cases of permanent dis-

persal genetically suggested (Pilot et al. 2010; Foote

et al. 2011; Ford et al. 2011). As in the closed societies

of bats, maternally inherited mtDNA should be highly

conserved among group members, while biparentally

inherited nuclear DNA should be less structured

depending on the level of gene flow (Kerth & Van

Schaik 2011). Recent paternity analyses in these ani-

mals revealed contrasting male reproductive behav-

iours, with low skew and half of the paternities

assigned to males from different populations in one

study (Pilot et al. 2010) and moderate skew and most

matings occurring within pods in another (Ford et al.

2011).
Box 1 Potential mechanisms of kin
recognition in delphinids

Kin recognition is the ability to distinguish between

individuals of different degrees of genetic relatedness

(Hepper 1991). In delphinids, kin recognition is likely

to occur via social familiarity. In bottlenose dolphins,

juveniles usually remain loosely associated with their

mothers, but associate more closely with them when

their siblings are born (Wells 1991). Therefore, young

dolphins have opportunities to become familiar with

at least maternal siblings of adjacent cohorts. Female

bottlenose dolphins have also been observed to

return to their natal band when their fist calves were

born (Wells 1991) and continued to associate with

their mothers after conceiving calves (Smolker et al.

1992), suggesting that mother–daughter social bonds

continue into adulthood.

Another mechanism for individual and possibly

kin recognition is through vocal communication. Dol-

phins produce a large array of vocalizations, and

among these are individually distinctive whistles,

called signature whistles (Caldwell & Caldwell 1965;

Caldwell et al. 1990). In bottlenose dolphins, there is

strong evidence that these sounds play a role in indi-

vidual recognition, including that of close kin (Say-

igh et al. 1999; Janik et al. 2006). Playback

short-beaked common dolphins (Caldwell & Cald-

well 1968), Pacific white-sided dolphins (Caldwell &

Caldwell 1971), Atlantic spotted dolphins (Caldwell

& Caldwell 1973) and humpback dolphins (Van Pari-

js & Corkeron 2001).

Killer whales that live in highly stable matrilineal

pods (Bigg et al. 1990) are known to have distinctive

group-specific vocal repertoires (Riesch et al. 2006).

Call structure is known to reflect both maternal relat-

edness and social affiliation, providing a mechanism

for kin recognition, and also to facilitate social deci-

sions (Deecke et al. 2010). Moreover, individuals

within groups produce calls with different frequency

contours, suggesting that these whales may also be

able to distinguish between the highly similar shared

calls of their matrilineal relatives (Nousek et al.

2006).

� 2011 Blackwell Publishing Ltd
Towards a comprehensive framework
for the evolution of delphinid social systems

Predictability of resources and dispersal patterns:
female bonding in small delphinids

In this review I showed that in small delphinids,

female-biased philopatry is primarily observed in popu-

lations residing in inshore waters (Table 3), where pre-

dictable resources are more likely to be found

compared to other marine environments (e.g. Wells

et al. 1999; Gowans et al. 2008). Female philopatry in
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these areas is likely to occur because of differences in

PRR of male and females, and females benefiting more

than males from familiarity with food resources.

Genetic studies further indicated that these females

preferentially associated with female kin (Table 4). In

addition, results from behavioural studies suggested

that they also associate closely with other females in

similar reproductive states (Wells et al. 1987; Möller &

Harcourt 2008). Thus, under these circumstances, I pro-

pose that moderate female social bonds emerge between

kin and nonkin, although long-term social bonds may

preferentially occur between female kin. This conflicts

with the prediction of loose social networks of females

based on reproductive status, which was proposed by

Gowans et al. (2008). Benefits for the formation of these

bonds include calf protection from predators, male

harassment and possibly infanticide, the latter two

depending on the degree of sexual conflict between

males and females, which relates to the bias in the OSR.

By contrast, the majority of genetic studies of small

delphinids inhabiting coastal and pelagic environments

revealed bisexual dispersal tendencies (Table 1). In

these areas, dolphins generally exhibit large home

ranges because of the unpredictability of food resources

(Wells et al. 1999; Gowans et al. 2008). Therefore, in

these environments, there may be no food-related

advantages for females to remain philopatric, and both

females and males will tend to disperse. Females may

still associate preferentially with females in similar

reproductive condition. Thus, under these circum-

stances, I predict that female associations and weak

bonds occur irrespective of kinship. This also disagrees

with the socio-ecological model, which suggested the

formation of long-term social bonds between females if

cooperation for offspring care was beneficial (Gowans

et al. 2008). However, if there is between-group compe-

tition for critical resources (e.g. resting refuge for spin-

ner dolphins in remote atolls; Karczmarski et al. 2005),

geographic isolation (e.g. common bottlenose dolphins

in Doubtful Sound, New Zealand; Lusseau et al. 2003)

or sexual conflict, moderate to strong social bonds may

emerge.
Life history and sexual conflict: male bonding in small
delphinids

Here I showed that the formation of male bonding

appears restricted to the Delphininae, in species with

small male-biased sexual size dimorphism and moder-

ate inter-birth interval, and occurs independently of dis-

persal tendencies (Tables 1 and 5). I suggest that male

alliance formation is a mechanism for increasing the

power of males for coercing females for mating and for

male–male competition. Different relatedness patterns
in alliances of bottlenose dolphins (Table 5), and no

alliance formation in some populations, support the

existence of different male mating strategies within and

between populations. Although nonkinship-related fac-

tors are probably involved in the choice of alliance part-

ners (Möller et al. 2001), when related males are present

within an alliance, kin selection may operate (Krützen

et al. 2004). Thus, I propose that the formation of male

social bonds as alliances or coalitions occurs indepen-

dent of dispersal tendencies and kinship and will

develop in species with small male-biased SSD and

male-biased OSR. In the socio-ecological model, long-

term bonds between males for sequestering individual

females for mating were only proposed for males inhab-

iting inshore environments, where females generally

associate in small groups. I further suggest that

although promiscuity seems the most plausible mating

system for small delphinids, the formation of male alli-

ances may lead to a mating system characterized by

moderate polygyny.
Life history and sexual conflict: bisexual kin bonding
in large delphinids

I reviewed evidence for the unusual pattern of bisex-

ual philopatry in large delphinids and the occurrence

of matrilineal societies (Tables 1 and 3). Large body

size appears to have evolved twice in the delphinid

lineage (e.g. McGowen 2011), and this is also the case

for matrilineal social structures, because it is repre-

sented in members of the subfamily Globicephalinae

and in the genus Orcinus. Whales of these societies

generally range over large distances because of the

unpredictability of their food resources (e.g. Baird

2000), and therefore, bisexual kin bonds are unlikely to

have arisen because of strong resource competition.

However, kin bonds may facilitate cooperative forag-

ing, food sharing and social learning of foraging tech-

niques (e.g. Guinet 1991; Hoelzel 1991, 1993). Cultural

transmission of foraging specializations and vocal

sounds has been proposed for killer whales and bottle-

nose dolphins, but occurs both inside and outside the

immediate kin group (e.g. Guinet 1991; Deecke et al.

2010; Watwood et al. 2004; Krützen et al. 2005; Sar-

geant et al. 2005).

I suggest that matrilineal societies in large delphinids

have primarily evolved for protection of calves and

females from potential male harassment and injuries.

Bonds in turn may have facilitated the evolution of kin-

biased behaviours. Females in these species show long

gestation and lactation, probably leading to a male-

biased OSR. In addition, there is a high potential risk of

injury from males because of the high SSD between

males and females. Although male coercion of females
� 2011 Blackwell Publishing Ltd
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and calves, and male–male competition, appears to be a

rare event, the formation of matrilineal societies may be

a successful strategy that led to low prospective for

effectiveness in male coercion. In at least one killer

whale population, units with large number of adult

males rarely associate with other units, which could be

related to the costs of foraging in larger groups (Ivko-

vich et al. 2009) or could represent avoidance by other

units.

The formation of mother–sons bonds in these animals,

although more difficult to explain, could also relate to

protection of females and their calves, and this being best

attained by the presence of protector male(s) because of

the high SSD between females and males. Males on the

other hand could benefit through inclusive fitness gains,

and also from knowledge transfer of habitat and the loca-

tion of food resources, particularly from the matriarch. In

turn, ‘good sons’ could be preferentially chosen as mates

by females. In killer whales, where some feeding special-

izations favour small groups (e.g. Baird 2000), matriarchs

may prefer the primogenitor to remain philopatric

because of preferential investment on the offspring with

higher potential of reproductive output. Recent genetic

studies on these animals showed that male reproductive

success appears to increase with age and body size (Ford

et al. 2011), and males do not breed with female kin (Pilot

et al. 2010; Ford et al. 2011), suggesting the evolution of a

mechanism for inbreeding avoidance in philopatry (see

Box 1).
Conclusions

Ecological factors, particularly food distribution and pre-

dation risk, have been proposed as the main driving forces

of delphinid sociality. Here, I showed that environment

type, which relates to food predictability and delphinid

ranging patterns, impacts upon dispersal tendencies, with

small delphinids that live in fission–fusion societies gener-

ally exhibiting female-biased philopatry in inshore waters

and bisexual dispersal in coastal and pelagic waters.

When female philopatry occurs, females preferentially

associate with kin and form moderate social bonds with

them. Male bonding occurs in species of Delphininae with

small male-biased SSD and male-biased OSR, and this

behaviour is independent of dispersal tendencies. Males

form alliances preferentially with genetically related

males or irrespective of kinship, and this has an effect on

reproductive skew within alliances.

By contrast, large delphinids, which live in coastal

and pelagic waters, show bisexual philopatry and live

in matrilineal societies (Orcinus, and possibly Globicepha-

la and Pseudorca). Risk of predation and food competi-

tion are unlikely to explain these bisexual kin bonds. It

is proposed that protection of calves and females
� 2011 Blackwell Publishing Ltd
because of sexual conflict may have favoured the for-

mation of these societies. In turn, kin bonds facilitated

the evolution of kin-biased behaviours.

Only a few paternity studies have been conducted for

delphinids so far, and these, combined with information

of large testes relative to their body mass (Connor et al.

2000), point towards promiscuity and moderate polyg-

yny as the most plausible mating systems. Studies on

populations of the same species inhabiting disparate

environments, and studies of less related species living

in similar habitats, would contribute towards unravel-

ling ecological and intrinsic factors shaping the evolu-

tion of delphinid social systems. Preferably, these

studies would combine long-term behavioural observa-

tions, genetic information on relatedness and parentage,

life history and demographic data towards building a

comprehensive framework for the evolution of delphi-

nid social systems.
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