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1.1 Animal Aggregations

Herds, flocks, swarms and shoals provide some of the most visually dramatic phe-
nomena in the natural world. The sight of a mass of individuals turning and twisting
in unison is fascinating, almost hypnotic. The spectacle often provokes questions
such as ‘how do the animals act as though they were perfectly choreographed?’ or
‘why do they form into these groups?’ Moreover, the tendency of animals to struc-
ture their interactions and to integrate into societies is a facet of their behaviour
which inspires comparison with ourselves. Researching these and related questions
has been a central goal of students of animal behaviour even before such luminaries
as Niko Tinbergen and Konrad Lorenz codified and defined the scientific approach
to animal behaviour.

If we are to provide answers to such questions, then a necessary first step is to
define our terms, particularly since the semantics are occasionally problematic. For
example, animals that form groups are commonly referred to as being social.
However, this term is controversial in some quarters, since, according to its defini-
tion in the Oxford English Dictionary, the adjective ‘social’ refers to a society, an
organised community. While many organisms do form highly structured societies,
this is not the case for the herds, flocks and shoals mentioned previously, where
there is often little evidence of hierarchical structure. The most sophisticated of
animal societies are often referred to as eusocial, while in this scheme of categorisa-
tion, other species are referred to as presocial, based on their societal characteristics.
Unfortunately, the unavoidable implication of this is that many other group-forming
animals are not social. For this reason, the word ‘gregarious’ is sometimes preferred
for less structured groups.

Other authorities, by contrast, take a much broader view as to what constitutes
social behaviour, considering that the term encompasses a diverse range of behav-
iour but that its defining characteristic is simply that it involves an interaction
between animals (Brown 1975). By this definition, sociality is not restricted to the
examples of animals that live in groups, although these provide highly visible
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2 1 Sociality

examples of the phenomenon. In their groundbreaking book Social Foraging
Theory, Giraldeau and Caraco (2000) use the term ‘social’ to refer to the interde-
pendence of foragers as they find and deplete resources and thus influence one
another’s costs and benefits. Put another way, individual foragers operate in a
dynamic resource landscape whose attributes are constantly in a state of flux as a
result of the actions of multiple agents. Nonetheless, the word social has been
applied by behavioural ecologists in reference to the tendency of animals to live in
groups for some considerable time. Tinbergen (1951) in his seminal work The Study
of Instinct remarked that ‘An animal is called social when it strives to be in the
neighbourhood of fellow members of its species when performing some, or all, of
its instinctive activities’. It is in this sense in which we apply the word social
throughout this book.

Following on from this, we might ask the apparently simple question ‘what is a
social group?’ Providing a definition of a social group that can readily be applied
across species has proven difficult, and attempts to do so tend to sacrifice precision
in order to promote the inclusion of as many species as possible. For example, E. O.
Wilson (1975) defined a group as ‘any set of organisms, belonging to the same spe-
cies, that remain together for a period of time interacting with one another to a dis-
tinctly greater degree than with other conspecifics’. While such a definition makes
intuitive sense, it is essentially qualitative and reflects the difficulty of achieving a
universal definition that applies to all species. Animals often form aggregations in
nature, sometimes as a result of the temporal and spatial clumping of resources,
such as food, water or shelter. For example, a water hole on an African savannah in
the dry season is used by animals representing a range of different species, includ-
ing both herbivores and carnivores. Tinbergen used the analogous example of many
moths drawn to a lamp. Neither case could be described as a social aggregation. The
fundamental quality that distinguishes a social group is that it forms and is main-
tained by social attraction between group members. Hence, a working definition of
a social group is one where two or more individuals maintain proximity in space and
time through the mechanism of social attraction. Although animals with similar
requirements and motivations moving through a heterogeneous resource landscape
may display some synchrony in their patterns of activity, leading to the formation of
aggregations, studies have demonstrated the importance of social attraction over
and above activity synchrony to the maintenance of cohesive groups (Michelena
et al. 2008). From a functional perspective, this social attraction and the resultant
formation of a social group of mutually attracted individuals confer to all group
members some evolutionary advantage, such as access to information, the reduction
in the risk of predation or access to foraging benefits (see Chap. 4).

1.2  Different Types of Social Group
Despite the fact that we are able to identify social attraction as the fundamental

unifying mechanism underlying social groups, there is an apparently bewildering
diversity in the expression of sociality both within and between animal species. To
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Fig. 1.1 Schematic representation of patterns of sociality among different animal species
according to their social tendency and the level of entry restrictions to their group. This initial
diagram is qualitative, and the relative positions of species are based on no more than the authors’
opinions. Nonetheless, the positions could be quantified: social tendency may be measured by
examining the proportion of active time individuals of a given species spend within a given distance
of one or more conspecifics; the entry characteristics of a group may be measured in a number of
different ways, including consistency of group membership over time or the aggression directed
towards transient conspecifics

try to make sense of this diversity, we might consider the ways in which animal
groups differ from one another. Fundamentally, we consider that these differences
arise through variation in two main parameters: firstly, the tendency of members of
a given species to associate with conspecifics and, secondly, the organisation of the
social group itself (Fig. 1.1).

1.3  Social Group Characteristics I: Social Tendency

In the first instance, the tendency to associate with conspecifics varies considerably
among species, where some species are only weakly social, or social at some times,
but not at others, while others are highly and intrinsically social. These are some-
times categorised, respectively, as facultatively and obligatorily social species; how-
ever, this terminology can create the unhelpful impression of a clear dichotomy
between facultatively and obligatorily social species. As Partridge (1982) noted, the
groups formed by species with different social tendencies are typically organised
according to the same principles, making strict categories essentially meaningless.
Instead, the difference among species relates to the tendency of individuals to asso-
ciate with conspecifics, which varies along a continuum among species and even
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within species. While there are some species, such as eusocial insects, which spend
almost their entire lives in close proximity to and interacting with conspecifics, there
are many other social species where individuals interact with conspecifics under
some circumstances, or at particular stages in their life history, but not at others.

To an extent, variation along this scale covaries with relatedness — many highly
social animals live in kin groups, and the fitness of individuals of such species is
entirely dependent on group living. A single eusocial bee is able to scout and to for-
age episodically, but it is reliant upon the social group for its survival. Eusocial
organisms are not the only organisms to display so-called obligate sociality; such a
fundamental reliance upon the social group is also a feature of animals that are
sometimes described as ‘presocial’ — those that display some, but not all, of the
characteristic traits of eusocial organisms. For example, wolves (Canis lupus) are
often considered to be a presocial species (or even by some to be eusocial). While
the proverbial ‘lone wolf’ does occur, wolves are typically highly social and form
packs, usually based on an adult pair and their offspring of various ages. It is impor-
tant to note, though, that there are also obligatorily social species which do not fulfil
the criteria to be described as presocial, and which do not form into exclusive kin
groups, such as herring (Clupea spp.), and krill, which form among the largest ani-
mal aggregations of all, numbering up to a trillion separate organisms and which
may be viewed from space.

Other social animals may engage in fewer social interactions, and to be less reli-
ant upon those interactions than obligatorily social species, however, group living
remains fundamental to their lifetime fitness. Although a few species live in enor-
mous groups: colonies of driver ants may reach up to 22 million in number, while
groups of the now extinct Rocky Mountain locust (Melanoplus spretus) were esti-
mated to reach 3.5 trillion (Dornhaus et al. 2012), most animal groups are fairly
small. A number of authors have noted the paradox that, when examining the group
size distributions of social species, singletons or very small groups are typically the
most frequently observed. Overall, the frequency distribution of group size in many
social species tends to follow a power law relationship (Bonabeau et al. 1999; Okubo
1986). Hence, animals that are often thought to be social in fact spend significant
periods of their lives alone. A sheep, or a stickleback, for instance, is obviously fully
equipped to spend its existence without the presence of conspecifics (with the excep-
tion of the need to reproduce!), yet both species, and many like them, obtain a con-
siderable benefit from aggregating with conspecifics for at least part of their lives.

Of course, variation among different species in their tendency to associate with
conspecifics is only part of the overall picture. Individual members of a social spe-
cies can vary considerably in their sociability, despite a lack of immediately obvious
proximate or ultimate explanations. This phenomenon has provided one of the most
fruitful areas for research in the field of animal social behaviour in recent years,
both in terms of gathering new insights into the genetic, neural and physiological
bases of social behaviour and into consistent individual differences in the expres-
sion of behaviour, often referred to as animal personality. In addition to this, indi-
vidual animals show differences in their social tendencies according to myriad other
factors. For example, the social and reproductive strategies of the sexes in many
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mammals are not closely aligned, which often leads to the formation of social
groups of females and the isolation of males. Similarly, individuals vary in the
extent to which they are social according to their age or life history stage. Many fish
and amphibian species, for example, are social early in life, but gradually become
more solitary as they age. Social caterpillars form perhaps the most dramatic exam-
ples of this, being highly social prior to metamorphosis and solitary thereafter.
Animals may be social at certain times of day, but not at others, for example, fish
shoals break up at dusk and reform at dawn. Individuals may adopt sociality to a
greater or lesser extent according to their immediate environment and in particular
the level of threat. Finally, many studies have examined differences in sociality
among populations. We return to the fascinating questions of how and why sociality
varies among individuals in later chapters.

1.4  Social Group Characteristics Il: Social Structures
and Organisation

Differences in the structure and organisation of social groups among species form
our second parameter. For example, social groups vary according to the stability of
group membership over time, which reflects whether they are open or closed to new
conspecific members. Again this has to be viewed as a continuum, rather than as a
set of discrete categories; however, we can place so-called restricted entry groups at
one end of this scale and free entry groups at the other. Restricted entry groups tend
to be characterised by extremely stable group membership, and members often
aggressively repel outsiders who attempt to join. In many cases, such groups are
composed of related individuals as is the case with the matrilineal groups that are
characteristic of many mammals. Eusocial insects provide us with some of the most
remarkable examples of animal societies. The term eusocial indicates specific
defined characteristics including the overlap of different generations within the
group, the division of reproduction to a small proportion of the group and coopera-
tive care of young (Wilson 1971). Wilson and other authors have defined a number
of other categorisations based on these traits. For example, presocial is used to
describe animal societies which exhibit a combination of two or less of the three
traits and which are often seen as evolutionary steps on the way to eusociality (see
Wilson 1971 for definitions).

Not all restricted entry groups are composed of kin, however. Social groups of
damselfish have very stable membership over time and energetically exclude outsid-
ers (Buston et al. 2009; Jordan et al. 2010). These groups typically have low within-
group coefficients of relatedness. In other species, particularly some primates, the
basic social unit is a reproductive family group, and entry to this group, while not
closed, is certainly restricted. Similarly, some social groups may effectively restrict
entry by penalising new members. For example, in some cases, especially in groups
with a stable hierarchy, it is possible for a newcomer to join a group of conspecifics,
but the cost to that individual is that it has to accept low social status, at least ini-
tially. This has been documented in flocks of siskins (Carduelis spinus) where new
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group members are forced to adopt a subordinate role in the group hierarchy (Senar
et al. 1990).

Other species place no restriction on membership and group composition is often
much more fluid. This is the case with flocks of some species of birds and fish
shoals, among others. For example, a flock of birds may vary in terms of its absolute
size and in terms of its membership as different individuals join and leave. Yet
despite the apparently loose social organisation of such species, there is evidence to
suggest that the larger group may comprise a mosaic of smaller subgroups compris-
ing particular individuals, who associate over longer periods, so that patterns of
association between members of the local population are non-random (Pavlov and
Kasumyan 2000).

1.4.1 The Dynamics of Social Organisation in Animal
Populations

A major feature of vertebrate social organisation in particular is the ongoing process
by which individuals, or smaller groups, coalesce into larger groups, which in turn
split into smaller groups. The process repeats over time in what is known as a fis-
sion-fusion system to reflect the fluctuating nature of group size and composition
(Aureli et al. 2008; Kummer 1971). Fission-fusion dynamics have been studied and
reported primarily in vertebrate species, particularly mammals, including cetaceans
(Lusseau 2003), carnivores (Schaller 1972; Wolf et al. 2007), bats (Popa-Lisseanu
et al. 2008), ungulates (Aycrigg and Porter 1997; Cross et al. 2005), elephants
(Wittemyer et al. 2005) and primates (Symington 1990), but also in birds (Silk et al.
2014) and fish (Croft et al. 2005; Hoare et al. 2004).

Fission and fusion provide a highly responsive means for social animals to
adapt to changes in proximate social and environmental conditions (Chapman
1990; Sueur et al. 2011a). For example, under circumstances where the threat of
predation is high, large groups may be favoured, while smaller groups may be
favoured during foraging, especially in a patchy environment. Determining the
relative roles played by environmental factors, such as resource distribution, and
by socially mediated decisions of individuals to remain with or to leave a group is
a current challenge in social behaviour research. Furthermore, groups may merge
or split through self-organised processes, such as activity synchrony (Conradt and
Roper 2000) and basic locomotive speed (Krause et al. 2005), and/or according to
ecological heterogeneity and differences among individuals (Couzin 2006;
Ramos-Fernandez et al. 2006). Understanding how fission-fusion dynamics shape
patterns of association at the individual level and shape demographic processes at
the population level is currently being tackled using social network analysis.
Research into this area of the social behaviour of animals has major implications
for our understanding of patterns of gene flow (Altmann et al. 1996), disease
transmission (Croft et al. 2011; Griffin and Nunn 2012) and the spread of infor-
mation and innovation throughout populations (McComb et al. 2001; Vital and
Martins 2009).
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While fission-fusion dynamics describe an iterative process of coalition and sep-
aration in the social organisation of many species, there are key differences between
species. In particular, there are differences in the extent to which groups assort and
reassort. Among some species exhibiting fission-fusion social dynamics, such as
many birds or fish, each individual is able to leave, or to join, any group (Wilson
et al. 2014). In other species, the movement of individuals between groups is con-
strained. For example, in some primate societies, a larger group is composed of
many smaller subgroups, which in turn comprise just a few individuals. These sub-
groups often remain together for long periods of time, and subgroups seldom
exchange individual members.

1.4.2 Multilevel Societies

The term multilevel society refers to two or more nested, hierarchical tiers within
the social organisation of a species. Each individual is a member of a basic social
unit, and that unit in turn is part of another, larger, higher tier, which in turn may
form part of yet another tier. For example, studies on some primate societies have
identified an overall troop of animals that is subdivided into smaller social units,
which in primate society typically comprises a single, adult male and one or more
females. These units sometimes coalesce into larger groups, or bands, which form
an intermediate layer between the basic social unit and the overall troop (Dunbar
and Dunbar 1975; Grueter et al. 2012; Grueter and Zinner 2004; Zhang et al. 2012).
While the subgroup is the basic unit of a multilevel society, such units may coalesce
into larger groups under the influence of increased threat, either from predators or
even from conspecifics, particularly through male infanticide, to facilitate territory
defence, promote allocare or enable mating opportunities (Grueter and van Schaik
2010; Rubenstein and Hack 2004).

Multilevel societies are considered by some researchers as a specific form of
fission-fusion society, but by other authorities to be entirely distinct. While multi-
level societies do exhibit fission-fusion social dynamics, when fission does occur,
larger groups tend to split into their constituent subunits, rather than randomly. As a
result, we can draw a distinction between a true multilevel society and a society
which simply exhibits fission-fusion dynamics: in a multilevel society, the composi-
tion of each subunit is highly stable over time in terms of its size and membership,
while in a fission-fusion society, group composition is much less predictable, either
in terms of size or membership (Chapman et al. 1993; Symington 1990).

Multilevel societies are primarily a phenomenon of mammal social organisation
and are particularly widespread among primates. However, they are also found in ceta-
ceans (Whitehead et al. 1991), plains zebras (Rubenstein and Hack 2004) and elephants
(Wittemyer et al. 2005). Zebras (Equus burchelli) provide one of the simplest forms of
multilevel society, since it only has two levels: the core breeding unit, usually of a sin-
gle male and several females, and the larger herd. In elephants (Loxodonta africana),
Wittemyer and co-workers (2005; Wittemyer et al. 2009) define a series of social tiers:
the basic unit is a mature female and her offspring, which often associate into family
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groups at the next level. These family groups comprise higher level groups on the basis
of relatedness and social bonding. The social organisation of sperm whales (Physeter
macrocephalus) differs across populations; however, the basic social unit comprises up
to ten females and juveniles (Whitehead et al. 2012). These units may associate with
others in groups, but this is a highly selective process, and the patterns of association of
units in groups are not random (Whitehead 2003). The groups are part of the higher
social tier, sometimes referred to as the clan, which may be made up of thousands of
individual whales, united by clan-specific patterns of vocalisations (Rendell and
Whitehead 2003).

1.5 The Scope of This Book

The aim of this book is to provide a synthesis of the many diverse strands involved
in the current work on animal social behaviour. In Chap. 2, we consider social rec-
ognition and its founding role in the social organisation of species with specific
reference to the process of recognition and the sensory basis of the phenomenon.

Collective behaviour has been the subject of considerable, multidisciplinary, inter-
est for over a decade now. In Chap. 3, we examine how individual animals interact and
how these localised interactions give rise to emergent patterns at the level of their
groups. We return to the topic in Chap. 8 to describe the collective functioning of
groups in terms of collective decision-making and swarm intelligence.

Much consideration has been given to the payoffs for animals in social groups
and we examine the current state of our knowledge on the costs and benefits of
sociality in Chaps. 4 and 5. This leads into the examination of the way that these
benefits and costs may vary among group members in Chap. 6, particularly in rela-
tion to dominance relationships and the relative positions occupied by individuals
within groups. Then, in Chap. 7, we consider how group size affects individual
payoffs and group function and how phenomena such as social facilitation and
social conformity act to shape these costs and benefits.

In Chap. 9, we examine how sociality develops and changes throughout the life-
time of an individual according to intrinsic and extrinsic ontogenetic factors. In
Chap. 10, we consider the evolution of sociality, from interindividual difference in
social tendency through to social cognition and culture. Finally, we present our
conclusions on the current state of research into the topic, including our suggestions
for future developments in this field.
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2.1 Introduction

Social organisation in animals takes many forms. It includes assemblages of territo-
rial animals, dominance hierarchies and social groups, among other things. The
basic tenet that underlies these forms of social organisation is that animals adapt
their responses to the different individuals that they encounter according to some
recognised characteristic. For example, an individual may be socially attracted to
some, but may ignore others; it may defer to some, or it may dominate others.
Consequently, all forms of social organisation are reliant upon social recognition,
which is the ability of an individual to discriminate among other animals that it
encounters within its environment and to bias its behaviour accordingly, directing
the appropriate behaviour towards the appropriate individual. Even mass displays of
self-organised, collective phenomena typically occur in flocks, swarms or shoals of
a single species, or at least dominated by a single species, implying, at the very
least, basic recognition and discrimination of conspecifics from heterospecifics. In
terms of group-living animals, the level of structure within the social organisation
of a species is reliant upon a suite of interacting and often dynamic factors
(see Chap. 1). Thus, their social organisation may be highly structured in time and
space or comparatively evanescent. Animals in many instances form groups with
kin or with familiar individuals. In doing so, they potentially gain access to inclusive
fitness benefits or to the enhanced antipredator, foraging or social learning benefits
that have been described for individuals in such groups. Moreover, social organisa-
tion can feed back to strengthen social recognition — animals that spend greater time
in association may learn each other’s identity with increasing specificity — hence,
there is an interrelationship of social recognition and social organisation, both
within the lifetime of an animal and most especially throughout evolutionary time.
The challenges posed by living among conspecifics in social groups have given rise
to the development of cognitive abilities relating to communication, social learning
and the development of culture.
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2.2  Whatls Social Recognition?

Recognition is the process of identifying other animals, to a greater or lesser resolu-
tion, based on the detection of cues that arise from them. It governs social interac-
tions among animals, underpinning social organisation and ultimately shaping the
process of evolution (Sherman et al. 1997). The study of social recognition is there-
fore fundamental to our understanding of animal social behaviour. While the under-
lying neurological and biochemical facets of recognition may be complex, the basic
sequence of the process of recognition is relatively straightforward to characterise.
Sherman et al. (1997) described this process by referring to three sequential compo-
nents: the production component, the perception component and the action compo-
nent. The production component refers to the production of cues by an animal that
can be used by another individual for recognition. Various terms are used to refer to
the cue-producing individual — for example, Sherman et al. referred to this individ-
ual as the ‘actor’, while others have used ‘signaller’ or ‘sender’. For the sake of
consistency, we will use ‘sender’ (sensu Gherardi et al. 2012). The crucial point to
make at this stage is that while the production of cues by the sender may be deliber-
ate and intentional, very often they are not; hence, recognition is not a form of sig-
nalling, which implies an active and deliberate communication process. Atema
(1996) memorably described living organisms as ‘leaky bags’ since they constantly
(though involuntarily) express chemical cues as a by-product of metabolic pro-
cesses. The second stage of Sherman’s sequence, the perception component,
describes the detection of the sender’s cues by another individual. Again, many
terms have been used for the individual detecting the cues; however, we once again
follow the lead of Gherardi et al. (2012) and refer to these individuals at ‘receivers’.
During the perception component, the receiver detects cues arising from the sender
and assesses the sender by comparing the cues that it detects to a ‘recognition tem-
plate’ (Mateo 2004). Depending on the type and quality of the cues that it detects,
and the sophistication of its recognition template, the receiver may be able to achieve
some level of discrimination to the point that it is able to recognise characteristics of
the sender or even the specific individual identity of the sender. The third stage of
Sherman’s sequence is the action component, wherein the receiver adjusts its
behaviour according to the information that has been acquired from the sender
(Liebert and Starks 2004).

2.3  Different Levels of Specificity of Social Recognition

The patterns of social organisation observed in animal populations in nature are the
outcome of social recognition between members of that population. The extent to
which animals are able to recognise and discriminate between conspecifics varies con-
siderably among species. While some species are capable only of the most basic levels
of recognition, others are able to achieve a high degree of specificity. The variation
between species can be explained both by the cognitive ability of the species in ques-
tion and the costs and benefits associated with the ability to recognise conspecifics
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(Reeve 1989; Tibbetts and Dale 2007). This specificity of social recognition ranges
from the relatively simple categorisations of conspecific/heterospecific to the more
complex discernment of subsets of the local population, including the ability to deter-
mine kin from non-kin, all the way to the ability to identify particular individuals.
Tibbetts and Dale (2007) make the distinction between two primary levels of recogni-
tion: class-level recognition and ‘true’ individual recognition. Class-level recognition
is a broad category which refers to the ability of receivers to assort senders into catego-
ries, such as ‘kin’ or ‘non-kin’, ‘conspecific’ or ‘heterospecific’. Essentially, it encom-
passes all levels of social recognition below that of individual recognition. Archawaronon
et al. (1991) took a more nuanced approach to this by making the distinction between
a basic, binary form of categorisation and the more sophisticated ability of animals to
assort conspecifics into more specific categories, such as (in the case of kin recogni-
tion) ‘sib’, ‘half-sib’, ‘parent’, ‘offspring’, etc. Nonetheless, the main difference
between these two approaches may be semantic, since both acknowledge the ability of
animals to discriminate between subsets of their social environment.

Recognition may also involve processing of different facets of sender informa-
tion such that the sender may be allocated to progressively more specific categories.
As an example of this, imagine that I encounter another person in the street. At a
distance, I might first determine that the approaching organism is a human, and then
as it approaches, I can determine that it is male, that I am unfamiliar with him per-
sonally, but, as I hear him speak, that I recognise his accent and can approximate
where he is from. Similarly, receivers may sometimes simultaneously perform more
than one class of recognition and recognise a sender as, for example, a familiar kin
individual (Frommen et al. 2007; Cheney and Seyfarth 1999; Bergman et al. 2003).

The most specific form of recognition involves the identification of individuals.
The ability to discriminate between and behave differently to multiple different
individuals is sometimes referred to in the literature as ‘true’ individual recognition,
to distinguish it from cases where animals discriminate between two conspecifics in
a dyadic situation, for example, when presented with two potential rivals. The abil-
ity to discriminate between these two rivals does mean that animals are differentiat-
ing between two individuals, but does not imply individual recognition (Wiley
2013). Specifically, true individual recognition is said to occur where an animal
learns the unique identifying characteristics of another individual and allocates
those characteristics to the specific identity of that individual and the information it
holds on that individual based on their previous interactions, for example, its social
status or its home range. By contrast, class-level recognition, where a receiver iden-
tifies the characteristics of the sender, but fails to allocate a unique identity to it,
instead simply allocates it to a class or category (Sherman et al. 1997; Tibbetts and Dale
2007). Interesting questions remain to be examined in the study of individual recog-
nition, including the extent to which individual recognition is dependent upon loca-
tion and context (Wiley 2013). Evidence suggests that, in some species, individual
recognition is most likely to occur when the receiver encounters the sender in the
‘correct’ location or the ‘correct’ context and can weaken or fail if the encounter
occurs outside of the expected context or location, even in human recognition
(Shapiro and Penrod 1986).
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Generally, the resolution to which animals are capable of identifying others
relates to their ecology and to the structure of their societies. The evolution of
increased social complexity goes hand in hand with the development of increasingly
sophisticated social recognition abilities. For non-hierarchical animals that live in
enormous fission-fusion groups, there is likely little value to learning individual
identities of conspecifics, whereas for animals that live in stable societies and where
individuals repeatedly encounter each other across each day and over their lifetimes,
there is a clear benefit to learning and recalling the identities of group mates. Indeed,
this can be crucial for the maintenance of bonds and affiliations in such societies
and the development of phenomena such as reciprocal altruism.

2.3.1 Basic Recognition

For many animal interactions, however, only a relatively basic level of discrimina-
tion is required. The categorisation of self versus non-self is of course a consider-
ation for the immune system of many animals, but also in some specialised social
interactions, such as that which occurs between clownfish (Amphiprion spp.) and
their host anemones. The question of how clownfish and also some species of crus-
taceans are able to take refuge within the tentacles of an anemone without being
stung is one that has long fascinated biologists (Davenport and Norris 1958;
Lubbock 1980). While we still do not know the exact mechanism, it is generally
thought that the mucus of the clownfish acts to prevent non-self recognition by the
anemone and hence prevents the discharge of stinging nematocysts (Mebs 2009).

For species which live in large and highly dynamic social systems, such as star-
lings, some ungulates, especially during migrations, and fish such as sardines and
herring, social recognition may be relevant merely to distinguish conspecifics from
heterospecifics. By identifying conspecifics, animals can exercise an active prefer-
ence to assort with others of their own kind, which carries with it many potential
benefits, including obtaining relevant information. For example, given a choice to
assort with conspecifics or with heterospecifics in experimental set-ups, shoaling
fish species typically manifest a strong preference for conspecifics (Keenleyside
1955). However, besides this active preference for conspecifics, animals may pas-
sively assort into single-species groups through a process of self-organisation based
on similar locomotion speeds and activity synchrony. This passive assortment does
not need to involve any form of social recognition. Nonetheless, the ‘active prefer-
ence’ and the ‘passive assortment’ explanations are not mutually exclusive — indeed
they are likely to operate in tandem in the formation of animal groups.

Social recognition to the level of species is vital to the ecology of species which
disperse during early life, since it allows them to home in on the cues of conspecifics
and to use these as a proxy for suitable habitat patches in which to settle. In marine
systems, many invertebrates and nearly all coral reef fishes feature in their life history
a larval stage which lives and feeds in the plankton. As the young animal develops, it
must locate some suitable habitat to undergo the next phase of its life, as an adult.
Navigation under these circumstances is achieved partly by detecting and moving



2.3 Different Levels of Specificity of Social Recognition 13

towards the chemical cues of adult conspecifics. Prendergast and colleagues (2008)
studied the behaviour of cyprid larvae of the barnacle, Semibalanus balanoides, and
concluded that their settlement behaviour was strongly affected by the presence of
adult conspecific cues in the local environment. Lecchini and Nakamura (2013)
obtained similar results in a broad-ranging study encompassing larval cephalopods,
crustaceans and fish.

2.3.2 Recognition of Kin and Familiars

For most social species, however, a greater degree of discrimination is necessary
than the simple categorisation of others into conspecifics and heterospecifics. In
particular, kin recognition is a fundamental requirement if animals are to bias their
behaviour in favour of kin (sometimes referred to as nepotism) and to avoid inbreed-
ing (Hamilton 1964; Sherman and Holmes 1985; Fletcher and Michener 1987;
Hepper 1991). For eusocial insects, it is necessary to discriminate between colony
members and non-colony members in order to prevent the latter invading the col-
ony, exploiting valuable resources and eroding the high levels of relatedness that
underpin the functioning of such societies. Yet while social insects are capable of
making accurate assessments of whether an individual does or does not belong to
their own colony, there is surprisingly little evidence to support their ability to dis-
criminate among individuals according to relatedness within their own colonies
(Strassmann et al. 1997; Holldobler and Wilson 2008; see also Leadbeater et al.
2014). Nonetheless, other arthropods do show a clear ability to recognise kin,
including juvenile spiders, Stegodyphus lineatus, which are socially attracted to the
cues of siblings, and cockroaches, Blattella germanica, which preferentially associ-
ate with kin (Johannesen and Lubin 2001; Lihoreau and Rivault 2009; Ruch et al.
2009; Grinsted et al. 2011). The functional benefit of associating with kin was
examined by Ruch and colleagues (2014) in a study on the hunting behaviour of
crab spiders (Diaea ergandros; see Fig. 2.1). The authors found that groups com-
prised entirely of kin were more successful at hunting than those which incorpo-
rated unrelated outsiders and that this translated into greater gains in mass in the kin
groups.

The ability to discriminate kin from non-kin does not necessarily influence social
behaviour or association preferences. There is little evidence among shoaling fish spe-
cies for the existence of kin groups (although see Pouyaud et al. 1999), although the
ability to discriminate kin is widespread. Amphibians are also able to identify kin;
however, this can in some cases mediate their association preferences and lead to the
formation of kin groups of larvae (Waldman and Adler 1979; Blaustein and Waldman
1992). Association with kin is an intrinsic part of the social systems of many mam-
mals, including lions, wolves and many cetaceans. Matrilineal groups are a common
phenomenon among mammals. Female relatives form the main social unit, while
juvenile male offspring disperse upon maturity, while female offspring remain with
the group, which can comprise three or even more generations in long-lived animals,
such as elephants and orcas. Cooperative behaviours and the potential for social



14 2 Mechanisms: Social Recognition and Social Organisation

Fig.2.1 Individually
marked crab spiders
(Diaea ergandros)
overwhelm a fly. The
spiders are more successful
at hunting when they hunt
in groups of kin (From
Ruch et al. 2014)

learning and cultural transmission are all features of such long-lasting kin groups, all
of which provide vital fitness benefits for group members. In the case of orcas (Orcinus
orca), females exhibit an extended menopause, sometimes living for decades beyond
the end of their reproductive lives. The evolutionary explanation for this rests with the
greater survivorship shown by younger members of groups featuring older female kin
(Foster et al. 2012). Adult male mammals are often solitary after reaching maturity, or
following their dispersal from natal groups, but there is evidence that brothers may
associate in pairs or small bands in order to hunt more effectively, as is the case in
cheetahs (Acinonyx jubatus), or to cooperate in usurping other males and to take con-
trol control of an existing social group, as occurs in lions (Panthera leo).

Belding’s ground squirrels (Urocitellus beldingi) are group-living rodents that
occur in alpine regions in the United States and that have provided an extremely
fruitful system for the study of kin recognition and nepotism (Holmes and Sherman
1982; Holmes 1994; Mateo 2006). Female squirrels tend to live in close proximity
to other female relatives and their offspring. Since broods tend to be multiply sired,
there is a diverse pattern of relatedness among individuals, and this intricacy of
squirrel society may help to explain their kin recognition abilities and the nepotistic
patterns of alarm calling and infanticide and the expression of association prefer-
ences for siblings found in this species (Holmes 1994).

Kin groups can also be found among mammal and bird species that exhibit
cooperative breeding, such as meerkats and Florida scrub jays (Aphelocoma
coerulescens). Such groups comprise both reproductive and nonreproductive
adults, which assist the other group members in raising offspring. Typically,



2.3 Different Levels of Specificity of Social Recognition 15

such groups are composed of close relatives; hence, these helpers, despite not
producing their own offspring, are able to increase their own inclusive fitness
indirectly by raising nieces, nephews, cousins, etc.. Evidence in birds, however,
suggests that in the many examples of cooperative breeding that have been doc-
umented in this taxon, the ability of helpers to discriminate siblings and their
half-siblings, or even kin from non-kin, when deciding which chicks to provi-
sion is based on context-dependent associative learning (Komdeur and Hatchwell
1999). In other words, the rule of thumb used by helpers may simply be that if a
chick is in the nest, then it is likely to be kin and they should provision it. While
this lack of precision may pose questions as to the evolutionary basis of such
behaviour, there are benefits to helpers beyond inclusive fitness, in particular the
possibility of acquiring status, parenting experience or the territory at some later
stage (Lancaster 1971; Zahavi 1977; Woolfenden and Fitzpatrick 1978).

While the formation of kin groups is most often the outcome of philopatry and the
tendency of some animals to remain with their parents into adulthood, the applica-
tion of social network approaches allows greater insight to individual patterns of
association, as opposed to the group-level metrics that have often been used in the
past. Using social networks to study a foraging group of barnacle geese (Branta leu-
copsis), Kurvers and co-workers (2013) revealed association patterns among close
kin. Sueur et al. (2011a) examined social network structures in macaques, focussing
on two socially tolerant species, crested black macaques and Tonkean macaques
(Macaca nigra and Macaca tonkeana), and two less socially tolerant species, rhesus
macaques and Japanese macaques (Macaca mulatta and Macaca fuscata). While kin
associations are, to an extent, a feature of all these species’ social organisation, the
network ties among kin in M. mulatta and M. fuscata were stronger than in the
socially tolerant species, which suggests the possibility of greater nepotism in these
species.

Aside from relatedness, the other key element that shapes the interactions of
animals within a population is familiarity, which refers generally to the recognition
of unrelated individuals. However, there is no consensus on the mechanism under-
pinning familiarity that applies generally across taxa. Generally, authors imply indi-
vidual recognition on the basis of prior social experience. However, most examples
of familiarity arguably involve the binary categorisation of conspecifics into
classes — familiar and unfamiliar — rather than the more cognitively complex ‘true’
individual recognition, although it can be difficult in practice to separate the two:
some examples of familiarity in the literature may be based on true individual rec-
ognition and others based on the recognition of a more general, group-specific label.
According to the definition of individual recognition proposed by Tibbetts and Dale
(2007), to be considered ‘true’ individual recognition, the sender’s cue, the receiv-
er’s template and its response to the sender should each be unique and specific to
that individual sender. These aspects are seldom tested explicitly as part of such
studies on familiarity, which are typically concerned with the functional aspects of
familiarity, rather than its mechanistic basis. An exception to this is the study by
Ward et al. (2009), which examined whether two species of fish, sticklebacks
(Gasterosteus aculeatus) and guppies (Poecilia reticulata), which are both known
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to associate preferentially with familiar conspecifics, investigated recognition of
familiars via a non-specific group-level label and a more specific form of recogni-
tion based on prior social interactions. While sticklebacks were able to use only the
general, group-level label for recognition, guppies were able to use both that and the
more specific means of recognition. The difference between these species recogni-
tion capabilities was ascribed to differences in ecology between the species, since
sticklebacks from the populations in question have a less structured social environ-
ment encompassing more animals, so rely on general recognition mechanisms.

In a social context, familiarity has been studied extensively in the context of the
‘dear enemy’ effect, wherein familiar holders of adjoining territories appear to
declare a truce to focus their attentions on unfamiliar interlopers (Jaeger 1981).
Beyond this, familiarity does appear to play a significant role in structuring the
social interactions between conspecifics across taxa, with individuals associating
with or showing preferential behaviour for familiar individuals in mammals (Boissy
and Dumont 2002), birds (Senar et al. 1990), reptiles (Bull et al. 2000), fish (Griffiths
2003; Ward and Hart 2003), insects (Peso and Richards 2010), arachnids (Muleta
and Schausberger 2013) and crustaceans (Webster et al. 2008). The diverse range of
species that manifest such preferences hints at the existence of considerable bene-
fits, and indeed many such benefits have been reported, including reductions in
competition between familiars (Utne-Palm and Hart 2000) and reduction in aggres-
sion (Hojesjo et al. 1998; Seppa et al. 2001), which allows animals to concentrate
their attentions on more profitable activities (e.g. Griffiths et al. 2004; Strodl and
Schausberger 2013), to increase their foraging efficiency (Ward and Hart 2005;
Strodl and Schausberger 2012) and to increase the efficiency of social information
transfer and social learning (Swaney et al. 2001).

2.3.3 Individual Recognition

Individual recognition involves the perception by a receiver of unique and distinct
cues from a sender, the association of these with the specific identity of that indi-
vidual sender and the expression of a distinct pattern of behaviour towards the
sender (Beecher 1989; Gheusi et al. 1994; Tibbetts and Dale 2007; see also Steiger
and Mueller 2008). True individual recognition is therefore a relatively complex
cognitive process (Mateo 2004; Beecher 1989). For animals that live in relatively
stable groups, the ability to recognise and discriminate among individuals allows
intricate structuring of social interactions based on the recall of previous interac-
tions; it can allow for the possibility of reciprocity, promoting the formation of long-
term alliances and ultimately stabilising the social environment. Individual
recognition, like more general kin recognition, can lead to the biasing of behaviour
in favour of particular conspecifics. Foraging brown-throated conures (Aratinga
pertinax) appear to call to recruit familiar, overflying individuals to food patches,
suggesting the potential for the development of cooperative behaviour in this spe-
cies (Buhrman-Deever et al. 2008).
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The extent to which animals are able to perform long-term social recognition,
and to recognise many different individuals, is likely a function both of the cogni-
tive ability of the animal and the dynamics of the social system. For species that live
in fission-fusion societies where interactions between specific individuals may be
periodically repeated, but not necessarily frequently, some form of long-term social
memory may be advantageous. A study on the ability of bottlenose dolphins
(Tursiops truncatus) in captivity to recall former associates indicated that these ani-
mals are capable of retaining individual recognition for at least 20 years (Bruck
2013). For relatively short-lived animals, or those with a lower probability of re-
encountering individuals over an extended period, the benefits of forming long-term
social memories are arguably reduced (although see Insley 2000). Belding’s ground
squirrels undergo up to 8 months of hibernation and, over the course of this time,
lose their ability to recognise non-kin individuals that they were reared with (Mateo
2010). Long-term recognition may also be more of a feature of animals that live in
stable social groups, rather than those which live in more fluid social environments.
Clownfish (Amphiprion bicinctus), which live in fixed social groups, retain the abil-
ity to recognise their mates after a separation of 30 days (Fricke 1973), while the
ability of sticklebacks to recall familiars decays over the course of 1-2 weeks (Utne-
Palm and Hart 2000). There have been comparatively few studies of individual rec-
ognition in invertebrates; however, Gherardi and colleagues (2005) showed that the
long-clawed hermit crab (Pagurus longicarpus) is capable of individual recognition
of conspecifics and that the information is retained for up to 4 days based on a
30 min exposure.

Similarly, animals that repeatedly encounter a small number of conspecifics may
benefit by being able to recall those individuals. African elephants have been esti-
mated to be able to recognise at least 100 different individual conspecifics based on
their responses to playback experiments (McComb et al. 2000), while sheep are able
to recognise at minimum 50 different individuals based solely on the presentation of
photographic images (Kendrick et al. 2001). In a study on the association prefer-
ences for familiar individuals in fish, Griffiths and Magurran (1997b) reported an
upper limit of around 40 on the number of individuals that female guppies were
capable of learning.

24  Cues and Templates Used in Social Recognition

The concept of a recognition template, a representation of certain key characteristics
that might be used to identify others, is at the heart of much research into recognition
systems. This recognition template may be genetically determined, providing the
receiver with an innate ability to recognise a given cue, such as is the case with phero-
monal communication. Alternatively, the recognition template may be more flexible,
reflecting the dynamic nature of many cues that are involved in recognition. In such
cases, the template may be generated by learning or through self-referencing where a
receiver matches its own cues to that of a sender. Recognition systems, as in other
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contexts within the field of animal communication, may be subject to conflict. For
example, the sender may attempt to manipulate the receiver in order to exploit it.
There are many examples of this among social insects where non-colony members
have evolved means of interfering with the recognition systems of a host species in
order to gain access to a colony. Generally, however, the achievement of unambiguous
social recognition among conspecifics is beneficial to both sender and receiver. This
favours the development of clear labels to facilitate recognition (Mateo 2004).

The cues used in social recognition may be grouped into four main categories:
context-based associative learning, genotype matching, phenotype matching and
learned individual characteristics (Bradbury and Vehrencamp 1998). These are not
mutually exclusive, and indeed animals may benefit by using more than one category
in order to facilitate accurate social recognition. Context-based social recognition is
most often founded upon an associative learning process, linking an animal with a
spatial feature (such as a burrow or a nest site). A particular example of this is the rule
of thumb adopted by parental animals which use cues based on location to ‘recog-
nise’ their offspring; in other words, if a chick is in my nest, it is my offspring. While
simplistic, such cues do typically correlate reliably with relatedness, since altricial
young are obviously confined to their location. As the young develop and become
more mobile, the parents may switch to more biologically based recognition mecha-
nisms. Nonetheless, this method arguably lacks sophistication and exposes the par-
ents to the risk of brood parasitism (Beecher et al. 1981a, b; Hoogland 1995).

Recognition of kin through the existence of so-called recognition alleles is com-
plex but plausible, at least in theory. For example, the green-beard effect proposed
by Dawkins (Hamilton 1964; Dawkins 1976) describes how a given allele could
mediate the expression of a specific phenotypic cue, likely some label to aid recog-
nition, as well as the ability to detect that cue and to behave preferentially towards
others who carry that cue. In practice, it can be hard to discriminate between recog-
nition via this mechanism and recognition via phenotype matching, which has the
virtue of being more parsimonious. Nonetheless, some support for the green-beard
effect, or something similar, has been reported in fire ants (Solenopsis invicta),
where individuals that are homozygous at the GP-9 locus in the ant genome are
recognised and killed by ants that are heterozygous at that locus (Grafen 1998;
Keller and Ross 1998). Other potential examples have been described in side-
blotched lizards (Uta stansburiana) (Sinervo et al. 2006) and sperm cooperation in
wood mice (Apodemus sylvaticus) (Moore et al. 2002).

Phenotype matching is a more widely invoked mechanism of social recognition.
In relation to this, animals either develop a recognition template at some early labile
developmental stage, based on interactions with nest mates and parents, or, alterna-
tively, use their own cues to provide a point of comparison, sometimes called self-
referent phenotype matching (Holmes and Sherman 1982; Hesse et al. 2012). By
learning the phenotype of relatives in early life, an animal can later assess the phe-
notypic cues of unfamiliar individuals to categorise them as conspecifics or hetero-
specifics and further to categorise conspecifics as relatives or as non-kin.

Studies of the formation of the recognition template involved in phenotype match-
ing have been made using the zebrafish (Danio rerio). Gerlach and Lysiak (2006)
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showed that zebrafish are able to recognise related individuals on the basis of pheno-
type matching. Subsequently, Gerlach et al. (2008) reported that the recognition tem-
plate for kin in zebrafish is formed on the sixth day following fertilisation. Until this
point, the developing young are unable to swim freely. Beyond this sixth day of their
lives, the fry begin to disperse as they develop the ability to move and forage indepen-
dently. The study went further by excluding self-referent phenotype matching in the
larvae, since it was shown that the isolated larvae did not imprint on their own cues.
Possibly the most fascinating aspect of Gerlach et al.’s study is that the larvae failed
to imprint on non-kin, which may suggest a mechanism to restrict the likelihood of
errors during the formation of this kin recognition template, possibly a genetic pre-
disposition for, and sensitivity to, the chemical cues of kin. The apparent sophistica-
tion of the zebrafish template may reflect the likelihood of encountering non-kin at an
early developmental stage: zebrafish scatter their eggs, so while eggs in a given local-
ity may indeed be kin, there is a high probability that unrelated eggs will be develop-
ing nearby. Belding’s ground squirrels (Urocitellus beldingi) also use chemical cues
in the development of a recognition template. Mateo (2009) demonstrated that the
squirrels were capable of incorporating the experimentally introduced odours of a
‘foreign’ non-kin adult female into their developing recognition template and later
treated animals bearing these foreign chemical cues similarly to their own kin.

The specificity and robustness of template formation in zebrafish stands in contrast
to the process in many other animals, where a greater reliance is placed on learning as
a precursor to the expression of phenotype matching. In a study on live-bearing fish,
Warburton and Lees (1996) raised juvenile guppies (Poecilia reticulata) with young of
the closely related swordtail (Xiphophorus helleri). Guppies raised in this way dis-
played a preference for associating with swordtails in preference to their own species,
which is the more typical pattern among guppies. Similar examples can be provided
by birds, which are known to imprint sexually as well as socially based on early life
experience, which presents challenges for endeavours as disparate as conservation and
falconry (Bateson 1978a, b; Clayton 1990). The formation of the template involved in
social recognition and acoustic communication in zebra finches (Taeniopygia guttata)
is based on exposure to conspecific adults in early life, and deprivation of this experi-
ence affects the ability of the animals to perceive as well as to produce conspecific
calls in later life (Sturdy et al. 2001; Campbell and Hauber 2009).

Self-referent phenotype matching occurs where animals use their own cues to
provide a template against which to compare others (Mateo 2010). An advantage to
this is its simplicity (Weddle et al. 2013). Much research on vertebrate subjects has
focussed on the recognition of kin via chemical cues. Genotypic effects on the
chemical signatures of individuals have long been suggested as a means by which
animals could recognise kin. Particular attention has been paid to the role of the
major histocompatibility complex (MHC) in facilitating kin recognition among ver-
tebrates (Penn and Potts 1998). The MHC is a highly diverse area of the vertebrate
genome involved in immunocompetence; however, the importance of the MHC in
the context of social recognition is that it is thought to influence the chemical cues
produced by an organism. This in turn potentially allows discrimination of conspe-
cifics and, in particular, the identification of genetically similar individuals.
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Receivers of these cues are able to reference their own cues and use these to provide
a template against which to compare the cues of the sender — the more similar the
chemical cues of the sender are to its own, the more closely related that individual
is likely to be. Recent research has emphasised the possibility of recognition via a
broader repertoire of chemical cues relating more generally to the genome of an
organism, rather than specifically to the MHC in particular (Sturm et al. 2013;
Overath et al. 2014). An appealing aspect of this new perspective is that it allows for
a mechanism of recognition via genotype-related chemical cues that is universal to
all animals and not simply to vertebrates.

Self-referent phenotype matching is not restricted to the recognition of kin, how-
ever. Weddle et al. (2013) demonstrated the use of this approach in the identification
of previous mates in decorated crickets (Gryllodes sigillatus). Fish are also known
to use self-referencing in social association decisions. Three-spined sticklebacks
(Gasterosteus aculeatus) prefer to associate with unrelated conspecifics that have
had a similar recent diet as themselves or that have occupied water with a similar
chemical profile (Ward et al. 2004a, 2005). Cues pertaining to recent habitat and
diet experience also mediate association decisions in ants, prawns and other fish —
typically, receivers prefer to associate with senders that express cues similar to their
own. The functional explanation for this preference is not yet understood, but it
could potentially allow a means of navigating within the social environment, stabi-
lising social interactions and possibly even facilitating the sharing of relevant local
information.

Finally, the cues used in recognition may be learned on the basis of social experi-
ence. Learned cues form the basis of individual recognition; however, it is worth
pointing out that true individual recognition need not be the inevitable outcome of
such learning. Learned cues could just as well be involved in a more general, class-
level form of recognition, whereby some generic identity is accorded by the receiver
in response to the sender’s cues. Research undertaken by Griffiths and Magurran
(1997a) on the guppy (Poecilia reticulata) neatly demonstrated the importance of a
learning period for the fish to acquire the recognition template through repeated
interactions. The ability to recognise familiars developed over a period of 12 days
(see Fig. 2.2).

2.5 The Sensory Bases of Sociality

There is considerable variation among taxa in relation to the cues that are used in
social recognition. Much research has primarily focussed upon acoustic cues
(Beer 1970; Falls et al. 1982; Beecher 1989; Beecher et al. 1989; Insley 2000;
Insley et al. 2003), chemical cues (Halpin 1980; Duvall 1986; Johnston 2003),
visual cues (Tibbetts 2002; Detto et al. 2006) and others, including electric cues
(Stoddard et al. 1996). The simultaneous use of multiple types of sensory cue
provides receivers with a means of cross-referencing the information that they
obtain and therefore decreasing the likelihood of errors (Uetz and Roberts 2002;
Partan and Marler 1999; Rybak et al. 2002).
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Acoustic cues play a key role in social recognition in many animals, including
mammals, birds, amphibians, insects and even fish. An advantage of acoustic com-
munication is that, in the right circumstances, it has a range that far exceeds that of
visual cues. This might be of particular relevance in maintaining and coordinating
social ties across long distances or in complex environments. Spehar and DiFiore’s
(2013) study on spider monkeys (Ateles spp.) emphasised the role of loud calls
among dispersed groups in precisely this way. In addition, acoustic calls can be used
to identify the caller, certainly in mammals and birds (Wanker et al. 1998; Frommolt
et al. 2003). A study on the range of contact calls in African elephants, Loxodonta
africana, demonstrated the ability of the animals to recognise the call of another
specific individual at distances of up to 2.5 km. Generally, however, individual-
specific elements of the calls begin to be lost at distances of over 1.5 km (McComb
et al. 2003).

Remarkable levels of specificity can be achieved by receivers using acoustic cues.
Two obvious examples of this are the ability of penguins to locate and identify their
own offspring in the crowded and often cacophonous conditions of the rookery by
acoustic cues alone (Robisson et al. 1993; Jouventin et al. 1999). Dolphins produce
signature whistles, calls that encode their own identity and which are used by receivers
to enable individual recognition and also to promote group cohesion (Sayigh et al.
1999; Janik et al. 2006). In contrast to other animals whose calls contain individual
elements, but where the individuality is primarily a by-product of anatomical or physi-
ological differences, bottlenose dolphins (Tursiops truncatus) encode their individual-
ity by modulating the frequency of their whistles (Kershenbaum et al. 2013).

While acoustic cues may enable individual recognition in some species, in others
they may facilitate a more general form of recognition. For example, Wilkinson and
Boughman (1998) reported that greater spear-nosed bats (Phyllostomus hastatus)
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call at the outset of foraging trips, possibly to first establish and then maintain social
groups over the course of the trip. But while the calls of bats from the same roosts
converge to form a group-specific call ID, there is no evidence that the calls facili-
tate individual recognition (Boughman and Wilkinson 1998). In a study encompass-
ing 16 different European bat species, Pfalzer and Kusch (2003) were able to
identify species-specific acoustic elements and further suggested the possibility that
there was enough difference between individuals’ calls to enable individual recog-
nition. Similarly, male stripe-backed wrens, Campylorhynchus nuchalis, are able to
recognise and distinguish between members of their own group and members of
other groups and also between their own patriline and others on the basis of learned
group-specific calls (Price 1999; Wiley and Wiley 1977).

Although humans are poorly adapted to detect and decipher chemical cues, count-
less animals depend on these cues for social recognition. Much valuable research on
this topic has been conducted on recognition via the chemical composition of the
cuticle in insects (Singer 1998). The chemical profile of hydrocarbons in the cuticle
allows an insect to discriminate according to the species, sex and relatedness of
another individual and, for social insects, allows them to discriminate whether
another individual is from the same colony, whether it is an adult or a larva and what
caste it belongs to (Gamboa et al. 1986; Singer 1998; Cotoneschi et al. 2007). The
chemical signature of each individual has both genetic and environmental compo-
nents and may be homogenised to an extent by the frequent interactions that occur
between colony members either through indirect contact or through mutual groom-
ing and trophallaxis (van Zweden and D’Ettorre 2010). Cuticular hydrocarbons are
also implicated in recognition between other insects, including cockroaches, Blattella
germanica, and spiders, Stegodyphus lineatus, which are capable of recognising
unfamiliar kin using these cues (Lihoreau and Rivault 2009; Grinsted et al. 2011).

Individual recognition on the basis of chemical cues is a feature of the social
organisation of species including Belding’s ground squirrel, As is the case with
many other mammals, variable chemical cues are produced at a number of sites on
the animal’s body (Johnston 2003). Interestingly, each individual is able to build a
chemical profile of another squirrel and is able to combine and generalise different
chemical cues from the same individual which may increase the precision with
which individuals can be discriminated and likely also transmits information about
its physiological state and recent activity (Mateo 2006). Similarly, ring-tailed lemurs
(Lemur catta) are capable of individual recognition on the basis of odour cues alone,
furthermore, the scent produced by each individual contains information on its age,
reproductive status and rank (Palagi and Dapporto 2006).

Australian gidgee skinks (Egernia stokesii) are able to distinguish between unre-
lated members of their own social group and unrelated, unfamiliar individuals based
on chemical cues, suggesting that they recognise some group-specific label relating to
the environment or that they are capable of learned individual recognition. Fish and
amphibians make extensive use of chemical cues for social recognition. Juvenile coho
salmon are attracted to cues of members of their own population (Courtenay et al.
1997), while other salmonids use chemical cues to facilitate kin recognition (Moore
et al. 1994; Olsen et al. 1998). While such cues are typically expressed in urine, or
faeces, the protective mucus which coats the skin of fish can also yield chemical cues
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that are important in social recognition. Matsumura and co-workers’ (2004) study on
marine striped catfish (Plotosus lineatus) identified a phosphatidylcholine molecular
species in the fish’s mucus that is used in familiar group recognition.

Chemical cues are unlike other recognition cues in that they persist to an extent
over time. For this reason, many animals tend to use them to advertise their presence
in the environment by so-called scent marking. The act of scent marking has the effect
of stabilising the social interactions of group-living mammal species, such as hyenas
and wolves, by marking out their range or territory. Information about the sender is
encoded by the presence of both volatile and non-volatile chemicals. Volatile chemi-
cals are particularly valuable in terms of increasing the range over which the cues can
be detected; however, while increased volatility improves the radius of the signal, it
also decreases its longevity. The decay of volatile cues provides the receiver with
some amount of temporal information about the cue. The sender provides most of the
content of these chemical cues, passing on information about, for example, its physi-
ological and reproductive state. In addition to this, recent research has highlighted the
role of microbes that inhabit the scent glands of the animals in mediating their chemi-
cal cues, potentially contributing to unique individual or group-specific elements in
the cues (Drea et al. 2002; Theis et al. 2013).

Proteins expressed in urine also represent a major source of chemical cues. Receivers
are able to use these proteins in making an assessment of relatedness. Ligands derived
from the MHC are present in urine, as indeed are the so-called major urinary proteins
(MUPs), which comprise virtually all of the proteins in mouse (Mus domesticus) urine
(Hurst and Beynon 2004). Both MHC ligands and MUPs encode genetic individuality
to an extent; hence, both could play an important role in producing the unique chemical
signature expressed by each organism, which is of such importance to receivers in
chemically identifying kin and possibly the specific identity of the sender (Overath
et al. 2014; Sturm et al. 2013). Considerable study has been made of the role of the
MHC in promoting chemical recognition of kin in fish. Olsen et al. (2002) showed that
the strength of the preference of juvenile Arctic charr (Salvelinus alpinus) to associate
with the chemical cues of siblings was mediated by the similarity of these siblings’
MHC genotypes to that of the choosing individual. Interestingly, when given a choice
between the chemical cues of a sibling with a different MHC genotype to itself and a
non-sibling with a similar MHC to itself, the focal fish demonstrated no clear prefer-
ence, suggesting that kin recognition may be mediated by more than just MHC match-
ing; nonetheless, the experiments do appear to demonstrate an important role for
MHC-based cues in this process. Building on these findings, Rajakaruna and col-
leagues (2006), also working on salmonids, showed that while MHC-based cues are
important in kin recognition among juvenile Atlantic salmon (Salmo salar) and brook
trout (Salvelinus fontinalis), the fish may be able to access other chemical cues derived
from other areas of the genotype in kin recognition.

Visual cues play a huge role in animal communication and in social recognition
among individuals of a range of species. The ability to discriminate among conspe-
cifics on the basis of visual cues alone is widespread in mammals (Kendrick et al.
2001), birds (Bird and Emery 2008; Ryan and Lea 1994; D’Eath and Stone 1999),
reptiles (Olsson 1994; Van Dyk and Evans 2007) and fish (Balshine-Earn and Lotem
1998; Bshary et al. 2002; Grosenick et al. 2007).
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The specific visual cues that are attended to during social recognition are of
course dependent on the species. Humans reply primarily on facial features and
characteristics for visual identification of others, and we are by no means the only
species to do this. Indeed, facial recognition seems to be a general feature among
primates (Leopold et al. 2005; Leopold and Rhodes 2010). Perhaps more surpris-
ingly, a wide range of other animals are also capable of facial recognition. Sheep,
cattle and pigeons are each capable of recognising and distinguishing between indi-
vidual conspecifics from two-dimensional images (Watanabe and Ito 1991; Kendrick
et al. 2001; Nakamura et al. 2003; Coulon et al. 2007, 2009). Among many species
of birds, patterns of plumage on the face are important facilitators of social recogni-
tion (Whitfield 1987; Brown and Dooling 1992; Dale et al. 2001). Facial markings
are also known to be important among invertebrates (Detto et al. 2006; Van der
Velden et al. 2008). Tibbetts (2002) demonstrated the importance of facial markings
as a means of signalling quality in one species of paper wasp (Polistes dominulus)
and as a means of individual identification in another (Polistes fuscatus) (Sheehan
and Tibbetts 2011; Tibbetts and Lindsay 2008; Tibbetts 2002; see Fig. 2.3). While
facial characteristics are often important in promoting recognition, it seems reason-
able that many animals examine patternings over a conspecific’s entire whole body.
For example, Ewer (1973) suggested that the highly individualised coat markings of
wild dogs (Lycaon pictus) could be used for recognition, while Fricke (1973) dem-
onstrated the importance of stripe patterns in recognition by clownfish.

While the majority of studies on the salient cues involved in social recognition have
focussed on single sensory modalities, animals generally live in a multimodal world.
Combining and cross-referencing information received through different channels
allow animals to minimise the risk of failing to identify or of misidentifying an indi-
vidual. Further, integrating the information from different senses allows the receiver to
build a richer mental representation of a third party. Ring-tailed lemurs (Lemur catta)
attend more closely to the chemical and acoustic cues of familiar individuals when
these are presented in association compared to when these are mismatched across
stimulus individuals, suggesting that the lemurs form multisensory representations of
other individuals (Kulahci et al. 2014). Horses (Equus caballus) are also capable of
forming multimodal representations of individuals based on cross-referencing visual
and acoustic cues (Proops et al. 2009). Similarly, mosquitofish (Gambusia holbrooki)
respond more strongly to the presentation of a combination of chemical and visual
conspecific cues than to either cue type in isolation (Ward and Mehner 2010).

2.6 Recognition Beyond Identification

Many authors argue that social recognition goes beyond discrimination and cate-
gorisation of animals encountered within the environment to include the assessment
of individual qualities and aspects of individuals which are not intrinsic to their
identity and which can change over relatively short periods of time (Dittrich 1990;
Miklosi et al. 2004). This might include determining the strength or competitive
ability of another animal, whether or not it has salient information, its emotional or
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Fig.2.3 Variation among individuals in facial patterning is used by paper wasps, Polistes fuscatus,
to recognise one another (Sheehan and Tibbetts 2008)

motivational state and its role and participation in complex relationships. It is likely
that group-living animals in particular are highly attuned to such considerations,
since adopting the appropriate social behaviour in light of this information is crucial
to any individual’s ability to successfully navigate within its social environment.
Recognition of social rank is of considerable importance to group-living ani-
mals. The cost of fighting promotes the evolution of clear, unambiguous and honest
signals relating to competitive ability, including proxies such as size and condition,
as well as formalised and often ritualistic signals of dominance and, equally impor-
tantly, submission. There are different pathways to determining rank. One pathway
relates to a badge or signal which communicates rank, but which is not connected
with individual identity, as seen in many species of birds (Johnsen et al. 1996; Eens
et al. 2000; Mennill et al. 2003; Bokony et al. 2006) and in the facial patterns of
some species of paper wasps (Tibbetts and Lindsay 2008). Another, more complex
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approach is to associate an individual identity with dominance information, as
occurs in Chacma baboons (Papio ursinus) (Bergman et al. 2003). The association
of identity and information about an individual has also been reported in contests
among crustaceans. Karavanich and Atema (1998) reported the ability of lobsters
(Homarus americanus) to remember the identity of previous combatants and the
outcome of their contest. Similar results have also been reported in crayfish (Cherax
destructor) (Van der Velden et al. 2008) and hermit crabs (Pagurus longicarpus)
(Gherardi et al. 2005). The interesting aspect here is that while losing lobsters will
retreat from their earlier conquerors, they do not retreat from dominant individuals
whom they have yet to fight, suggesting the absence of general dominance cues.
Males of the cichlid fish, Astatotilapia burtoni, are known to be capable of inferring
the competitive ability of other males, based on observation of contests. They can
then use this information in association with the identification of individual combat-
ants to adjust their behaviour accordingly (Grosenick et al. 2007). In a grouping
context, minnows (Phoxinus phoxinus) are able to distinguish among conspecifics
on the basis of their competitive ability and to preferentially associate with relatively
less competitively able individuals, even in the absence of direct cues such as feed-
ing rate or aggressiveness (Metcalfe and Thomson 1995).

Determining another animal’s emotional or motivational state is also vitally
important to the formation and maintenance of social relationships and to the func-
tioning of social groups of many species. Often it is beneficial for the sender to
communicate its emotional state unambiguously via posture, colouration or facial
expression; however, information may also be communicated without intent. For
example, macaques can acquire a fear of objects such as replica snakes by watching
the facial expressions and bodily postures of conspecifics as they interact with these
objects (Cook and Mineka 1989). Sheep are able to recognise the emotional state of
conspecifics simply from photographic images and prefer those with calm expres-
sions over those displaying facial signs of distress (da Costa et al. 2004; Tate et al.
2006). It seems likely that the eyes are the key component of the signal, and in
particular the amount of eye white displayed correlates with stress levels (Tate et al.
2006; Sandem et al. 2006). Cephalopods are able to communicate a wide range of
emotional states through rapid and complex colour changes across the surface of
their bodies (Hanlon and Messenger 1988; Adamo and Hanlon 1996), while agi-
tated shoaling fish are known to flick, or wave, their fins possibly as a means of
social communication (Brown et al. 1999).

2.7 Summary

Social recognition provides the foundation for the social organisation of popula-
tions and species. However, the formation of animal groups, including some of the
largest social aggregations, often does not require a high degree of sophistication in
terms of recognition mechanisms and capabilities. Basic social attraction towards
conspecifics, allied to commonalities in habitat and resource preferences, is suffi-
cient to explain the ways in which animals like krill or pelagic fish coalesce into
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groups. Beyond this, considerable strides have been taken in recent years to provide
us with some understanding of the forces governing the interactions between indi-
vidual animals in the formation and maintenance of social aggregations, and we
examine this topic in detail in the next chapter. But while complex recognition is not
a prerequisite of animal grouping behaviour, increasing specificity of recognition
mechanisms allows for the development of greater intricacy in social interactions,
in turn structuring and shaping patterns of association among individuals. This in
turn leads to social phenomena such as kin- or familiar-structured groups. Although
such patterns have been recorded in a variety of animal taxa, work remains to be
done if we are to fully understand the underlying recognition mechanisms in many
cases. For example, familiarity is important in shaping the social interactions of
many animal species, yet what we actually mean by familiarity varies considerably
across taxa and contexts. In some cases, it may require individual recognition, in
others, or the recognition of some basic group-specific label. The difference is an
important one, since the difference between them is likely to have considerable
implications for our understanding of the social dynamics of the species in question.
Hence, approaches that meld both the functional considerations of observed pat-
terns of social organisation, with a clear understanding of the mechanisms of social
recognition, are likely to be best placed to advance our understanding of social
interactions.



3.1 Introduction

Aggregations of animals provide arguably the most dramatic sights in the natural
world. One reason for this is their scale: some animal aggregations can be truly
huge. Krill swarms can be visible from space, vast shoals of fish that measure
kilometres in length and dense, wheeling clouds of starlings so enormous that
they seem to obliterate the sun. But beyond scale, an additional factor contribut-
ing to the spectacle is the sense in which the many individual animals appear to
be acting with unanimity of purpose. The observer is first transfixed by the sight
and then questions occur: Why have they gathered here in such numbers? How
do the animals behave in such a coordinated way? Our understanding of the first
question is reasonably well developed and there is a rich literature concerned
with the means by which animals are socially attracted to one another and
subsequently coalesce into groups. Answers to the second question have proven
much more difficult to find, although the question has caught the imagination of
naturalists and scientists alike for centuries. Somehow, the individuals in the
group seem to act in unison. They turn together, they flow around obstacles, and
they move as one. Their coordination is amazing — as though some centralised
controller dictates all movement. Until relatively recently — midway through the
twentieth century — it was an established idea that group members were capable
of some form of collective telepathy, or ‘thought transference’, allowing each to
coordinate its actions with the collective or to follow leadership initiatives. But
while this idea has some appeal, it is an illusion. Recent years have seen break-
throughs in our understanding of how repeated interactions between animals can
produce the observed patterns. This chapter examines the current state of our
knowledge on the mechanisms underlying social aggregations and collective
behaviour.
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3.2 Finding Conspecifics and Forming Groups

For members of social species, the drive to locate and associate with conspecifics is
strong. In isolation, individuals manifest a cascade of physiological and behavioural
changes, often relating to stress, and among species that are strongly social, this
stress may be considerable. Isolated Japanese quail (Coturnix japonica) that have
been selected either for low or for high levels of sociality produce distress calls. The
latency to make these calls and the frequency with which they make them relates
directly to their social tendency with highly social individuals producing more calls
(Launay et al. 1991). This pattern of producing alarm calls when separated from a
group appears to be common among social birds and mammals (Gaioni and Ross
1982; Lingle et al. 2012). Mills and Faure (1990) resorted to the somewhat unusual
expedient of measuring the motivation of Phsianid chicks to associate with conspe-
cifics by rewarding them with social time in return for performing the task of walking
on a treadmill. In a similar way, the sight of conspecific images activates the dopami-
nergic ‘reward’ pathway in zebrafish, demonstrating a fascinating mechanism under-
lying the motivation of animals to form associations (Saif et al. 2013).

Groups may break up and reform over different time spans. In fission-fusion soci-
eties, the ability to relocate conspecifics following the separation of the group into
subgroups is fundamental to that species’ social system. Fission may occur in
response to environmental conditions, for example the onset of night, such as occurs
among shoals of some species of fish break up each evening and reform in the morn-
ing as it gets lighter (Pavlov and Kasumyan 2000). Fission may also occur in
response to changes in resource distributions (Wittemyer et al. 2005; Henzi et al.
2009) or in response to a predator threat or direct attack, causing the group to splinter
and temporarily isolating a proportion of group members (Handegard et al. 2012).
Additionally, the strength of social attraction may change across a longer time span,
as is the case among western black widow spiders (Latrodectus hesperus), which
form groups of up to eight individuals in autumn and winter but are solitary during
the spring or summer months (Armstrong and Whitehouse 1977). In any case, the
initial process of aggregation or later reaggregation occurs through social attraction
between individuals via the detection of sensory cues in the environment.

Studies of the response of individuals towards conspecific cues have been made
in a wide range of social species and examining a variety of sensory cues. Fish are
particularly amenable to manipulative laboratory studies in this context. Shoaling
species are strongly attracted to visual cues of conspecifics and to chemical cues.
Many laboratory tests have been conducted using a binary-choice approach,
whereby a focal fish is presented with a shoal of conspecifics at one end of an
aquarium and some alternative at the other end, such as a shoal of conspecifics of a
different phenotype or size, a shoal of heterospecifics or no shoal at all. Typically,
shoaling fish approach and remain in close proximity to the side on which the con-
specific cues are presented. Keenleyside (1955) demonstrated that fish given access
either to the visual cues or to the chemical cues of conspecifics use these to locate
and remain in proximity to those conspecifics. A similar approach has been used to
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examine social tendencies in many fish species, both within and between species, as
well as amphibian larvae. Evans et al. (2007) studied aggregation behaviour in two
species of decapod crustacean; one of these, the brown shrimp (Crangon crangon)
is not naturally found in groups, and the other, the common prawn (Palaemon ele-
gans) is. Using the binary-choice approach, the authors found evidence of social
attraction in the prawn, but not in the shrimp, suggesting social attraction as the
means by which aggregations form in these species. The binary-choice approach
has also been adapted for use with mammals, such as with Michelena et al.’s (2005)
study of sheep (Ovis aries), which again revealed strong evidence of social attrac-
tion but also evidence for sex-biased social attraction between peer males which
relates to social segregation of the sexes in free-ranging flocks.

The binary-choice approach can also be used to make fine-scale manipulations
of aspects of the cues available to a choosing animal in order to determine precisely
what component of an overall cue is attractive. A study by Ward et al. (2002a)
examined how fish weighted visual and chemical cues in two sympatric cyprinid
species. By juxtaposing the cues available to a single choosing fish in a binary-
choice test, Ward and coworkers were able to present fish with a choice of conspe-
cific visual cues in association with heterospecific chemical cues versus
heterospecific visual cues in association with conspecific chemical cues. The fish
elected to associate with the shoal that seemed to express conspecific chemical
cues, even though the visual cues were those of heterospecifics, demonstrating the
primary importance of chemical cues in social attraction in these species.

Colonially nesting birds, including many species that do not typically live in
groups outside of the breeding season, often display strong social attraction
towards groups of conspecifics once they feel the urge to nest. Storm petrels
(Oceanodroma spp.) are attracted to the vocalisations of conspecifics and to the
odours of conspecifics when locating suitable nesting habitats (Buxton and Jones
2012). Similarly, the least flycatcher (Empidonax minimus), though territorial for
most of the year, shows strong evidence of social attraction when locating a nest
site (Fletcher 2009). In these and similar cases, these largely solitary birds appear
to be using conspecific presence as public information on the suitability of a nest
site, as well as joining a nesting aggregation to obtain some measure of protection
from brood predators. Some species of communally roosting bats forage indepen-
dently but associate with conspecifics during daily resting periods. Where roost-
ing sites are ephemeral, conspecifics must be located and auditory signals are
known to play an important role in this process. Furmankiewicz et al. (2011)
demonstrated the attraction of noctules (Nyctalus noctula) to the playbacks of
social calls, even observing the bats to land on loudspeakers, indicating the role of
calls in broadcasting the location of the roost. The calls of bats in this context may
be more than simply a passive means of locating conspecifics. In a study of Spix’s
disc-winged bat (Thyroptera tricolor), Chaverri et al. (2010) reported that flying
individuals made what the researchers termed ‘inquiry calls’ which drew a rapid
‘response call’ from bats in the roost. These calls may indicate attempts at active
recruitment to the roost.
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The extent to which an individual is attracted to a group of conspecifics is depen-
dent upon the size of the group — larger groups typically exert a more powerful
socially attractive force on an individual. This phenomenon is seen in the location
of colonial nesting grounds by birds, where a greater number of established nests
may be taken as a reliable source of social information on the quality of the local
resources. As a general rule, larger nesting colonies tend to promote the survival and
lifetime reproductive success of colony members (Serrano et al. 2004, 2005; see
also Chaps. 6 and 7). Exclusion from the largest colonies seems to act as a brake on
the perpetual growth of colonies. Fish given the choice of associating with two
shoals will preferentially associate with the larger of the two alternatives, and the
strength of the preference relates to the magnitude of the difference in size between
the two shoals (Hager and Helfman 1991; Pavlov and Kasumyan 2000). Taken
together with the finding that smaller, more vulnerable fish tend to show a stronger
preference for larger shoals than do larger conspecifics, this suggests that the selec-
tion of larger shoals relates to the greater anti-predator protection afforded by such
groups. Breder (1951) likened the attractive force generated by larger animal groups
to the gravitational pull of massive objects and suggested that the attractive forces
could effectively generate a distribution of multiple dense groups (what Breder
referred to as ‘clots’) of animals. In support of this conjecture, Breder cited experi-
mental work on redfin (Tribolodon hakonensis) in which it was shown that large
groups are more attractive than small and that the strength of the attraction decreases
with distance from the group. Building on this, Niwa (2004) published a simple
‘merge and split’ model in which groups moved at random throughout their envi-
ronment. Whenever two groups met, they merged, while groups were programmed
to split periodically. This approach, though simple, manages to replicate, with sur-
prising accuracy, the distribution of group sizes in free-ranging fish. Many other
factors influence the extent to which an individual is socially attracted towards con-
specifics, including the tendency to size-match, the risk of transmissible disease and
parasitism and the behaviour of those individuals.

3.3 Collective Behaviour

Once a social aggregation is formed, the members of that aggregation may be seen
to coordinate their actions and to behave in a way that suggests unanimity of pur-
pose across the individuals in the group. This is the basis of collective behaviour,
which examines how repeated local interactions between individuals can produce
group-level, so-called global, patterns. Understanding how different components
interact to form a system in a manner which is synergistic and often difficult to
predict in advance is an important goal across a range of different disciplines. The
study of collective behaviour provides insights not only into the dynamics of social
groups as described here but also has applications in fields including developmental
biology, immunology and neurology. Beyond biology, collective behaviour is also
of considerable interest in disciplines such as sociology, economics and indeed any
research field concerned with complex systems.
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3.3.1 Interactions in the Group and Social Forces

How do individuals behave collectively? How do they coordinate and synchronise
their actions? To understand these questions requires an appreciation of the dynam-
ics of the interactions between individuals within the group. One of the earliest
scientific considerations of this topic was provided by Albert Parr (1927) who
speculated that shoaling fish effectively balance two competing forces, those of
attraction and repulsion to conspecifics. Elaborating on this, Breder (1954)
described forces of repulsion and attraction and proposed ways in which the two
forces could act variably according to the distance between individuals: too much
space between them and they tend to move together; too little and they move apart.
The appeal of this approach can be found in its intuitive simplicity. Moreover, it is
lent credence by data from real animal aggregations. The idea that animals should
adjust their distance to other individuals in the group to balance forces of attraction
and repulsion produces the key prediction that there should be a distribution of
nearest-neighbour distances (NNDs) with a clear peak, representing in some way
the ideal spacing for a given species under a given set of conditions. Many studies
have reported such data across a range of social species, and the congruence in
typical NNDs across taxa is interesting (see Table 3.1)

Nearest-neighbour differences are also context-dependent and can be affected by
both biotic and abiotic factors. For example, many schooling fish species only form
these cohesive groups during the day. At night, the fish tend to increase their NNDs,
in some cases causing dissolution of the groups (Aoki and Inagaki 1988; Emery
1973; Smith et al 1993). This may reflect the fact that the anti-predator function of
schooling operates primarily to confuse predators that are reliant on their visual
sense for hunting (Krakauer 1995; see Chap. 4). A mechanistic explanation for the
same pattern might argue that the low light levels at night make it difficult or impos-
sible to gather the visual information required for shoaling (Pavlov and Kasumyan
2000). But while blind fish do have greater NNDs than sighted shoal mates, they are
nonetheless capable of cohesive shoaling (Partridge and Pitcher 1980; Pitcher et al.
1976). Light intensity also affects the grouping behaviour of crustaceans such as
krill (Euphausia superba) and the mysid, Paramesopodopsis rufa. Both species

Table 3.1 Reported nearest-neighbour distances (NNDs) for a range of species

NND (body
Species lengths) Reference
Coullana canadensis (subclass Copepoda) 1-2 Yen and Bundock (1997)
Harlequin fly/midge (Chironomus riparius) 1-2 Kelley and Ouellette (2013)
Krill sp (Nyctiphanes australis) 3 O’Brien (1989)
Blacksmith (Chromis punctipinnis) 2 Parrish and Turchin (1997)
Cod (Gadus morhua) and herring ~2.2 Pavlov and Kasumyan
(Clupea harengus) (2000)
Sheep (Ovis aries) <2 Michelena et al. (2008)

Buffalo (Syncerus caffer) 2 Prins (1996)
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increase their nearest-neighbour distances as light intensity increases. The author of
this study argues that if spacing behaviour is visually mediated, the increased NNDs
may be a reflection of the improved visual capabilities of the animals as light inten-
sity increases (O’Brien 1989).

An underlying assumption is that the NND reflects the functional requirement
that the animals are close enough to benefit from the protection afforded by group
living and to enable efficient information transfer among individuals yet far enough
apart that locomotion and escape behaviour are not hindered. Under predation
threat, animals across a range of taxa tend to reduce their nearest-neighbour dis-
tances, in line with Hamilton’s (1971) selfish herd predictions, discussed later in
this book (Hurley 1977; Major 1977; Viscido and Wethey 2002). In terms of loco-
motion, birds on the ground, or on water, maintain lower NNDs than birds in flight.
Surf scoters (Melanitta perspicillata) in a swimming flock had an NND of around
1.5 body lengths (Lukeman et al. 2010), while Canada geese (Branta canadensis) in
flight have an NND (from the centre of each bird) of between 4 and 5 body lengths
and flying starlings (Sturnus vulgaris) in flocks maintain an NND of between around
3 and 7 body lengths (Ballerini et al. 2008; Major and Dill 1978).

In addition to adjusting their behaviour through forces of attraction and repulsion
to maintain preferred NNDs in a group, it has been assumed that the kind of coordi-
nated and polarised behaviour seen in groups must result from individuals aligning
with near neighbours. In other words, it was predicted that animals will tend to show
allelomimetic behaviour, whereby they conform their own speed and direction of
travel to that of near neighbours. Partridge (1981) was able to show that pollock
(Pollachius virens) closely matched their behaviour to two near neighbours. At the
group level, this increases the level of polarisation, while at the individual level, it
facilitates not only the basic regulation of distances between animals but also the
transmission of social information (Partridge 1982).

These simple heuristics — attraction, repulsion and alignment — sometimes
referred to as the rules of interaction, provide the framework which is still in com-
mon use today when we consider the mechanics of collective behaviour (see
Fig. 3.1). Attraction is a prerequisite for the formation of social aggregations, repul-
sion restricts crowding and prevents collisions and alignment is proposed to pro-
duce coordinated motion. These rules have been the basis of simulation models that
seek to examine emergent group-level patterns by encoding behaviour in individu-
als. Self-propelled particle models have been at the forefront of this work (Okubo
1986; Vicsek et al. 1995; Czirok and Vicsek 2000). In these models, multiple par-
ticles move in 1, 2 or 3 dimensions. Depending on the model, each particle is sur-
rounded by a series of concentric zones featuring an inner repulsion zone, an
intermediate alignment zone and finally an outer attraction zone (Huth and Wissel
1992). Typically, each particle moves continuously, adjusting its speed and direc-
tion depending on its interactions with other particles. In particular, each particle
will move away from particles in its repulsion zone, move towards particles in its
attraction zone and adjust its orientation to align with those in its alignment zone
(Aoki 1982; Gueron et al. 1996; Helbing and Molnar 1995; Okubo 1986; Reynolds
1987; Romey 1996).
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Fig.3.1 Schematic
describing the zonal rules
applied by an individual to
their interactions with
others. Three zones are
suggested, ranging outward
from the focal individual at
the centre are (/) the zone
of repulsion, (2) the zone
of orientation and (3) the
zone of attraction. An area 4 1
(4) directly behind the
animal is sometimes
referred to as the blind
angle

The Boids (‘bird-oid object’) programme developed by Craig Reynolds was the
first to simulate the movement of multiple animals in three-dimensional space. In its
simplest form, it uses basic rules, such as collision avoidance, alignment and attrac-
tion to the centre of the group, and in doing so is able to replicate key aspects of the
behaviour of real-life animal groups. This and similar approaches in subsequent
years led to considerable refinement and significant progress towards the goal of
understanding the dynamics of collective behaviour (Czirok et al. 1999; Huth and
Wissel 1992; Flierl et al. 1999; Reuter and Breckling 1994; Gueron et al. 1996;
Levin 1997; Romey 1996). Building on these, and on Aoki (1982), Couzin et al.
(2002) produced a detailed model of a three-dimensional group in which individu-
als were subject to the local behavioural rules of repulsion, alignment and attraction.
The rules were prioritised so that the primary response was to maintain a minimum
distance between individuals and thus avoid collisions; if individuals were not
engaged in avoidance behaviour, then they would be attracted to distant individuals
(within their range of perception) and to align with near neighbours. In addition,
each had a blind angle corresponding to the segment of an animal’s visual field
directly behind that it cannot see; hence, it ignores individuals within this segment.
Finally, an error term introduces an element of noise to the model, corresponding
with environmental stochasticity and with the errors made by individuals in collect-
ing and responding accurately to information. The cumulative effect of these param-
eters was to produce realistic group behaviour in particles — virtual animals — but
importantly also to show that a collective system could transition between different
states according to relatively small changes in the characteristics of local interac-
tions and we discuss this in greater detail later in this chapter. Transitions in group
behaviour were also reported by Vicsek et al. (1995), in particular the tendency of
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order to emerge from disorder in animal groups. Unlike Couzin et al.’s (2002)
model, that used by Vicsek et al. includes only the rule that particles should align
with nearby individuals, plus random perturbations of the system, or noise. As the
density of particle increases to meet a threshold, a phase transition occurs: the level
of alignment among the particles in the system switches from low to high and hence
order emerges from the disorder.

The simulation models presented by researchers such as Viscek et al., Romey
and Couzin et al. provide a neat demonstration of how simple rules encoded at the
individual level can induce fascinating group-level patterns. Moreover, they show
how collective phenomena can result from different rules — in Viscek et al. model an
alignment term, plus noise; in Couzin’s model, attraction, repulsion, alignment, a
blind angle and noise; and in Romey’s model, attraction and repulsion in concert
with variability among individuals (Romey 1996). Indeed, Deutsch et al. (2012)
contended that in any unitary system comprising individuals that are similar, that
move at a steady speed, that interact with others over a given range by changing
direction and which are susceptible to noise, collective motion is almost certain to
result. Perhaps it is unsurprising then that many different models have been pro-
posed, each of which is capable of reproducing real-world patterns. In some cases,
this may relate to specific qualities of the system that a simulation model seeks to
explore, for example, Jeanson et al.’s (2005) model of cockroach aggregation, which
uses a highly localised attraction, corresponding to the actual means of recognition
and attraction in cockroaches, through antennal contact. This attraction-only model
reproduced the patterns of aggregation seen in the cockroaches. Couzin and Franks
(2003) modelled the behaviour of army ants (Eciton burchellii) in trails using a vari-
ant of the repulsion zone, based on the local perception radius. Ants approached too
closely would turn, or reduce speed, where possible. Rather than using attraction to
conspecifics, or alignment zones, as a rule for motion, the ants navigate according
to chemical cues provided by a pheromone trail (Evershed et al. 1982). The model
demonstrates a coordinated collective response based on these individual rules and
accurately replicates the formation of traffic lanes, as seen in foraging army ants in
the wild.

While attraction/repulsion/alignment models have been able to capture key
aspects of the behaviour of groups, including phase transitions, researchers have
also been able to reproduce elements of collective behaviour with simplified mod-
els. For example, Strombom (2011) described a model using only a local attraction
term that was able to produce a diverse range of different collective patterns, espe-
cially when a blind angle was invoked, including swarms, mills and aligned, travel-
ling groups. Perhaps more surprisingly still, inclusion of an alignment term in this
model acted to inhibit the formation of certain aspects of collective behaviour within
the group. Inspired by the mass migrations of locusts and Mormon crickets, in
which cannibalism plays a major role in driving the forward momentum of the
group (Bazazi et al. 2008; Bazazi et al. 2010; Simpson et al. 2006), Romanczuk
et al. (2009) were able to demonstrate that collective motion could result purely
from the tendency of individuals to escape conspecifics approaching from behind
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and in turn to pursue conspecifics ahead of them, terms which are in some ways
analogous to repulsion and attraction, but the model again does not require an align-
ment term in order to generate collective dynamics. Rather than an alignment zone,
Gueron et al. (1996) proposed the idea of a neutral zone, a zone between long-range
attraction and short-range repulsion, functioning to increase the effectiveness of
movement by preventing the need for excessively frequent acceleration and decel-
eration. Increasingly, the tendency of individuals within groups to align is being
seen as an outcome of repulsion and attraction, rather than as an explicit behavioural
rule in its own right.

Shifts in the behaviour of grouping animals occur in response to context, such
as when the group comes under attack. But while these phenomena are typically
observed at the level of the group, to understand how the patterns arise, we need to
examine the responses at an individual level. Hoare et al. (2004) examined the
behaviour of banded killifish (Fundulus diaphanus) in response to food odour cues
and alarm cues, reporting that interindividual distances increased during foraging,
causing the break-up of defined groups, and conversely that density increased
when the group perceived danger. An accompanying self-propelled particle model
explained the results simply in terms of a change in the radius of the interaction
zone, specifically that the distance over which killifish were attracted to conspecif-
ics increases in the presence of a predator and decreases when food is detected.
Generally, as the interaction range increases, there are more individuals with
which to integrate information, so the group as a whole becomes less sensitive to
minor perturbations, which in turn promotes greater coordination of behaviour.
Bode et al. (2010) took a slightly different approach, generating conditions to
manipulate levels of anxiety in sticklebacks, akin to adjusting levels of perceived
threat. They found that under highly anxiogenic conditions, the fish adjusted their
behaviour to synchronise more closely with other individuals within their group.
This pattern could be replicated in a model simply by varying the individual’s
update frequency. In other words, individuals perceiving greater threat increase the
rate at which they acquire information from their surroundings, particularly infor-
mation about their speed and orientation of group mates, and adjust their own
speed and orientation accordingly. This increase in update frequency allowed fish
in the model to synchronise their behaviour more effectively, matching the
observed empirical results.

The characterisation of an individual’s neighbourhood of interaction, essen-
tially a measure determining which near neighbours it is influenced by, is funda-
mental to determining the flow of information among individuals within a group
and ultimately to determining the overall dynamics of collective behaviour.
However, relatively minor differences in parameters describing this interaction
neighbourhood can lead to considerable differences in the predictions of simula-
tion models at the group level, making this the cause of some controversy. Two
main methods have been at the forefront of efforts to characterise the interaction
neighbourhood. First of all, metric interaction neighbourhoods assume that an
individual will respond to individuals within a given distance. This approach has
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Fig. 3.2 Starling murmuration (Walter Baxter [CC BY-SA 2.0 (http://creativecommons.org/
licenses/by-sa/2.0)], via Wikimedia Commons)

an intuitive appeal and also corresponds with our understanding of the sensory
fields of animals. Its main limitation is that as density within a group increases, an
individual could theoretically be forced to attend to very large numbers of near
neighbours, which it is unlikely to be capable of. Nonetheless, despite frequent
criticism, metric interaction neighbourhoods do retain support, for example, in
Attanasi et al.’s (2014) work on midge swarms. An alternative measure, based on
topological interaction neighbourhoods, has gained favour recently. Topological
interactions refer to the way in which an individual responds to a set of near
neighbours, regardless of their distance (Viscido et al. 2005). This approach was
impressively demonstrated by Ballerini et al. (2008) who filmed large flocks of
starlings (Sturnus vulgaris; see Fig. 3.2) above Rome and found that individuals
interacted with, on average, six or seven near neighbours. They argued that the
advantage of this approach is that it is robust to sudden changes in density, such
as those resulting from a predator strike, and this robustness acts to promote flock
cohesion. A simulation model produced by Shang and Bouffanais (2014) provides
some insight as to why this should be the case. Their model predicts that in terms
of maximising the efficiency with which consensus can be achieved in collective
decision-making, an individual should interact with its ten nearest neighbours.

A more recent approach to the question of interaction neighbourhoods consid-
ers the sensory information available to an individual, rather than the spatial rela-
tionship of neighbours to itself (Lemasson et al. 2009). For instance, it is possible
to recreate a focal fish’s visual field, by first distinguishing near from far
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neighbours by the angular area that each subtends on the focal fish’s retina. We
can then remove from the equation those fish that are occluded from the visual
field by nearer neighbours. Strandberg-Peshkin et al. (2013) reconstructed the
visual field of golden shiners (Notemigonus crysoleucas) in a shoal and then
looked at the spread of information through the shoal, expressed as behavioural
responses, through the shoal as a function of this visual field. They found that the
network of interacting individuals based on visual information differed from those
predicted by metric or topological interaction neighbourhoods. Moreover, a com-
parison of this visual field model against its metric and topological counterparts
found that the visual field approach was more effective at explaining the observed
empirical data and contributed to the more efficient spread of sensory information
throughout a group than either of the alternative approaches. By constructing
interaction networks based on the sensory information available to each individ-
ual within a group, it may be possible to predict more accurately the spread of
information through that group. For most groups, the pattern of information
spread using the sensory field approach should be less predictable than for topo-
logical or metric interaction networks but as a consequence may reveal more
about the functional responses of animal groups to predator attacks and other
perturbations.

Impressive advances have been made in our understanding of collective behav-
iour and particularly in linking individual behaviour with group-level patterns, and
most of these advances have come through the use of simulation models. By
manipulating individual interaction parameters, it has been possible to examine
their influence at both the local and global level. The intuitive simplicity of the
interaction rules and the small number of parameters that are generally included in
the majority of models have raised the tantalising prospect of universality in the
organising principles of the collective behaviour of many very different species.
But while simulation models are capable of generating patterns of collective
behaviour that appear similar in many respects to those observed in real animal
groups, this in itself does not mean that the parameters encoded in such models are
those used by animals. A common accusation levelled at the various approaches
used to describe interaction neighbourhoods and social forces is that they are
selected on the basis of their algorithmic simplicity, rather than on biological real-
ism. A further criticism is that experimental results are often distilled down to an
average of many pairwise interactions, producing a so-called mean field perspec-
tive. In many cases, models are concerned with specific systems and the parame-
ters may be adjusted in order to make the model fit observed data, so that we arrive
at a bespoke solution. While this is illuminating with respect to the system in ques-
tion, it fails to provide general, cross-system predictions. Additionally, adjustments
to models may be made at the collective level, effectively overriding the local
interactions that produce the self-organised behaviour in the first instance. In some
cases, models that incorporate very different parameters can produce similar out-
comes (Eriksson et al. 2010); hence, these models make no discrimination between
which parameters are sufficient to reproduce observed phenomena and which are
necessary. The use of statistical approaches that explicitly compare different



40 3 Attraction, Alignment and Repulsion: How Groups Form and How They Function

models in regard to observed data can be extremely useful (Mann et al. 2013;
Strandburg-Peshkin et al. 2013; Romey et al. 2014); however, this alone does not
represent a panacea. Advancing the field requires parallel advances in empirical
and modelling approaches and the intimate connection of these such that models
derive testable predictions for experiments to test and subsequently to further
inform the models. Through these revolutions of the modelling cycle, we can
further increase our understanding of collective systems (Sumpter et al. 2012). The
quest for deeper understanding is being aided in no small part by rapidly improving
technology in the form of tags, GPS and automated tracking, allowing experimen-
talists to identify and differentiate large numbers of individuals in order to collect
high-resolution data on them (Dell et al. 2014; Perez-Escudero et al. 2014) and
novel initiatives such as the adoption of network-based approaches to analyse col-
lective behaviour (Bode et al. 2011a, b).

3.4  Self-Organisation and Emergence

The unifying theme of research into many disparate themes, including collective
motion, decision-making, collective cognition and the dynamics of group member-
ship, is the phenomenon of self-organisation (Bonabeau et al. 1997; Sendova-Franks
and Franks 1999). To use Camazine et al.’s (2001) definition, self-organisation is a
pattern that emerges at the group level of a system as a result of interactions between
lower-level components of the system, in this case, individual animals. In the con-
text of animal collective behaviour, these local interactions typically result in the
coordination of activity at the level of the group (Heylighen 2013). In addition, there
is the important caveat that each individual animal acts in response to local informa-
tion and without reference to the global pattern (Camazine et al. 2001). Considerations
for group-level outcomes are not encoded within individual-level rules — indeed
individuals in most cases are unlikely even to be aware of group-level patterns. This
means that group members have no global plan for the behaviour of the group as a
whole and that control of the group is decentralised and distributed among the group
members. Generally speaking, self-organised groups have a large number of group
members, which limits the ability of any one individual to impose leadership on the
group, although it does not preclude the possibility of subsets within the group
exerting disproportionate influence on the group as a whole (Couzin et al. 2005;
Conradt and Roper 2009); we return to this topic in Chap. 8.

A central feature of complex systems and the process of self-organisation is the
way that group-level patterns are said to ‘emerge’ through multiple local interac-
tions. This term refers to the notion that the patterns manifested by groups cannot
be predicted on the basis of a full knowledge of the local interactions between
individuals (Anderson 2002). Emergent phenomena are guided and shaped by
processes of feedback and nonlinear dynamics. In other words, the outcome of a
process is not directly proportional to its cause: we may see amplification or
dampening of a reaction as it spreads between individuals within the group.
Positive feedback can be described as the amplification of an initial perturbation
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in the system and is usually required in order to recruit group members to a course
of action and thereby reinforce that action. An example of positive feedback is
provided in the selection of resting sites by cockroaches (Blatella germanica).
The presence of a single cockroach in a shelter increases the likelihood of a sec-
ond cockroach pausing there, and as the number of cockroaches in a shelter
increases, the shelter becomes disproportionately more attractive, resulting in the
formation of large aggregations (Ame et al. 2004; Jeanson et al. 2005). Unfettered
positive feedback can clearly create its own problems, especially in the case of
nonlinear amplifications, which can be destructive to any process in which it plays
arole. As a result, negative feedback may often be required to counterbalance and
stabilise positive feedback cycles. In some cases, the negative feedback may be
engineered by signalling, for example, in the stop signals provided by honey bees
to at least partially counteract the positive feedback to the waggle dance and to
limit the recruitment of hive members to a particular foraging site (Nieh 2010).
More generally, negative feedback may be the result of more passive factors, such
as limitations on resources, restrictions in the availability of recruits or habitua-
tion to a novel stimulus.

Conformity to an existing pattern of behaviour can stifle innovation such that,
as conditions change, a group may remain faithful to a particular course of action
even after it has become suboptimal. An extreme example of this was provided by
the naturalist William Beebe who described a circular mill of army ants 350 m in
circumference which persisted for 2 days and resulted in the death of many group
members before eventually being broken, allowing the ants to move on. The con-
formity engendered by imitation may be broken either directly by negative feed-
back, as is the case with some species of ants that deposit repellent pheromones to
prevent further recruitment to a trail (Robinson et al. 2005) or through random
perturbations in the system. Randomness is recognised as an important compo-
nent in self-organisation, since this can generate diversity across groups or yield
novel opportunities which may then be amplified by positive feedback (Anderson
2002; Bonabeau et al. 1997). If the individuals currently engaged in some course
of action have even a weak tendency to diverge from the existing course, then the
shackles of conformity can be broken. To use the example of ants that are effec-
tively trapped in the use of a suboptimal route, if individuals leave this path with
even a low probability, and if these ants construct an alternative trail, then this
may reset the behaviour of the group, if it is amplified through positive feedback.
Beyond this, random perturbations are thought to be important in generating
order. The concept of ‘order through noise’ suggests that a system will tend to
reach a stable state more rapidly in the presence of random fluctuations than in
their absence (Nicolis and Prigogine 1977; Yates et al. 2009). These feedback
mechanisms and the associated nonlinear dynamics are what differentiate com-
plex systems, as exemplified by collective behaviour, from systems where interac-
tions between cause and effect are more predictable and which are therefore more
amenable to the reductionist approaches of classical science (Heylighen 2013).

The structure of the group arises from its internal components rather than
through external forces acting to control or shape it. This does not imply,
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however, that organisms within groups do not interact with their environment
nor that feedback does not occur between individual-level interactions with the
environment and the global structure of the group. Rather, it refers to the absence
of deterministic, top-down control of the group. Indeed, group members must
respond adaptively to environmental changes and to the existence of gradients
within the environment if they are to maximise their own fitness. The ability to
respond adaptively to such gradients, for example, to locate food or to thermo-
regulate by moving along a thermal gradient, is known to be enhanced by social
interactions or, in some cases, exclusively a property of groups, since individu-
als are incapable of responding adaptively to certain gradients (Berdahl et al.
2013; Grunbaum 1998). In addition, there may often be interrelationships
between the group and its environment, where the group modifies the environ-
ment, affecting the way that individuals respond to their environment and so
shaping group-level patterns. The feedback cycle that results may extend in
some cases to a form of niche construction (Odling-Smee et al. 2003). For
example, many animals, including ungulates and humans, tend to form paths
through their environment, which in turn influence the route taken by successive
individuals through the environment, in many cases increasing the efficiency of
the routes taken (Helbing et al. 1997). A negative outcome of the concentration
of large numbers of animals is resource depletion. Large concentrations of fish
or krill may contribute to a localised depletion of oxygen and an increase in
waste products, particularly ammonium, that is at its most extreme towards the
centre of stationary groups and would likely create conditions where individuals
at the centre of such a group would migrate along a chemical gradient away
from the group’s centre (McFarland and Okubo 1997).

Self-organisation is not the only means of structuring group-level patterns and
outcomes, nor does it always provide the optimum solution to a problem (Seeley
2002). A number of alternatives to self-organisation were presented by Camazine
et al. (2001) including the imposition of external control over the actions of
group members, through top-down leadership, through the possession by group
members of some form of blueprint where an outcome can be envisaged and
worked towards or through a template that guides the activity of group members,
such as the responsiveness of ants to carbon dioxide build-up, described by Cox
and Blanchard (2000). Where self-organisation does occur within a system, it
may do so not because it is inherently superior to these alternatives but because
that system lacks an effective global communication system to permit leadership
or because the individuals within the system lack the computational ability to
institute a global plan (Seeley 2002). Nonetheless, self-organising systems pos-
sess the virtue of being both robust and adaptable, enabling them to be respon-
sive to fluctuating conditions. Self-organisation has provided remarkable
solutions to some of the most intractable problems faced by animals and has
yielded phenomena such as the bivouacs and bridges of ants, termite mounds,
consensus decisions and, ultimately, the phenomenon of swarm intelligence.
Self-organisation is a key reason behind the startling success of animals that live
in groups.
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3.4.1 Examples of Self-Organisation

Animal groups express a variety of self-organised patterns. These patterns are end-
lessly mutable and often ephemeral, since the systems are dynamic and the input
provided by the component individuals is ongoing. Nonetheless, there are some
broad categories of patterns that emerge through self-organisation. A key question
relating to this is whether in each case the patterns have any functional importance
or whether they may simply be regarded as epiphenomena. We introduce a non-
exhaustive series of examples of self-organisation and discuss their functional rele-
vance, if any.

3.4.2 Insect Foraging Trails

Eusocial insects provide some of the most compelling examples of self-organisation
at work, the foraging trails created by ants being a case in point (see Fig. 3.3). The
basic process underlying the formation of a foraging trail begins with an ant leaving
its nest and exploring the local area in search of food. If the ant locates food, it then

Fig.3.3 A trail of
leafcutter ants
(Bandwagonman at
English Wikipedia [GFDL
(http://www.gnu.org/
copyleft/fdl.html) or CC
BY-SA 3.0 (http://
creativecommons.org/
licenses/by-sa/3.0)], via
Wikimedia Commons)
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transports this back to the nest and, in the process, leaves a pheromone trail behind.
The pheromone trail attracts other ants to the food source, and as they migrate
between the food source and the nest, the trail is reinforced with additional applica-
tions of pheromone (Wilson 1971; Holldobler and Wilson 1990). Generally, obser-
vations suggest that the trail tends over time to the most efficient route between the
nest and food. Beckers et al. (1992a, b) examined this process of self-organised
optimisation using black ants (Lasius niger), giving the ants a choice of two differ-
ent pathways between a food source and their nest that varied in their length. They
found that ants were responsive to even relatively small differences between the
path lengths and consistently chose the shorter of the two routes. The explanation
for this is straightforward — pheromones accumulate on shorter trails both because
proportionately more are deposited per unit time and because since the trail phero-
mones are volatile, they evaporate over time. In a choice of routes as presented by
Beckers et al., the greater amount of time spent travelling the longer route means
that the pheromone has more time to evaporate in comparison to the shorter route.
Ants encountering two diverging trails are more likely to follow the shorter trail
which has the greater concentration of pheromone, so this route is gradually rein-
forced until the shorter route is selected almost invariably. This has inspired compu-
tational algorithms, in particular the ant colony optimisation algorithm, which are
devoted to finding the best path through a network (Dorigo et al. 1996; Dorigo and
Stutzle 2004). Argentine ants (Linepithema humile) demonstrated an ability to solve
a more complex extension of the dual path problem posed by Beckers et al. when
they were presented with a maze featuring 32,768 different paths between a food
source and the entrance to a nest (Reid et al. 2011; see Fig. 3.4). Only two of these
possible paths represented the optimum in terms of travel distance and time,
yet almost all the colonies tested were able to find an optimal solution to the maze
within an hour and were responsive enough to adapt to alterations to the maze that
meant an alternative solution had to be found. This responsiveness comes in part
through feedback mechanisms, which may amplify or suppress the probability of
choosing particular paths. Additionally, individual ants may also deviate from the
chosen path, which opens up the possibility of those ants locating alternative routes.
If one of these routes offers a better alternative, it may in turn be amplified by posi-
tive feedback.

3.4.3 Lane Formation in Ants

The trails formed by ants, and indeed by other animals, require organisation if they
are to function effectively, particularly if they feature traffic moving in both direc-
tions along the trail. This organisation is manifest in the formation of lanes in social
insects and in human pedestrians (Jander and Daumer 1974; Couzin and Franks
2003; Helbing and Molnar 1995; Helbing et al. 1997). The regulation of traffic into
lanes is exemplified by the foraging trails of army ants (Eciton burchellii) which
may accommodate more than 100,000 individuals, some moving out from the nest
to collect food and others going against this flow, returning to the nest with captured
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Fig.3.4 Argentine ants are able to find the most efficient route even through complex mazes. In
this example used by Reid and co-workers (2011), the ants move from their nest to the left of the
picture through the maze to a food source on the right-hand side. In Box (a), the ants have selected
a route along the top edge of the maze. In (b), however, this option has been removed and the ants
have to adapt in order to solve the maze by moving through a newly installed central link in the
maze. Subsequently, we can see in (c¢) that the ants are in the process of consolidating this new
route (Photo copyright Chris Reid)

prey. Franks (1985) observed that returning ants move along the middle of the trail,
while outbound ants move at either side of this central column.

The formation of army ant trails follows a similar pattern to that described previ-
ously for other ant species; it is mediated by the application and subsequent rein-
forcement of pheromones. Local interactions, in particular collision avoidance,
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structure the spatial arrangement of ants along the trail. As previously described, the
ants are able to detect conspecifics at short range. When they detect another indi-
vidual travelling in the opposite direction to themselves, they move aside. When a
procession of two or more ants forms where each is entrained to walk in the same
direction, transport is more efficient, since there are fewer stops and starts — as
Helbing and Viscek (1999) put it, in respect of lane formation in humans: the system
minimises the interaction intensity of the pedestrians. The establishment of lanes
occurs through positive feedback, since the probability of an ant leaving one of
these processions decreases as the size of that procession increases, so the proces-
sions grow and form into continuous lanes and the system can be said to have
reached a more stable state. The development of the three-lane structure was
explained in Couzin and Franks’ (2003) model by reference to differences in the
turning angles of outbound ants and returning ants when they encounter another ant,
travelling in the opposite direction, which will likely be carrying prey. The out-
bound ants, which are not burdened with prey, exhibit a higher turning angle than
the returning ants, and it is this simple heuristic which drives the migration of the
outbound ants to the edges of the trail. The functional benefits associated with the
basic process of lane formation are clear in terms of transport efficiency. Whether
there is any further benefit to the formation of three lanes in army ants is open to
discussion. One possible viewpoint is that the outgoing ants on the periphery of the
trail effectively place a cordon between some kinds of opportunist scavenger and
the food being conveyed back to the nest by returning ants. However, this does not
serve to insulate the returning foragers from the attentions of various species of
antbirds which kleptoparasitise the ants’ catch (Wrege et al. 2005).

3.4.4 Group Morphology

The shape of groups arises through self-organisation, mediated by external influ-
ences from the physical environment, resource distributions and predator threat.
There is almost endless variety in the shape of animal groups, yet there are consistent
differences between taxa and some consistency within taxa. For example, many spe-
cies of fishes, birds and midges form groups that move in three dimensions, yet the
characteristics of their groups are very different despite the underlying assumption of
broadly similar interaction rules between individuals across such groups. Differences
are equally prevalent among species that move in two dimensions. Locusts in the
grouping stage of their lives can form huge groups — marching bands of juvenile
locusts can encompass billions of individuals (Uvarov 1977). The shape of these
groups varies, but frontal structures, where the group form is characterised by a
dense, narrow band that can be several kilometres in width, are common in both the
Australian plague locust (Chortoicetes terminifera) and the desert locust (Schistocerca
gregaria) (Buhl et al. 2011, 2012). Despite their huge size and numerosity, these
bands are driven by simple local interactions over a relatively short range — each
Australian plague locust aligns with individuals over a range of just 13.5 cm
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(Buhl et al. 2011). Bazazi and co-workers (2008) demonstrated the importance of
cannibalism as an organising principle in desert locust bands, since individuals who
remain still may be attacked by other group members. This gave rise to an idea of
collective motion in these species being driven by an escape and pursuit scenario,
where each individual attempts to avoid being attacked from behind while simultane-
ously moving in pursuit of those in front. This contention was not supported by field
data on Australian plague locusts (Buhl et al. 2012), possibly indicating species-
specific differences in the way the animals interact.

Models of moving fish schools invoking attraction, repulsion and alignment
between members predict an approximately oblong shape (Hemelrijk and
Hildenbrandt 2012). This morphology is reasonably consistent across a range of
different school speeds and compositions. The oblong shape is argued to emerge
as a result primarily of local repulsion — fish leave a gap in front of themselves to
avoid colliding with individuals ahead. In mobile, polarised groups, the effective
repulsion zone in front of an animal needs to be greater than to either side, rather
like cars travelling along a motorway. Across the entire group, this has the effect
of elongating the shape into an oblong. This prediction is broadly supported by
observations of fish shoals in the laboratory and in the wild (e.g. Partridge et al.
1980; Pitcher 1973a, b) including a study by Hemelrijk et al. (2010) on mullet
(Chelon labrosus), examining the three-dimensional structure of schools of differ-
ent sizes. At slower speeds, groups may generally become less ordered and less
predictable. A model of herding behaviour in zebras predicted that groups moving
at slow speeds would move in a phalanx, whereas as speed increases, a more regu-
lar group structure is predicted, which would have a similar profile to the fish
groups described by Hemelrijk and Hildenbrandt (2012) (Gueron et al. 1996). By
contrast, at greater speeds, Hemelrijk and Hildenbrandt predict schools should
lose the oblong shape, becoming more teardrop shaped with a longer trailing tail.
In addition, when groups are extremely large, group morphology also diverges
from this oblong pattern.

In contrast to fish schools, and with the exception of the V-shaped formations
of birds such as geese, bird flocks show very little consistency in space or time.
The overall group morphology appears endlessly mutable, which incidentally
may be why such flocks present such a mesmerising spectacle. Inspired by the
dynamics of starling flocks, Hemelrijk and Hildenbrandt (2011) found that the
shift in shape seen in airborne flocks can be explained by the dynamics of flight,
and in particular, the turning behaviour of birds contributes to the variability in
group shape. Unlike fish shoals, when bird flocks turn, the relative positions of
birds in the flock are shifted and the overall shape of the group is changed
(Pomeroy and Heppner 1992). In addition, as the flock increases in size, the flock
may be effectively composed of subflocks that diverge from one another in their
movements.

A fascinating study by Brierley and Cox (2010) found remarkable convergence
in the morphology of aggregations of pelagic animals including both krill and fish.
Over a thousand krill (Euphausia superba) swarms were examined using
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multi-beam sonar, enabling them to be characterised in three dimensions. These
were compared to fish shoals examined using similar technology. The morphology
of the groups was not a regular, geometric shape, but rather what the authors
referred to as a ‘multifaceted lozenge’. Described in terms of roughness, or surface
area to volume ratio, the similarity across a wide range of shoal sizes and densities
was suggested to represent a potential universal response to factors experienced by
all large groups in pelagic areas and in particular as a response to balance the need
to migrate towards the centre of the group to minimise predation risk with the pres-
sure to move in the opposite direction to avoid the oxygen-depleted core of large
groups. Despite the similarity of such groups in terms of roughness, there may yet
be sufficient consistent differences between species in terms of the morphology of
the groups that they form to allow identification of species based on a snapshot of
group morphology. (Guillard et al. 2011).

Another aspect of large groups is the emergence of self-organised structures
involving a subset of the group’s members. An example of this is the wave-like pat-
terns that form at the leading edge of migrating wildebeest herds. These patterns are
generated by small perturbations which are then amplified into producing huge
undulations across the front of the group. Despite the size of the pattern, the wilde-
beest interact with only a relatively few near neighbours — indeed, large interactions
would tend to flatten the undulating front of these groups (Couzin and Krause 2003;
Gueron and Levin 1993). Brierley and Cox (2010) reported more complex shapes
emerging in groups of krill, such as a dumbbell shape and six- and eight-limbed
spheres. Similarly, fish shoals seem to send out what Radakov (1973) referred to as
‘feelers” where a proportion of the group initiates a new travelling direction and a
process moves out from the group boundary. These initiatives may be abandoned,
and those individuals return to the group, or they may be amplified through the
group. Interestingly, when this amplification occurs, a common pattern is the forma-
tion of two dense groups, comprising animals that have moved and those that have
yet to move, connected by a narrow neck of rapidly moving animals, so forming the
dumbbell shape described by Brierley and Cox. Partridge (1981) raised the possibil-
ity that such patterns reflected the fact that large groups comprise several subgroups
and that while individuals within subgroups may interact with others beyond that
subgroup, such interactions are weaker than those that occur within subgroups. As
yet, there is little direct evidence to support this contention but it remains a valid
hypothesis.

3.5 Organisation and Structure of Animal Groups

Much of the internal structure of groups emerges through self-organisation. These
include interrelated patterns such as the speed and alignment of group members and
the density and the angle between them. Further measures include phenotypic and
size assortment and the positioning of individuals in a group. Speed often plays an
important role in this, since larger animals tend to move at a greater overall speed;
this tends to lead to self-organised size assortment between groups and assortment
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with more similar individuals within groups (Krause et al. 2005). Hungry animals
also tend to move more quickly than relatively satiated conspecifics, which can lead
to the positioning of hungry animals at the front of groups (Hansen et al. 2015a, b;
Krause et al. 1998a). We consider these aspects of group structure at greater length
in Chap. 6.

3.5.1 Polarisation

In the context of animal grouping, polarisation is a measure of the alignment of
group members. Indeed, the extent to which a group is polarised is sometimes taken
as a proxy for its organisation. Pitcher (1983) used polarisation as a means to distin-
guish between shoals, being loose aggregations of fish, and the more ordered aggre-
gations known as schools. In addition to polarisation, order in animal groups may
be exemplified by the degree of collective rotation. In some cases, group members
may rotate around their centre of mass, forming a structure known as a mill (or a
torus in three dimensions). Mills have little polarisation at the group level, although
they are aligned at local levels.

High polarisation in many groups emerges as group members increase their
speed (Viscido et al. 2004), and indeed it is beginning to be recognised that speed
regulation plays an important role in structuring collective motion generally. The
strength of the response of animals to neighbours increases with speed, which,
although not explicitly coded in most SPP models, may be an important factor in
structuring group-level patterns (Herbert-Read et al. 2011; Katz et al. 2011).
O’Brien (1989) reported that polarisation in swarms of crustaceans decreased in the
presence of food and in the presence of a predator. In both cases, this may be the
result of reductions in speed.

3.5.2 Density

Relative differences in density within groups may refer particularly to differences
between the edge and the centre of a group or between the front and back of a travel-
ling group. Numerous studies have reported greater density at the front of moving
groups than at the back (Crofton 1958; Bumann et al. 1997; Hemelrijk and
Hildenbrandt 2012). The picture is not quite so clear for patterns of density in the
centre and at the edges of groups. Ballerini and co-workers (2008) reported that the
edges of starling flocks were more dense than their interiors, which agrees with the
observations of Soria and co-workers (2007) on bigeye scad (Selar crumenophthal-
mus) but is the opposite of the pattern observed by the same group of researchers on
barred flagtail (Kuhlia mugil) where the density at the centre of the group is greater
than at the edge, as predicted by most SPP models (Sumpter 2010). This lack of
congruence between different species would seem to undermine suggestions of uni-
versality in patterns of grouping behaviour, despite the predictions of SPP models
of broad similarities across species. The possibility remains that some of the
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patterns observed in laboratories do not necessarily reflect natural patterns of move-
ment. The situation requires greater attention to be paid to the design of experiments
in the field and the collection of high-resolution data on free-ranging animals.

3.5.3 Bearing Angle

The angle between an animal and its nearest neighbour in the group is often referred
to as the bearing angle. Examining this across an entire group gives an idea of the
spatial relationship of the group members. This has been measured for a wide range
of different species (see Table 3.2).

It has been suggested that grouping animals with a strong social tendency are
more likely to form highly structured groups featuring consistent bearing angles,
compared to species with a weaker social tendency where the bearing angle would
be far more variable (Dill et al. 1981). This contention lacks support at present but
would certainly be worthy of additional study. Where animals do maintain consis-
tent bearing angles between themselves and near neighbours and these angles repeat
across the group, the animals may be seen to form into a kind of lattice.

Two main functions are proposed for this structuring pattern. Firstly, regular
spacing in this manner may act to maximise the efficiency of information flow
through the group by ensuring that the visual field is uncluttered. In such a structure,
animals can perceive all near neighbours and can obtain salient information.
Secondly, the structure may relate to aerodynamic, or hydrodynamic, efficiency.
The calculated optimal bearing angles for locomotory efficiency have been achieved
in the groups of some species (Cullen et al. 1965; Pavlov and Kasumyan 2000), but
generally empirical data do not support the structuring of groups primarily to
achieve this objective (Partridge et al. 1980; Usherwood et al. 2011). Nonetheless,
studies have shown that despite the failure to conform to optimal predictions, travel-
ling in a group can yield energy savings for individuals in trailing positions through
drafting (Herskin and Steffensen 1998; Johansen et al. 2010). The bearing angle
may therefore represent a trade-off between different needs: the ideal group struc-
ture for locomotory efficiency may not be the same as that for information transfer
or the detection of threats (Abrahams and Colgan 1985). Further, the possibility
exists that the bearing angle is an epiphenomenon emerging from the existence of
the blind angle of the animals. Hemelrijk and Hildenbrandt (2012) suggest a

Table 3.2 Bearing angles measured between near neighbours in groups of different species

Species Bearing angle Reference

Sheep (Ovis aries) 55° ahead Crofton (1958)
Starlings (Sturnus vulgaris) 90° Ballerini et al. (2008)
Dunlin (Calidris alpina) 45° Major and Dill (1978)
Cod (Gadus morhua) 90° Partridge et al. (1980)

Herring (Clupea harengus) 45° and 135° Partridge et al. (1980)
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positive relationship between the size of the blind angle and the bearing angle. It
would be informative to test this contention in grouping animals with 360° vision,
such as soldier crabs (Mictyris longicarpus).

3.5.4 Transitions and Multistability

Analogies are often made between the structural organisation of animals in a group
and the pattern of molecules in matter. For example, Gregoire et al. (2003) produced
a self-propelled particle model and examined the properties of the group as a func-
tion of attraction strength. Where attraction was low, the particle moved freely like
molecules in a gas; an increase in attraction caused the particles to coalesce into a
liquid-like state and a further increase produced a fixed, lattice-like structure akin to
molecules in a crystal. The analogy can be further extended to consider phase transi-
tions — changes in the state of a physical system. For physical matter the conditions
under which phase transitions occur are well understood, but can we predict the
circumstances under which animal collectives undergo phase transitions?

We can consider two, non-mutually exclusive types of phase transition: first, the
transition from disorder to order, where order describes a state of polarised and syn-
chronised behaviour among group members, and, second, transitions between differ-
ent group states. We described earlier the tendency of particles in Vicsek et al.’s
(1995) and Couzin et al.’s (2002) models to make transitions according to changes in
particle density and model parameters, but are the predictions of these models borne
out by empirical data? Buhl et al. (2006) examined the movement of desert locusts
(Schistocerca gregaria) in an annular arena and found that the collective patterns
exhibited changed as a function of the density of insects in the arena. At low densi-
ties, the locusts showed little coordination with each other, but as density increased,
order began to emerge, as predicted by Vicsek et al.’s model. At medium densities,
the insects exhibited collective motion with periodic, self-organised switches in
direction. As density increased still further, the tendency to switch direction disap-
peared, and the locusts became entrained to move in a particular direction. A simple
mechanism for this density effect is that as density increases, the frequency of inter-
actions (or collisions) increases, which favours the transfer of information and the
adoption of more efficient (i.e. aligned) trajectories (Mann et al. 2013). Work on
tilapia (Oreochromis niloticus) and herring (Clupea harengus) by Becco et al. (2006)
and Makris et al. (2009) respectively also supports the notion of the emergence of
order with increasing density; however, the results of a combined empirical and
modelling study by Gautrais et al. (2012) on barred flagtails (Kuhlia mugil) predict
reductions in social interactions at increased densities and an associated reduction in
global order, suggesting that while disorder may transition to order according to
density, the ordered state of the system may not be entirely stable in all cases.

Three main states are predicted by models featuring attraction, repulsion and
alignment: swarms, mills and polarised groups. A swarm describes a pattern where
group members are moving but the overall group remains in roughly the same place
and is characterised by cohesion but little polarisation between members. Mills and
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toruses feature collective coordination of activity among members as individuals
move around in a circle around an empty core. The third state is that of a group
where members move collectively in a given direction and global polarisation is
high. The model proposed by Couzin and co-workers (2002) demonstrated that
transitions between these states could be effected by adjusting the size of the align-
ment zone while keeping the repulsion and attraction zones constant. As the size of
the alignment zone increased, the particles would switch from a stationary swarm to
a milling pattern and then eventually to a highly polarised moving group. The model
demonstrated how comparatively small changes in the rules of interaction between
individuals could result in dramatic shifts at the group level. Interestingly, this
model also predicted the phenomenon of multistability, which describes how an
identical set of local interaction rules can produce different patterns at the global
level. In this case, the milling and polarised states could emerge from the same
interaction rules. The predictions of the model were tested by Tunstrom et al. (2013)
using golden shiners, in groups of 30-300 fish in a laboratory setting. At different
times and as predicted, the shiners formed swarms, mills and polarised groups. The
transition from swarming behaviour to either of the other two patterns was governed
by an increase in swimming speed. However, this increase in speed and order coin-
cided with a decrease in density, which is the opposite of the relationship described
by Vicsek and co-workers (1995) and by Buhl and co-workers (2006). Moreover,
the relationship between density and speed, negative in the study by Tunstrom and
co-workers, was the opposite of that documented by Partridge et al. (1980), who
found that the interindividual distance in schools of pollock decreased as the speed
of the group increased. One difference between the studies that might explain these
perplexing contradictions is that while the former examined a wide range of group-
ing states, the latter examined only the patterns existing in one state, that of polar-
ised moving groups. Ultimately, the model prediction of multistability (or in this
case, bistability) was supported by Tunstrom et al.’s experimental data; transitions
between the different states were triggered by either the movements of a number of
group members or interactions with the environment.

3.5.5 Synchronisation

A final example of self-organised behaviour is that of synchronisation, where animals
coordinate their activities in time. Synchronisation is perhaps most apparent where an
animal’s activity can be reduced to a binary state, for example, moving/not moving or
signalling/not signalling. Two animals may synchronise their activity so that they are in
phase (i.e. both signalling at the same time) or out of phase (i.e. each signals when the
other does not). There are many examples of such synchronisation in collective behav-
iour, including among human audiences, who synchronise their clapping behaviour
(Neda et al. 2000). The mechanism for this was described by Kuramoto’s coupled oscil-
lator model (Kuramoto 1984), which explained that while individuals may have differ-
ent patterns of periodicity in their expression of a behaviour, many can become entrained
if each somehow adjusts their own pattern according to social feedback. Fireflies
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advertise for mates by producing bioluminescent flashes and they coordinate their
flashes with near neighbours (Buck and Buck 1976). Similarly, cicadas (Henicopsaltria
eydouxii) synchronise their calls with near neighbours such that waves of singing can be
detected moving across the landscape (Herbert-Read et al. in prep).

Cole (1991) examined the activity patterns of ants (Temnothorax allardycei), find-
ing that individuals seemed to show no consistent pattern of activity and that pairs
placed together exhibited no sign of synchronisation, despite the fact that it is known
that ants stimulate each other into activity. Nonetheless, in larger groups and at the
colony level, the ants coordinated their activity to produce rhythmic patterns of activ-
ity with a periodicity of 26 min. A study on a related species found that there were
different patterns of periodicity across the nest, with brood-care workers producing
synchronised patterns of activity but those at the nest entrance much less so, since their
activity was disrupted by the frequent arrivals and departures of foragers (Boi et al.
1999). These patterns of activity may help to evenly distribute brood-care effort
(Hatcher et al. 1992) or to increase the efficiency of information transfer by allowing
a greater number of ants to interact (Franks and Bryant 1987). Synchronicity in the
behaviour of animals plays an important role in shaping the dynamics of grouping
behaviour and is in turn shaped by the local environment and by the internal state of
the animals themselves (Conradt and Roper 2000). In a study on chacma baboons
(Papio ursinus), King and Cowlishaw (2009) provide a fascinating insight into the
relationship between individual activity and group-level behaviour. They found greater
likelihood of synchronous behaviour across groups early in the day, when the animals
were intent on foraging, and that the animals were more synchronised in woodland as
opposed to open habitat, which may relate to the foraging strategies of the animals in
woodland (King et al. 2009), and when the groups were more cohesive.

3.6 Summary

Our understanding of collective behaviour has undergone a transformation in recent
times, and recent technological innovations mean that empirical approaches to test
the predictions of models, until recently impossible, are now within our grasp. In
this regard, the opportunity exists to determine how the existence of differences
between individuals in terms of their physiology, their temperament and their inter-
nal state, including aspects such as nutritional state, affect the expression of behav-
iour, particularly in a social context. Information gathered using sensor tags can
integrate real-time physiology and movement data, allowing us to examine how
these aspects shape the way in which individuals interact with other group mem-
bers, and how they scale to affect group-level processes. While laboratory work will
continue to provide valuable insight, opportunities now exist to study animal collec-
tives in their natural environments, in turn bringing greater biological realism to our
understanding of collective behaviour.

At the heart of research into collective animal behaviour is the need to relate the
behaviour of one level of biological organisation — the individual — to the behaviour
of the other level, the group. The interacting individuals cause patterns to emerge at
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the group level. As these emergent patterns typically have no single, unique set of
causes, making them complex and often unpredictable, this presents a problem that
we need to consider in a different way to many others in the study of animal behav-
iour. Nonetheless, insights are possible as we gain greater understanding of the
organising principles that structure the interactions of the individual elements in the
system and use this information to identify elements in group behaviour that are
consistent across events.



4.1 Introduction

The social environment has a substantial effect upon the ability of animals to find and
hold on to food and other vital resources. At the same time, grouping can play an
important role in determining how likely individuals are to end up becoming prey for
others. Many animals are both predator and prey and must face the challenges of
foraging and responding to the threat of predation simultaneously (Beauchamp 2013).
The first part of this chapter considers matters from the perspective of the forager.
When animals forage together, their success, both in terms of finding resources and
actually getting to consume them, is likely to be affected by the presence and behav-
iour of their group mates. Here we use the term forager in a very broad sense. While
a good number of the examples we cite consider predators — animals that actively
search for and consume other living animals — most of the concepts we discuss are
relevant to scavengers, herbivores, detritivores and drift feeders too. Indeed, most of
the principles discussed in this chapter may also be applied to animals that are search-
ing for mates, water, minerals, nesting materials, tools or any other contestable item or
resource that they may require in order to function. In some cases, different lines of
research have emerged to deal with different types of resource, each with their own
terminology. For example, the ways in which foragers interact and shape one anoth-
er’s behaviour have been widely studied within the framework of social foraging
(Giraldeau and Caraco 2000), while courtship and competition for mates have been
considered under the umbrella of communication networks (McGregor 2005). We
suggest that many of the costs and benefits of foraging together that we discus in the
following sections will apply widely to many or all of these different resources,
although of course the finer details of how competition for these actually plays out
will depend upon the behaviours being studied and the species concerned. In the sec-
ond part of this chapter, we focus upon the antipredatory costs and benefits to prey
animals of grouping. At the very end of the chapter, we consider mixed-species
groups, the evolution of which appears to have been driven by a combination of social
foraging benefits and the need to avoid predators.
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4.2  From the Perspective of the Forager

One of the key advantages to foraging in groups is access to information, for
example, about resource distribution, quantity and quality. This can benefit indi-
viduals if it improves the efficiency with which they search. For those that produce
such information, this can also be a cost, if it permits others a chance to scrounge
or steal the resources that they have found. Foraging in groups can also be advanta-
geous if it allows predators to overcome prey defences or to work together to catch
large or dangerous prey that individuals alone may not be able to tackle.
Competition for finite resources is often the key cost of social foraging. This can
take a number of forms, from simple depletion of a common resource to klepto-
parasitism and direct aggression. It can have indirect effects too: individuals may
be compelled to accept more risk when foraging as competition intensifies, or else
they may search with lower efficiency, as they monitor and avoid others who may
steal from them or attack them. In some cases, owing to their spatial positioning
relative to others, individuals may find themselves in the shadow of competitors
who are able to access resources before them. Finally, large groups of foragers
may be more readily detected by their prey, and the passage of multiple predators
may trigger prey to seek refuge, rendering them unavailable to other hunters in the

group.

4.2.1 Access to information

Alongside antipredator benefits, discussed later on in this chapter, perhaps the
greatest advantage to foraging in a group is access to information. Information
is a vital currency for foragers; the means to effectively locate resources and
discriminate between those of lower and higher quality are likely to be favoured
by selection if they translate into increased foraging efficiency. As they forage,
animals produce cues that can alert others as to the location of resources. In
some cases, successful foragers may actively signal that resources have been
found. This may occur if it benefits foragers to recruit others to join them at a
resource patch. The conditions under which recruitment may occur are dis-
cussed in Chap. 7. It is likely however that in the majority of cases, these cues
are produced passively. That is, they are produced inadvertently as a by-product
of the forager’s behaviour as it interacts with the environment and exploits the
resources that it has found. Observers that detect these cues and join the forager
can be thought of as information parasites or scroungers. Where animals are
able to identify group mates that have found food, so long as they are able to
obtain a share of it, it may benefit them to forage in large groups. This is because
larger groups are expected to find food faster, since the greater the number of
searchers, and the greater the area or volume of space that they occupy, the
faster they will encounter resources (Pitcher et al. 1982; Cvikel et al. 2015).
Moreover, animals in larger groups may search more efficiently, more
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intensively or more widely, whether due to facilitation through reduced predator
vigilance costs or because they are compelled to do to compensate for higher
levels of competition (Grand and Dill 1999; Webster and Laland 2012; Herbert-
Read et al. 2013).

There are very good reasons as to why animals should make use of social infor-
mation generated by others. Searching the environment directly can be costly both
in terms of time investment and exposure to predation risk and other hazards. It may
therefore pay individuals to join others that have found resources or to exploit the
same types of resources that they exploit if they are able to do so. On the other hand,
indiscriminately copying others is not an adaptive strategy in the longer term
(Giraldeau et al. 2002). This is because the distribution and quality of resources can
change between locations and over time, meaning that socially transmitted informa-
tion may quickly become outdated. Foraging decisions based upon obsolete infor-
mation may be suboptimal or even maladaptive. In the laboratory, naive guppies
(Poecilia reticulata) follow and learn the routes travelled by their shoal mates and
persist in using these even after shorter routes are made available (Laland and
Williams 1998). Young and inexperienced bobolinks (Dolichonyx oryzivorus) use
the calls of experienced older males when selecting breeding territories and can be
experimentally induced to settle in and defend suboptimal territories using audio
playbacks (Nocera et al. 2006). Finally, basing foraging decisions solely upon
socially transmitted information may lead foragers to overlook resource patches
that may be more productive than the ones that they have seen others exploiting. The
evolution, mechanisms and function of social information use and social learning,
and the conditions under which selection is expected to favour social information
use, continue to receive a great deal of attention from researchers. Detailed reviews
of this field are provided by Valone and Templeton (2002), Danchin et al. (2004),
Laland (2004), Hoppitt and Laland (2008, 2013) and Rendell et al. (2011). Here we
focus upon several key concepts in social information transmission: local enhance-
ment, public information use and the information centre hypothesis.

4.2.1.1 Local Enhancement

Local enhancement is generally defined as the attraction of an animal to locations
where it can detect or has previously detected other individuals (Hoppitt and Laland
2008). Precise definitions vary (see also, e.g. Thorpe (1956) and Galef (1988)), but
we suggest that the one presented here captures the way that the term is most com-
monly used in the behavioural ecology literature today. Many social animals show
a tendency to approach others irrespective of whether they are foraging or not, and
in many cases local enhancement may be a by-product of such social attraction.
Local enhancement need not therefore occur solely for foraging reasons.
Nevertheless, for many species, it is probably an important component of social
foraging behaviour. Even over short distances and especially over longer ones, feed-
ing animals may be more obvious than the resources that they are exploiting and for
which the forager is searching. It may therefore pay foragers to move towards
groups of conspecifics, since under some conditions, these may be a reliable proxy
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for the location of resources. As such, local enhancement can operate across a range
of levels, from tens of kilometres to the very fine scale, within the area occupied by
the foraging group itself.

At the landscape scale, local enhancement when searching for food may be espe-
cially important for some birds, such as pelagic seabirds (Thiebault et al. 2014) or
carrion feeding vultures (Houston 1974; Jackson et al. 2008). This is because aerial
aggregations may be more readily detectable than the food over which they are gath-
ered. In other species of birds, those in flight may use the presence of conspecifics
that have alighted upon the ground to locate food patches. Furthermore, some species
may be able to use the posture or behaviour of conspecifics in order to determine
whether or not they are feeding, information that can affect their decision to join
them or not. This has been demonstrated in great blue herons (Ardea herodias);
although they are normally solitary predators, individuals will join others that are
feeding (Krebs 1974). Visual cues may be less readily available over long distances
to terrestrial animals, whose field of vision may be disrupted by the topography of
the land, or to aquatic animals, since attenuation of light in aquatic environments can
severely limit visibility. Here, local enhancement may operate through other sensory
modalities, such as hearing or detection of chemical gradients.

Local enhancement is an important process at finer scales too. Dispersed groups
of foragers can search for resources both directly and indirectly, by monitoring the
behaviour of nearby group mates, exploiting the cues that they produce as they
feed. In spice finches (Lonchura punctulata), birds that have found food move their
heads up and down as they handle and consume it, a reliable cue as to the location
of food that can be exploited by others (Coolen et al. 2001). The relationship
between searching for resources directly and looking out for others that have found
them is captured by the producer-scrounger family of models, in which the produc-
ers search for food and the scroungers monitor their discoveries, using this infor-
mation to move in and steal from the producers. Individuals can act both as
producers or scroungers, and in some cases they may switch between the two
modes of foraging or do both simultaneously (Vickery et al. 1991), while in others
they may tend to specialise as one or the other (e.g. Giraldeau and Lefebvre 1986).
The relative proportion of producers and scroungers operating within a group at
any given time exists in a state of dynamic equilibrium, since the fitness return of
one role depends upon the frequency of the other. When producers are most com-
mon, it may pay to scrounge since there will be lots of opportunities to do so. When
most members of the group are scroungers, however, competition between them is
likely to be high, because there are many of them and the amount of food being
discovered by the few producers is low. Under such conditions, it may be better to
be a producer, especially if the producer is able to consume some of the food, the
so-called finder’s share, before the scroungers arrive to compete for it (Barnard and
Sibly 1981; Vickery et al. 1991; Di Bitetti and Janson 2001). Laboratory experi-
ments have shown that flocks of birds can converge over time on the predicted
stable equilibrium ratio of producers to scroungers for a given food distribution.
Mottley and Giraldeau (2000) allowed three captive flocks of spice finches to
socially forage for seeds. The feeding rate of scrounging birds was highly
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Fig.4.1 The number of a
spice finches using
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negatively frequency dependent with respect the number of birds that were using
scrounging tactics at any given time, while the feeding rate of producers showed
little or no decline with scrounger frequency. Birds alternated between producing
and scrounging and within a week or so the groups converged upon the stable equi-
librium frequency of the two tactics (Fig. 4.1).
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4.2.1.2 Local Inhibition

While local enhancement deals with the tendency of animals to move towards loca-
tions where others are or have been, the opposite effect can occur too, with animals
actively avoiding locations where they have detected others. This has been termed
local avoidance or local inhibition. Local inhibition may be an important means by
which foragers avoid searching for resources in locations that have recently been
visited by others and which may have already been exploited. In some stingless bees
(Meliponini spp.), for example, foragers avoid visiting flowers that have recently
been exploited by colony mates and which may be temporarily depleted (Slaa et al.
2003; Biesmeijer and Slaa 2004). Local inhibition can also be an important process
in shaping how social foragers avoid conspecifics that may kleptoparasitise or
behave aggressively towards them and may also be an important process in mitigat-
ing against prey depression in some species. The effects of competitor and aggres-
sor avoidance upon foraging efficiency are discussed in a little more detail below.

4.2.1.3 Public Information About Resource Quality

Foragers may use socially transmitted information not only to locate resources but
also to assess their quality or quantity, relative to other options. The ability to use
social information to assess quality may benefit individuals in a number of ways,
not least by allowing them to make comparisons without the need for potentially
costly direct sampling (Valone and Templeton 2002). Animals may use social infor-
mation for relative quality assessment in the short term, for example, when moving
between prey patches, as well as in longer-term decisions, such as where to locate
breeding territories. Indeed, in the case of the latter, social information use has been
suggested to be a significant driving force behind the formation of breeding colonies
(Danchin and Wagner 1997), with breeders establishing nests in areas where breed-
ers in previous years have successfully raised many or high-quality young (Doligez
et al. 2002; Aparicio et al. 2007; Calabuig et al. 2008). Returning to foraging, in the
shorter term, foragers may use social information to select between prey patches
that differ in their productivity. This has been extensively studied in ninespine stick-
leback fish (Pungitius pungitius). Sticklebacks that were allowed to watch two
groups of conspecifics foraging at patches that yielded prey at different rates were
shown to be able to discriminate between the richer and poorer patch using conspe-
cific feeding behaviour alone, tending to approach and remain in the richer patch.
This was the case both when the feeding conspecifics were still present and also
after they and the food had been removed, indicating that the sticklebacks had
learned the location of the rich patch (Coolen et al. 2003; Laland et al. 2011).

4.2.1.4 Groups as Information Centres

Animals that forage independently but which share communal roosts, nests or shel-
ters may inadvertently transmit information about resources that they have found
to their roost mates when they return. Under such conditions, the communal shelter
can be thought of as an information centre (Ward 1965; Ward and Zahavi 1973).
While it was originally through that individuals may be able to recognise success-
ful foragers and follow them when they next set out to forage, some researchers
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have argued that the evidence for this effect is overstated (Richner and Heeb 1995).
Nevertheless, convincing support for an information centre function for group liv-
ing is provided by a few studies. One concerns the colonial breeding cliff swallow
(Hirundo pyrrhonota). Here, unsuccessful foragers were seen to return to the col-
ony and subsequently follow more successful colony mates in order to locate prey.
The followers may identify successful foragers by the numbers of insects that they
bring back to the colony to feed to their chicks (Brown 1986).

Beyond following others, there may be other mechanisms by which information
is passed between animals sharing shelters about the availability, quality or palat-
ability of resources in the environment. A huge body of work by Galef and col-
leagues (Galef and Wigmore 1983; reviewed by Galef 1996, 2009) has shown that
brown rats (Rattus norvegicus) tested in the laboratory are able to socially acquire
food preferences through smelling a particular food type on the breath of a conspe-
cific that has recently eaten it (Fig. 4.2). Rats acquire preferences for novel foods
that they have not encountered before if exposed to them in this way. The implica-
tion of this work is that the shared resting places of rats may act as information
centres wherein conspecifics can learn about which foods in their environment are
good to eat. It would be informative to test these predictions in wild or commensal
populations of rats, now that the technology exists to do this. In a similar experi-
ment, this time focussing upon another rodent, the dwart hamster (Phodopus camp-
belli), one member each from a number of a breeding pairs was trained to forage for
two types of food, each of which was placed in its own unique location. Only one of
the two foods was available on each day. The partner of the forager was then allowed
to eat and store the food that was available on that particular day — this served as a
cue to the forager as to which food was present, and they subsequently were more
likely to approach and search in the location of that particular food (Lupfer-Johnson
et al. 2009). Evidence for social enhancement of food preferences has been found in
other species too, including domestic dogs (Canis familiaris, Lupfer-Johnson and
Ross 2007) and in short-tailed fruit bats (Carollia perspicillata, Ratcliffe and ter
Hofstede 2005), suggesting that the social assemblages of these animals may also
potentially have an information centre function.

4.2.1.5 Other Benefits of Foraging in Groups

Foraging in a group may allow group members to collectively overwhelm the
defences of resource holders. Solitary juvenile ravens (Corvus corax) can be
excluded from a food resource, such as a carcass, by territorial pairs of adults. The
response of juveniles to this is to recruit others so that they are able to gain control
of the carcass by weight of numbers (Heinrich and Marzluff 1995). In a similar way,
territorial dusky damselfish (Stegastes dorsopunicans) defend algal mats, prevent-
ing potential competitors from foraging in the area. While solitary fish have little
chance of overcoming the attentions of the territory holder, groups of blue tangs
(Acanthurus coeruleus) are able to do so if they invade the territory en masse. The
feeding rate of the tangs in these instances is positively correlated with group size,
as in larger groups; each individual tang receives relatively fewer attacks (Foster
1985).
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Fig.4.2 The percentage (mean +/— SE) of the total food eaten that was flavoured with cocoa by
test subject rats in trials in which they were given the choice of eating cocoa (CO) or cinnamon
(CIN)-flavoured food. The test subjects had never eaten cocoa or cinnamon-flavoured food previ-
ously. Prior to being tested, they were exposed to demonstrator conspecifics that had been fed with
food containing one of these two flavours. When the test subjects were given the opportunity to
feed, they ate more of the food type that had been eaten by their ‘demonstrator’ rat. More than half
of the food eaten by test subjects exposed to cocoa-fed demonstrators was also cocoa-flavoured up
to 12 h after exposure. Rats exposed to cinnamon-fed demonstrators predominantly ate cinnamon-
flavoured food themselves, an effect that was also apparent at up to both 12 and 60 h after exposure
(From Galef and Wigmore (1983))

Predators that hunt in groups can in some cases exploit larger or more difficult-
to-catch prey than they otherwise could if they hunted alone. They may achieve this
through coordinated behaviour, or it may be an outcome of the independent actions
of many predators. Groups of predators may be more likely than lone animals to
succeed in subduing prey of a given size and may even be able to capture larger prey
that would be impossible for individuals to tackle. Analysis of records of more than
800 hunts by six packs of African wild dogs (Lycaon pictus) revealed that the size
of prey captured was positively correlated with the number of adults in the hunt,
while the mean chase distance decreased as the number of hunters rose (Creel and
Creel 1995, Fig. 4.3). In addition to this, larger groups of predators might also be
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Fig.4.3 The mean mass of prey killed by packs of wild dogs increased with increasing pack size
(a), while the distance the prey were chased for before being captured decreased (b) (From Creel
and Creel (1995))

better able to defend their prey against con- and heterospecific competitors. For
example, larger groups of lions (Panthera leo) are better able to defend carcasses
from groups of spotted hyenas (Crocuta crocuta, Cooper 1991). In some cases this
advantage may be outweighed by other factors, in groups of African wild dogs, the
benefit of being able to defend kills from hyenas in terms of food available per indi-
vidual was offset by the increase in competition among pack members (Carbone
et al. 1997).

Animals that hunt in groups can capture and handle prey not only through sheer
numbers but also by effectively coordinating their behaviour in order to circumvent
prey defences. This type of cooperative behaviour is reasonably widespread and is
even theorised to have driven the evolution of sociality in some species (Packer and
Ruttan 1988). In one ecotype of orca (Orcinus orca), individuals coordinate their
movement, creating waves that flush seals and penguins from ice floes into the water
where they can be captured (Visser et al. 2008). Chimpanzees (Pan troglodytes)
hunt smaller primates in a coordinated fashion with some individuals acting as driv-
ers, flushing prey towards other group members who wait in ambush (Boesch 1994).
Within lion prides some females have been seen to adopt stalking roles, outflanking
prey before initiating chases and driving them towards waiting females who tackle
the prey in flight as it comes within range (Stander 1992). Spotted sea trout
(Cynoscion nebulosus) attack schools of menhaden (Brevoortia patronus) in pro-
cessions. Attacks cause the groups of menhaden to fragment, reducing their capac-
ity to perform collective antipredator behaviours and reducing confusion and related
effects that otherwise limit predator hunting success (Handegard et al. 2012).
Groups of predators do not necessarily need to coordinate their behaviour in order
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to overcome prey defences. Duffy (1983) describes diving behaviour of a number of
species of seabirds upon schools of pelagic fish that plausibly might have the dual
effects of fragmenting the schools into smaller units from which the predators are
better able to track and capture individual fish and also of fatiguing the fish, as they
respond to repeated dives, making them easier to catch.

4.2.2 Competition for Resources

If antipredator benefits (discussed later in this chapter) and access to information
are the two primary benefits to group living, for many species the greatest cost is
competition. This can take a number of forms, and these may operate simultane-
ously. Groups of animals may simply use up resources faster, while individuals
may also steal from one another or aggressively contest ownership. Competition
can have more subtle effects too. Competing individuals may attract further com-
petitors or predators or pay the costs of divided attention, being less likely to notice
their approach. They may have to modify their behaviour if they are to avoid rivals,
at the cost of reducing their foraging efficiency. Finally, the presence of many for-
agers may drive their prey to seek cover more frequently or for longer, placing
them beyond reach. These costs are explored in more detail in the following
sections.

4.2.2.1 Depletion

The amount of a resource that is available to a forager is dependent upon the num-
ber of others that are also exploiting it, and larger groups should be expected to
deplete resource patches sooner than small ones. Where resources are depletable,
scramble competition may occur with group members foraging rapidly so as to
consume as much of the resource as possible before it is used up. The relationship
between forager number and resource depletion rate may not always be perfectly
linear. In some cases, social facilitation and reduced per capita investment in vigi-
lance for predators may result in greater individual resource intake rates as a
group size increases, such that larger groups deplete prey patches at dispropor-
tionately greater rates than smaller ones. Counteracting this, kleptoparasitism,
aggressive competition and the indirect effects of individuals seeking to avoid
such interactions, discussed below, may serve to reduce average individual forag-
ing efficiency, such that above a certain group size or density, the patch depletion
rate may begin to slow. Predicting the rate of patch depletion then requires knowl-
edge of the number or density of individuals within the group, the yield of the
patch and the nature of the interactions that take place between the group mem-
bers at different group sizes. It should also be noted that not all resources may be
depletable or else may only be depleted by unusually large groups of foragers or
groups that remain in a fixed location for an unusually long period of time. It is
interesting to consider that some prey species may even have evolved to take
advantage of this, by synchronising breeding, emergence or migration in order to
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swamp predators and maximise the likelihood of them or some of their relatives
or young surviving (see the Sect. 4.3.2).

Where resources are finite, the costs of depletion may not be borne equally by all

of the foragers within the group. Different group members will likely differ in their
abilities to effectively compete for resources, resulting in skewed foraging success
between individuals. Superior competitors may therefore be able to gain enough of
a given resource even when it is scarce or when there are many others in the group
and may therefore be less susceptible to the costs of depletion compared to their
group mates. In groups of rainbow trout (Oncorhynchus mykiss), individuals that
consumed a greater share of food on average also showed less variability in food
intake in comparison to poorer competitors, and this effect was stronger when less
food was available (McCarthy et al. 1992).
A consequence of competition for depletable resources may be a shift in the speed-
accuracy trade-off faced by foragers as they select between high- and low-quality
food items. Selecting prey that turns out to be inedible or which yields very little
energy may be costly, and when prey is plentiful, it may pay animals to be more
discerning, investing time in inspecting prey or food before deciding whether to
handle it. When competition is more intense, however, the costs of foregoing edible
food may exceed the costs of being wrong, and foragers may accept a greater rate of
false positives. The investment of time or energy associated with investigating and
then rejecting food may be low in the short term, but may accrue over the longer
term. For some species, there may be other follow-on costs too, such as exposure to
predators; a fish that rises from the reef to inspect every passing object may capture
more prey on average than a shoal mate that breaks cover to feed less frequently, but
it may also run a greater risk of being captured by a passing predator. To our knowl-
edge, this has not been explicitly tested. Drift-feeding riverine fishes, which must
regularly distinguish between edible and inedible items as they pass by and which
regularly inspect and reject drifting items (Neuswanger et al. 2014), could represent
a useful model system for addressing such questions.

4.2.2.2 Interception/Shadow Competition

Interception competition typically occurs between animals that are somewhat
restricted in their movements, and which forage by waiting for prey to approach
them, intercepting it as it passes by. Those individuals that are positioned such that
they encounter the prey first have the opportunity to capture it, rendering it unavail-
able for those behind them. This effect has been described in drift-feeding salmonid
fishes, where dominant individuals occupy upstream sites (e.g. Hughes 1992; Elliott
2002). It is sometimes also known as shadow competition, since those individuals
that are downstream in the current lie in the shadow of those individuals that are
upstream of them and which can access for drifting prey first. In principle, intercep-
tion competition may occur in other systems too. In groups of competitors, those on
the periphery of the group may be better positioned to intercept prey (or other
resources such potential mates) before those on the group interior. This effect can
be seen as the flip side to Hamilton’s (1971) selfish herd concept, where peripheral
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individuals pay the cost of being the first to encounter predators, too. Interception
competition may also affect terrestrial ambush predators. In the burrowing spider
(Seothyra henscheli), those on the interior of burrow clusters grow more slowly,
most likely due to the effects of those occupying outer burrows encountering and
consuming prey first (Lubin et al. 2001). Interestingly, aggregated ambush preda-
tors may also stand to benefit from the proximity of conspecifics under certain con-
ditions; Rao (2009) describes a ricochet effect among orb web spiders (Argiope
keyserlingi) in which prey sometimes rebounds off an outer web and lands on an
inner one. By building their webs close enough to rivals, these spiders may be able
to offset much of the cost of interception competition.

4.2.2.3 Kleptoparasitism

Kleptoparasitism refers to the stealing of a resource from one individual by another.
This may be a food item, nesting material or any other transportable item over
which animals may compete. While kleptoparasitism is generally considered a cost
of social foraging, from the perspective of the kleptoparasite, the opportunity to
steal resources while forgoing the costs of searching for and handling them can
obviously be advantageous. For the victim of the kleptoparasite, there can be a num-
ber of costs. First of all, there is the loss of the contested item. Where rates of klep-
toparasitism are severe, this can lead to animals selecting smaller or more easily
handled prey, which, although they contain less energy, can be consumed before
others have a chance to steal it, as has been described for foraging kelp gulls (Larus
dominicanus, Steele and Hockey 1995).

Even if the kleptoparasite is not successful in stealing the item, it may be destroyed,
be lost, escape (in the case of living prey) or be stolen by a third party. This can be
disadvantageous to both the kleptoparasite and the target of the kleptoparasite, with
the targets bearing more of the cost, as they will usually have invested more time in
searching for and handling the object. It has been suggested that the compounds
released from the damaged skin of some ostariophysan fishes that have been injured
by predators may have a disruptive function, encouraging kleptoparasitism by attract-
ing further predators that might compete with the first, affording the prey an oppor-
tunity to escape (Mathis et al. 1995).

The costs of kleptoparasitism may not always be immediate, but may become
apparent later on, depending upon the function of the contested resource. Colonially
breeding chinstrap penguins (Pygoscelis antarctica) build nests using stones. Males
steal stones from rival nests and add them to their own, while also attempting to
defend them from others. Small nests are more vulnerable to flooding which can
occur following snowmelts, which in turn can lead to the failure of eggs to hatch or
the death of chicks and the loss of the parent’s reproductive output for that season
(Moreno et al. 1995).

The nature and distribution of the contested items are likely to influence the
prevalence of kleptoparasitism among groups. When contested items are abun-
dant, easy to find and easy to process, then we might expect kleptoparasitism to
occur less frequently. Among shoals of three-spined sticklebacks, rates of klepto-
parasitism were higher when food items were made available sequentially than
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they were when the same number of prey items was made available simultane-
ously. Over a 4-week period, levels of kleptoparasitism dropped in the sequential
food treatment, but remained constant in the simultaneous food treatment. This
suggests that familiarity between group members, which might facilitate the
development of dominance hierarchies, also plays a role in mediating food steal-
ing behaviour in this species, albeit only under certain food distributions (Webster
and Hart 2006a).

When prey items are costly to handle, then it should pay kleptoparasites to be sensi-
tive with respect to the timing of any attempted theft. It is to their advantage to allow
the victim to pay the costs of handling the object and to only attempt a theft once the
object has been processed. A kleptoparasite that intervenes and steals an object too
early, such as a nut with a tough shell, must then pay the time and energy costs of
processing it and may itself become the victim of another kleptoparasite while
doing so. This idea is formalised by Broom and Ruxton’s (2003) ‘apple and orange’
model. When a forager has found a food item that must be processed before it can
be consumed (represented by the orange, which first must be peeled before it can be
eaten), then kleptoparasitic attacks should be focussed towards the end of the han-
dling period. If a forager has a food item that it can begin to consume immediately
(the apple, which can be eaten without the need for peeling), then kleptoparasites
should attempt to steal it as soon as possible, before the edible parts are depleted.
The model predicts that when food is common and easy to find and when aggressive
contests are longer, kleptoparasitism will occur less frequently and that it will
increase with forager density when animals are exploiting ‘apple’-type foods and
decrease when they are feeding on ‘orange’-type foods.

4.2.2.4 Aggressive Prey Contests

Another major cost of competition, for one or both parties, can be aggression.
Aggressive competition over resources can be costly in a number of ways. Most
obviously, fights between large or well-armed species may end to death or debilitat-
ing injury. Lethal or injurious aggression may also occur when the fitness payoffs of
winning are especially great to both participants, such that it may pay to escalate
and persist in competing. This may apply when food is very scarce, for example.
This idea has specifically been tested among broods of chicks in species known to
practise obligate or facultative siblicide. Findings have been mixed; in brown boo-
bies (Sula leucogaster), dominant chicks were more aggressive and more likely to
expel their siblings when they received less food (Osorno and Drummond 2003);
however, this pattern is not seen in great egrets (Casmerodius albus) or great blue
herons (Ardea herodias) where aggression was unrelated to food provisioning levels
(Mock et al. 1987).

Aggression can also have other, indirect costs. It can heighten predation risk,
both because aggressive behaviour can be conspicuous to predators and also because
individuals that are engaged and aggressive competition might be less vigilant and
therefore less likely to detect approaching predators. Both the cichlid fish,
Nannacara anomala, and the willow warbler (Phylloscopus trochilus) were less
likely to detect approaching model predators when involved in aggressive
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Fig.4.4 The number of hermit crabs present within experimental plots 10 min before (white bars)
immediately before (grey bars) and 10 min after (black bars) simulated commotion. Commotion
was simulated by jostling empty shells held on strings in a way that simulates the movement of
occupied shells as the crabs within them compete for resources. Control 1 was an empty patch with
no shells present, while in Control 2 shells were present but were not moved. In the low and high
commotion, conditions were simulated by jostling the shells 4 or 20 times per 10 s. These data
suggest that hermit crabs may be attracted to areas where conspecifics are competing over resources
(From Laidre (2013))

interactions, behaviour which under natural conditions, may translate into increased
risk of mortality (Jakobsson et al. 1995; Brick 1998). In the terrestrial hermit crab
Coenobita compressus, simulated aggressive competition between individuals com-
peting for food and shells acted as an attractive stimulus not to predators but to other
conspecifics, who gathered in areas where simulated levels of competition were
highest, an effect that might be expected to intensify local competition (Laidre
2013, see Fig. 4.4). Finally, the need to engage in or avoid aggression may impart
significant opportunity costs to individuals. Less dominant individuals may need to
spend time hiding from would-be aggressors or may be forced to search for resources
in suboptimal areas. Such indirect effects of aggression and of competition in gen-
eral are discussed below.

4.2.2.5 Prey Depression

Prey depression occurs when, having detected predators, prey animals seek refuge
and cannot be detected or captured by them until they re-emerge; hence, the avail-
ability of prey is reduced or depressed. As the number of predators at a patch
increases, the frequency with which prey animals detect predators should also
increase, causing them to spend more time in refuge. This effect has been studied in
redshanks (7Tringa totanus), wading birds that forage on coastal mudflats, where
they feed on amphipods (Corophium volutator) that live on or close to the surface
of the sediment. The amphipods can seek refuge by moving deeper into the mud,
where they are out of reach of them redshanks’ probing beaks. The prey capture rate
of redshanks in areas that have recently been searched by other birds initially drops,
before gradually increasing again as a function of time elapsed since that area was
last visited (Selman and Goss-Custard 1988). The initial drop and slow return of
prey capture rates reflects the effects of gradual recovery from prey depression. A
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Fig.4.5 The change in depth (median, quartiles, 10th and 90th percentiles, outliers) of lugworms
in response to manual probing of the substrate (simulating the probing bills of wading birds) in a
laboratory experiment. Probes were made into experimental aquaria, while neighbouring control
aquaria were not probed. As probing rate increased, median depth increased too (From Duijns and
Piersma (2014))

similar response was seen in lugworms (Arenicola marina), in response to predation
pressure from another wading bird, the bar-tailed godwit (Limosa lapponica) — in
the field, experimental probing resulted in lugworms producing fewer casts, sug-
gesting that they were spending less time in near the surface. This was confirmed
through laboratory experiments, where the lugworms were seen to produce deeper
burrows in response to experimental probing (Duijns and Piersma 2014, see
Fig. 4.5). Predators may be able to overcome the effects of prey depression by fol-
lowing search paths that avoid areas that they themselves or others have recently
visited (Stillman et al. 2000). The need to track the movements of others may come
at the cost of reduced prey detection if predators cannot scan for prey and conspecif-
ics simultaneously, though if this is less costly than the effects of prey depression,
then predators may be expected to do so.

4.2.2.6 Other Indirect Effects of Competition on Foraging Efficiency
Animals may suffer reduced foraging efficiency resulting indirectly from their
attempts to avoid foraging in areas that have been or are likely to soon become
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Fig.4.6 The mean (+/— SE) feed rate across a range of prey densities of blackbirds feeding
alone, with another non-interacting bird nearby or with an interacting competitor present
(From Cresswell (1997))

depleted. They may instead focus upon foraging in lower-quality patches, which
contain fewer other foragers, but where resources are also less abundant or of lower
quality. Under such conditions, we might expect that selection should favour mech-
anisms by which individuals are able to optimise their foraging rate while account-
ing for both the quality of different patches and the distribution of other foragers
between them. This idea is captured by the ideal free distribution concept (Fretwell
1972; Parker and Sutherland 1986).

In addition to avoiding depleted areas, foragers may also modify their behaviour
so as to avoid encountering others that might attack them or steal their food. This
may occur if they avoid areas containing other foragers, which may in turn lead
them to forage in less profitable areas, as discussed above. Alternatively, they may
forage close to others, offsetting the risk of being attacked or kleptoparasitised by
tracking the locations of their group mates so as to take evasive action if necessary.
If searching for food and maintaining vigilance for kleptoparasites or aggressors are
mutually exclusive activities, foragers must alternate between them, reducing their
overall foraging rate. This has been demonstrated for European blackbirds (Turdus
merula), where individual food intake was substantially lower when a competitor
was present at the same patch, even in the absence of direct, aggressive interactions
(Cresswell 1997, 1998, Fig. 4.6). Such effects may be exacerbated by the need to
frequently change direction so as to avoid others and may cause foragers to search
with greater redundancy than they otherwise might, passing through areas that they
have already visited and depleted.
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Finally, foragers may render resources unusable to their group mates in ways other
than by consuming them, for example, by contaminating them with faeces or urine
as they pass over them. Other foragers may avoid these if they are unpalatable or
toxic or if they contain parasites. Sheep (Ovis aries) avoid grass that has been con-
taminated with conspecific droppings and focus instead on clean patches (Hutchings
et al. 2001). As a consequence, much of an otherwise usable resource is
underexploited.

4.3  From the Perspective of the Prey

Alongside foraging benefits, protection from predators can be a major advantage of
living in groups. Indeed for many species, protection from predators may be the key
or the only benefit gained from grouping. Here we consider how prey group size
might affect the likelihood of being detected by a predator, the risk to individuals of
being attacked, and how these two effects can be accounted for together, using the
concept of attack abatement. We then go on to consider other ways in which group-
ing can facilitate detection, confusion and repulsion of predators. In broad terms,
selection might be expected to favour behaviours and other adaptations that serve to
minimise the likelihood of detection by predators, of being attacked if detection
does occur and finally of being captured, if attacked. The ideas discussed here are
also pertinent to group-living predators of course.

4.3.1 Encounter Dilution, Attack Dilution and Attack Abatement

4.3.1.1 Encounter Dilution
Can prey animals reduce the risk of being detected by predator by forming groups?
This putative benefit of grouping is known as encounter dilution (Pitcher and Parrish
1993) or predator avoidance (Krause and Ruxton 2002). If we assume that grouped
and single prey animals are equally difficult to detect, an assumption that may not
often be realised (see below), then the rate at which an actively searching predator
encounters members of a fixed-sized population of prey should be expected to
decrease if they are clumped together compared to if they are more evenly dispersed
through space. It is not clear, however, whether this should translate into a lower
likelihood of being detected for grouped prey individuals. If larger groups are
indeed equally as likely to be detected as smaller groups or lone individuals, then
while the presence of groups in the population should reduce encounter rates with
predators overall, this should be expected to affect all prey irrespective of the size of
a group that they are in. Once detected, prey that are in larger groups may gain other
benefits, such as a diluted risk of being targeted, discussed below, but these are sepa-
rate from their initial likelihood of being detected by the predator.

The effect of prey group sizes upon encounter rates with predators was studied in
a laboratory experiment by Ioannou et al. (2011). They found that stickleback pred-
ators orientated towards and approached larger groups of (dead) chironomid larvae
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at greater distances than they did for smaller groups, suggesting that they are better
able to detect larger groups than smaller ones. However, they also found that this
risk to larger groups of being detected was more than offset by the fact they were on
average further away from searching predators in treatments where the finite prey
population was divided into larger but fewer groups. This study provides a useful
framework for making predictions about grouping and encounter dilution that can
be applied to other predator-prey systems. It is probably often the case that larger
groups are more likely, or at the very least not less likely, to be detected by predators
at a given distance than smaller ones. This may be because larger groups of animals
simply present a greater stimulus, by occupying a greater volume of space, making
them easier to see, or because they produce more noise or chemical or other cues
that the predators can detect. They may also behave in quantitatively or qualitatively
different ways than smaller ones, such as by engaging more frequently or inten-
sively in competition, aggression or courtship behaviours that may make them more
conspicuous to predators. Perhaps somewhat mitigating against this effect is the fact
that as the number of groups falls, as animals form into larger but fewer aggrega-
tions, the distance between a group and a predator will be greater on average at any
particular moment, as Ioannou et al. (2011) report. This effect may be influenced by
environmental heterogeneity, however, which may constrain prey dispersal or pro-
vide predators with information about their likelihood of encountering prey in any
particular area, guiding their search strategies and increasing their encounter rates.

There are other ways in which grouping may dilute encounter rates with preda-
tors. If predator search strategies incorporate a time limit which leads them to quit a
patch and search in a new area if prey are not detected within a given period, then
clustering, if it leads predators to go longer in between detecting groups, may ben-
efit prey by causing predators to give up and forage elsewhere (Taylor 1984). Krause
and Ruxton (2002) suggest that low encounter rates caused by prey clustering may
also lead predators to switch to alternative and more readily discoverable prey types.

4.3.1.2 Attack Dilution

Although grouped prey may be found less often than the same number of solitary
prey, the total risk experienced by an individual will depend on how many individu-
als a predator can kill each time a group is found. In general, the likelihood of any
one individual being targeted or captured is expected to be lower in larger groups.
Though this may broadly hold, in nature the relationship between group size and per
capita risk is unlikely to be perfectly inversely proportional to the size of the group.
First, this effect can only apply in cases where the predator is incapable of capturing
all of the individuals in the group at once. A flock of birds that discovers an aggrega-
tion of caterpillars, for example, might rapidly consume all of them in one feeding
bout — under such conditions, attack dilution effects will probably not be present.
This idea is discussed further with reference to area-limited search tactics by preda-
tors later on in this chapter. Second, all individuals are not equally likely to be tar-
geted by a predator. Predators may preferentially target weak, young or injured
individuals. They may be more likely to attack those that are on the periphery of the
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group or which are further from their nearest neighbours. This possibility forms the
basis of the selfish herd theory (Hamilton 1971) discussed in more detail in Chap. 6.
They may also target individuals who look or behave differently from the rest of the
group; this is known as the oddity effect. Predators may also prefer to target indi-
viduals who appear to be less vigilant (Krause and Godin 1996). Finally, attack dilu-
tion effects will only apply if the rate at which groups receive attacks is not closely
positively correlated with the number of individuals that they contain. If, for exam-
ple, a group of ten animals is attacked by predators ten times more often than a lone
animal, then individuals would do just as well not to form groups, all else being
equal. If the frequency of attacks is disproportionately positively related to group
size, then grouping would actually become disadvantageous and it could pay for
prey animals to actively avoid one another.

4.3.1.3 Attack Abatement: Accounting for Encounter Dilution
and Attack Dilution Together

A number of authors have argued that the benefits that individuals gain from group-
ing in terms of encounter dilution and attack dilution can only be fully understood
when the two effects are considered together, taking into account both the likeli-
hood of a group of a particular size being detected in the first place and, following
detection, the per capita risk of a group member actually being captured (Turner and
Pitcher 1986; Wrona and Dixon 1991). This combined effect is known as attack
abatement. This is illustrated in Fig. 4.7, which considers a population comprised of
two groups of animals, one containing only a single individual and the other con-
taining four individuals. It assumes that the likelihood of being targeted and cap-
tured is inversely proportional to the number of individuals in the group, such that
the lone individual is always captured if it is detected, while in the group of four,
each individual has a one in four chance of being the one that is eaten. In terms of
being initially detected by a predator, however, a number of different scenarios are
examined. In cases where the single individual and the group of four are equally
likely to be detected by a predator, then it pays individuals to group so as to benefit
from attack dilution effects. If the likelihood of a group being detected is linearly
proportional to the number of individuals that it contains, then individuals can
expect to do equally well by remaining alone or by joining a group. What if the
groups are disproportionately more likely to be detected by predators? If groups are
far more likely to be detected by predators, then the benefits in terms of attack dilu-
tion that are gained by grouping may be offset by the much higher likelihood of
being attacked. Under such conditions, it may pay individuals not to join groups at
all. If on the other hand groups are disproportionately more likely to be detected by
predators than are individuals, but the increase in the rate of detection relative to
increasing group size is low enough, then it may still pay individuals to form groups;
even though they are attacked more often, the likelihood of any one individual being
killed is still lower than it is for lone animals. In many systems, this latter scenario
is likely to be the most common. For example, Wrona and Dixon (1991) reported
such an effect in interactions between sedge fly (Rhyacophila vao) pupae and their
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Fig.4.7 Attack abatement: the benefits of grouping in terms of protection from predators depend
both upon the risk of being detected and the risk of being captured following detection. Both are
affected by group size. Here, different scenarios are presented which consider these factors
together. In some cases, it pays to group with others, while in other cases doing so may be costly,
and it may be better to avoid others and remain alone

planarian predator Polycelis coronata — larger groups were attacked more fre-
quently, but attack dilution effects within such groups meant that risk of predation
was nevertheless lower compared to that faced by pupae in smaller groups.

4.3.2 Predator Swamping

When predators have to handle prey before they are able to consume them, this
places a limit on the maximum number that can be caught within a given period of
time. Here handling refers to any of stalking, pursuing, subduing, killing and digest-
ing prey. Even if handling costs are minimal, there is likely to be an upper limit on
the number of prey that a predator needs to or is capable of eating within a particular
period of time. Prey may take advantage of this by synchronising their behaviour
with respect to exposing themselves to predation risk. Doing so may mean that large
numbers of individual prey animals are present during windows of vulnerability,
diluting the risk for any one individual of being captured. This is known as predator
swamping, since far more prey are available than the predators are capable of cap-
turing. If, instead of emerging together, prey animals were to stagger their emer-
gence over a much longer time period it is expected that overall prey mortality
would be higher.
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Evidence for such effects is variable, and predator swamping may drive the evo-
lution of synchronised behaviour in some systems, but not in others. On the one
hand, metamorphosing western toads (Bufo boreas) tended to emerge sooner and in
clusters when predatory garter snakes (Thamnophis sirtalis) were present, suggest-
ing a potential swamping function (Devito et al. 1998). Snowshoe hares (Lepus
americanus) have high reproductive synchronicity, and juveniles born closest to the
mean population timing of birth had lower mortality than those born later on
(O’Donoghue and Boutin 1995). Great horned owls (Bubo virginianus) take a simi-
lar biomass of common tern (Sterna hirundo) chicks across the breeding season,
even though the number of chicks available is around one hundred times greater at
its peak than at the start. When chick numbers are low, this can translate in up to
100 % mortality through predation by the owls, suggesting that synchronised breed-
ing offers a swamping effect against the steady background rate of predation (Nisbet
1975). On the other hand, Tucker et al. (2008) found no difference in survival of
hatchling red-eared terrapins (Trachemys scripta) that were released en masse com-
pared to those that were allowed to emerge naturally in a more sequential fashion.
In a second experiment, they found that terrapins released in staggered groups actu-
ally had higher survival compared to those released en masse. With specific refer-
ence to breeding synchronicity, Ims (1990) argues that overall mortality from
generalist predators might actually increase with breeding synchronicity, especially
if within colony synchronicity is greater than that between nearby colonies, suggest-
ing that some other factor drives breeding synchronicity in such species.

Mass emergences can lead to superabundance of prey, and predators may poten-
tially take advantage of this, for example, by switching to solely focus upon these
prey types, by travelling to locations where mass emergences occur, by consuming
far more prey than they normally would, by storing uneaten prey to consume later
or by synchronising their breeding seasons to coincide with prey emergence. The
mass emergence of periodic cicadas (Magicicada sp.) is a spectacular natural phe-
nomenon that is thought to serve a predator swamping function (Williams et al.
1993; Williams and Simon 1995). Some authors have suggest that the emergence
periods of these cicadas, being prime numbers of 13 and 17 years, have evolved
because this minimises the likelihood of predators synchronising their own breed-
ing cycles with those of the cicadas (e.g. Goles et al. 2001). More recently, however,
other researchers have argued that prime-number periodicity in these species most
probably evolved to minimise the risk of hybridisation between different species
(Yoshimura et al. 2009).

4.3.3 Detecting Predators: The Many-Eyes Effect

Larger groups may be more effective at detecting approaching predators compared to
smaller ones (Lazarus 1979; Treherne and Foster 1981). They may be better able to
more accurately identify hidden predators at a greater distance or more likely to spot
them sooner as they approach. Several studies provide evidence for this latter effect;
where groups are smaller, predators (or the predator-like stimuli used by experiment-
ers) are able to close to a shorter distance before individual group members began to
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change their behaviour, for example, by adopting alert postures or fleeing. Larger
flocks of laughing doves (Streptopelia senegalensis) detected an approaching model
raptor sooner than smaller ones (Siegfried and Underhill 1975), while larger groups
of emus (Dromaius novaehollandiae) detected approaching humans (experimenters
standing in for predators) sooner than small groups (Boland 2003). In detecting pred-
ators while they are still fairly distant, prey animals may be able to undertake appro-
priate actions, such as fleeing, mounting defences or signalling to the predator that it
has been detected. The latter action may occur in systems where predators rely upon
surprise to capture prey and where moving away to another area is costly to the prey.
Under such circumstances, it may be beneficial to both predator and prey to avoid the
energetic costs of, respectively, an unsuccessful pursuit and unnecessary evasive
action. Thomson’s gazelles (Eudorcas thomsonii) that have detected stalking chee-
tahs (Acinonyx jubatus) often approach and follow them. Followed cheetahs tend to
move away from the area of the inspecting gazelles, rather than continuing the stalk
and launching a chase (Fitzgibbon 1994). Glowlight tetras (Hemigrammus erythro-
zonus) produce conspicuous ‘fin flicks’ upon detecting chemical cues from injured
conspecifics, and predators are less likely to attack these presumably more alert indi-
viduals (Brown et al. 1999).

The enhanced ability of larger groups to detect approaching predators probably
occurs both because at any given moment, there are likely to be more individuals
scanning for danger than there are in smaller groups and because they may be able
to pool their imperfect information in order to more accurately identify threats
(Ward et al. 2011). This is known as the ‘many-eyes effect’. Once an individual has
detected a predator, it may transmit this information to others in the group, either
passively, by adopting antipredator behaviour that others are able to detect and
respond to, or in some cases actively through communication via an alarm signal or
call. The apparently paradoxical outcome of the many-eyes effect is that it can
simultaneously increase the level of vigilance at the level of the group, while reduc-
ing the amount of time spent by any one individual group member being vigilant.
This is because the many-eyes effect (acting in concert with other antipredatory
grouping effects) enables individuals that are in larger groups to reduce the amount
of time that they spend looking out for predators without paying the cost of increased
risk of being preyed upon (Roberts 1996). Note that the sensory modality by which
prey animals detect predators need not of course be vision. In some cases auditory,
chemical or tactile cues may be more important in predator detection, and many
species are likely to integrate information from several different sensory systems at
the same time when detecting and tracking threats. A related point is that it is not
always clear to what extent scanning for predators and engaging in other behaviours
such as foraging, courting or mating can be performed effectively at the same time.
For prey species where vision is of primary importance, it may be the case that they
cannot simultaneously search their immediate surroundings for food or competitors
and watch the horizon or sky above them for predators or that, if they can, they do
so with reduced effectiveness. For example, when brown trout (Salmo trutta) were
housed with familiar group mates with whom they engaged in fewer aggressive
interactions they responded sooner to incoming attacks from a model predator
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compared to comparison groups housed with unfamiliar fish (Griffiths et al. 2004).
This suggests that their attention is divided between looking out for competitors and
predators and that when the vigilance costs imposed by one of these are relaxed,
they are better able to deal with the other. Creel et al. (2014) found that for some east
African ungulates, including Grant’s gazelle (Nanger granti), the proportion of for-
aging individuals at any given moment fell as vigilance increased. However, for
prey animals which rely upon detecting chemical cues both to find food and identify
predators, such a trade-off may not exist. Similarly, this may be the case for species
that rely upon one sensory modality for detecting food at close range and other, dif-
ferent sensory modalities for detecting approaching predators over greater dis-
tances. There is scope for further research into determining the extent to which the
many-eyes effect operates among groups of animals that primarily rely upon differ-
ent or multiple sensory channels.

Group members can only benefit from the many-eyes effect if they are able to
recognise when other group members have identified predators. They may do this
by responding to cues produced by others who have detected danger. These may
range from the cessation of feeding or other behaviours, the adoption of scanning
postures, changes in orientation, production of alarm calls or fleeing. European
minnows (Phoxinus phoxinus) respond to the skittering and inspection behaviour of
conspecifics that have detected predators by reducing feeding behaviour and seek-
ing refuge (Magurran and Higham 1988). Eastern chipmunks (Tamias striatus)
exposed to playbacks of conspecific alarm calls, produced when predators have
been detected, vacated the area and then assumed alert postures, with the strength of
their response being affected by the duration of the alarm calls and the number of
simulated callers (Weary and Kramer 1995). As individuals are able to respond to
the antipredator behaviour of their group mates, it is not necessary that all individu-
als directly detect the predator for the whole group to be able to mount a response.
Ocean skaters (Halobates robustus) are an aquatic insect that aggregates to form
flotillas on the surface of the water. Their response to predators is to increase speed
and turning rate, behaviours which may have a confusion effect function (see
below). Skaters that have not detected the predator directly exhibit these behaviour
too when they detect conspecifics doing so, such that the response rapidly propa-
gates through the flotilla, at a rate greater than that of the approaching predator
(Treherne and Foster 1981). The authors termed this behaviour the Trafalgar effect,
after the use of signalling by Admiral Nelson’s fleet to communicate information
about enemy movements to ships that were too far away to directly observe them.
Herbert-Read et al. (2015) studied the propagation of escape waves through shoals
of Pacific blue-eyes (Pseudomugil signifer) as they swam through an annular arena.
The ring layout ensured that when a fright stimulus was presented at one point, it
was only visible to a small proportion of the shoal, which was dispersed along a
larger sector. The initial reaction of the fish that saw the fright stimulus was to ori-
entate away from it and accelerate. This response passed as a wave through the
whole group, causing its members to turn away and speed up, even though most of
them had not seen the stimulus directly, suggesting a simple mechanism based upon
local interactions by which the whole group can mount an antipredator response.
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Because of the value of such socially transmitted information in some systems, it
may be the case that individual’s vigilance is geared towards collecting information
about the antipredator behaviour of a group mates as well as towards detecting the
predators themselves.

Finally, predators may be able to offset their prey’s many-eyes advantage by pref-
erentially targeting prey that does not appear to be vigilant. Guppies (Poecilia reticu-
lata) that were foraging from the substrate in a head-down posture detected an
approaching model predator at a closer distance than did those that were not feeding
and had their heads up. Furthermore, predatory acaras (Aequidens pulcher) preferred
to attack head-down guppies over non-feeding head-up fish and were more successful
at capturing these (Krause and Godin 1996a; Fig. 4.8). For this reason, it may pay all
individuals to engage in some vigilance, even if they are members of a very large
group. The targeting of prey animals when they are engaged in feeding and therefore
being less vigilant may be one reason behind the evolution of the fascinating coopera-
tive vigilance behaviour of rabbitfish (Signanus sp.). When these fish forage as a pair,
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each individual takes turns either feeding or being vigilant. This allows the forager to
take more bites at the algae or sponges on the substratum, increasing its foraging effi-
ciency relative to solitary conspecifics (Brandl and Bellwood 2015).

4.3.4 The Confusion Effect and the Oddity Effect

The confusion effect describes the difficulty faced by the predator of processing
information on prey location or movement such that it becomes less able to single
out a target both as prey group size increases and (arguably of greater importance)
as the appearance and behaviour of individual group members become more simi-
lar, resulting in a lower attack to success ratio. This effect may occur because of
limitations upon predators’ ability to gather information on and anticipate the move-
ments of many individuals simultaneously. Confusion effects may be especially
powerful where targets travel against a moving background formed by their group
mates, where the movement path of a single target interweaves with the paths of
other individuals which may be crossing it and travelling in different directions or
where the target is frequently occluded by other individuals.

Neill and Cullen (1974) showed that for a number of fish and cephalopod preda-
tors attacking shoals of smaller prey fish, their attack times increased, while their
encounter rates with prey fell as prey group size increased, suggesting that attacks
are less effective when directed against bigger groups. In a comprehensive set of
experiments focussing on attack rates of sticklebacks upon ‘swarms’ of water fleas
(Daphnia magna) that were held in glass tubes so that their movement and position-
ing relative to one another could be controlled and manipulated, Ohguchi (1981)
found that stickleback attack rates declined when the number of Daphnia was
greater, when they were closer together, when they were phenotypically similar and
when they were moving either in parallel or perpendicular to each other. Using the
same predator-prey system, loannou et al. (2008) also found that the attack success
of sticklebacks upon swarms of water fleas decreased with increasing group size.
Employing neural network modelling, Tosh et al. (2006) tested the idea that increas-
ing prey numbers leads to less accurate neural mapping of prey, increasing the
degree of spatial error associated with attacks against individuals in larger groups.
They found that the total number of prey to be more important in bringing about this
effect than either prey density of the size or the volume that they occupy.

Predators may attempt to overcome the confusion effect by selecting prey that
looks or moves differently from the majority of their group mates and which there-
fore may be easier to track (Krakauer 1995). The disproportionate likelihood of
predators attacking individuals that stand out from the rest of the group is known
as the oddity effect. Oddity effects have been demonstrated in a number of
predator-prey systems. Focussing on predation by largemouth bass (Micropterus
salmoides) upon shoals of smaller prey fish, Theodorakis (1989) showed that rela-
tively smaller or larger fish were more likely to be captured than would be expected
by chance when they formed a minority within their group. Rutz (2012) found that
goshawks (Accipiter gentilis) selectively predated rare colour morphs of feral
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pigeon (Columba livia) and that doing so had a quantifiable effect upon their fit-
ness, suggesting that targeting of odd individuals is an adaptive strategy for preda-
tors. Oddity effects apply not only to morphology and colouration but also to
behaviour. When sunfish (Lepomis macrochirus) predators were presented with
groups of virtual prey projected onto the side of a glass tank, they were less likely
to attack prey individuals that were attracted towards and aligned with their near
neighbours, and more likely to attempt to eat those that did not coordinate their
movement with the rest of the group (Ioannou et al. 2012; see Fig. 4.9). Landeau
and Terborgh (1986) found that single silvery minnows (Hybognathus nuchalis)
were readily captured by predatory largemouth bass but that the predators’ overall
success fell and time to capture rose when attacking shoals of increasing size,
demonstrating a confusion effect. When odd minnows were present within the
shoals, the predators were seen to be able to capture both the odd individuals and
more of the majority matched fish too. This effect was present in intermediately
sized shoals, but absent from larger ones. Interestingly, this suggests that the pres-
ence of odd individuals may also increase predation risk for the group as a whole
and not just for those which stand out.

Predation pressure then may select strongly against oddity and concomitantly for
traits which enhance the confusion effect, including assortment of groups by pheno-
type, the evolution of colouration or morphology which disrupts the predators’ abil-
ity to select or track prey and coordinated movement by groups of prey species. It
has been suggested that predation pressure may drive preferences for grouping with
phenotypically similar conspecifics in some fish species (Hoare and Krause 2003),
and a study by Croft et al. (2009a) found that shoals of guppies from high-predation
populations tended be more assorted by body length than those from locations
where predation pressure was less severe.

4.3.5 Group Defence Against Predators

Groups of animals may be better able to drive away or fight off predators than lone
individuals, who might otherwise have to flee or abandon their shelters or breeding
sites in order to avoid being captured. One form of communal defence is mobbing.
Mobbing, where several animals gather to harass, pursue or attack predators that
might threaten them or their young, has been studied most extensively in birds, but
is also known from some fishes and mammals (Caro 2005). For example, colonially
breeding Antarctic terns (Sterna vittata) defend their nests against predatory South
Polar skuas (Catharacta maccormicki). Measuring predation levels upon artificial
nests, Weidinger and Pavel (2013) found that even though the skuas foraged more
in areas where terns traditionally nested, total nest losses were no higher within
colonies than they were outside them. This suggests that communal defence by the
terns is sufficient to offset the costs of predator attraction to colonies. Research into
mobbing behaviour in birds suggests that it may rely on cooperation. Pied flycatch-
ers (Ficedula hypoleuca) are prepared to aid their neighbours by helping them to
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drive predators away, but their cooperation is a reciprocal arrangement — the birds
are far more likely to assist neighbours who have previously helped them in the past
(Krams et al. 2008).

Mobbing may have the immediate effect of driving away the predator, but it may
also have other longer term functions too. These may include deterring the predator
from launching subsequent attacks or preventing it from gathering information
about prey resources, such as the number of nests, eggs or vulnerable young at the
location. Finally, group defence may occur among groups of related individuals,
where inclusive fitness benefits may select for greater risk taking on the part of
defenders who stand to gain from protecting kin (Caro 2005).
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4.3.6 Socially Facilitated Learning About Predators

By grouping with others, prey animals might be able to learn about the state, danger
posed by or cues associated with different predator types. As discussed above, prey
can gather information from others about the arrival or direction of approach of a
predator, by responding to changes in their neighbours alertness, orientation or
travel direction. Being part of a group might facilitate predator inspection, whereby
groups of individuals approach predators, potentially gathering information about
their motivation to attack (e.g. Magurran and Higham 1988). This behaviour may
function to communicate to ambush predators that they have been detected, which
may reduce the likelihood of an attack. It may also allow prey to determine whether
the predator is hunting or just resting, which in turn might reduce opportunity costs
incurred when prey vacate an area unnecessarily. Beyond this, individuals may learn
associations that can provide information during future encounters (Griffin 2004).
Young rhesus macaques (Macaca mulatta) can learn to fear snakes by seeing others
respond fearfully towards them (Mineka and Cook 1988). Indian mynas
(Acridotheres tristis) inspect novel taxidermic mounts more if they have been pre-
sented in conjunction with conspecific alarm calls (Griffin 2008). Tadpoles and even
embryos of wood frogs (Rana sylvatica) that are exposed to predator chemical cues
in conjunction with conspecific injury cues (bodily fluids released from damaged
tadpoles, a salient indicator of predator activity) developed stronger antipredator
responses compared to those not exposed to these paired cues. Furthermore, they
are able to link predation risk to time of day; tadpoles showed stronger antipredator
behaviour at the same time of day to which they had been exposed to the predator
and conspecific injury cues than they did at earlier or later times (Ferrari and Chivers
2010; see Fig. 4.10).

4.3.7 Predator Learning of Prey Unpalatability

Species that have evolved physical defences, toxins or foul-tasting chemicals that
make them unpalatable to predators often advertise this information through con-
spicuous colouration or ornamentation, a strategy known as aposematism. The
evolution of aposematic coloration has been considered something of a paradox,
since by being readily detectable, aposematic prey animals might be at risk of
harassment, injury or death from naive predators that have not learned the associa-
tion between warning coloration and unpalatability (Mappes et al. 2005).
Aposematic prey species might be able to reduce this cost by grouping. In grouped
aposematic prey, the risk of attack from naive predators is diluted (Lindstrom
1999). Groups may also present a stronger warning signal than do lone individu-
als, facilitating more rapid learning by predators (Gagliardo and Guilford 1993)
and perhaps reducing their likelihood of being misidentified as palatable by
predators.
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Fig. 4.10 Tadpoles that as embryos learned an association between conspecific injury cues
(indicative of predator activity, black bars) and the odour of a predatory salamander were less
active than controls (exposed to water plus salamander odour, white bars) when exposed to the
odour of the salamander alone, but only at the same time of day to which they were first exposed
to the two cues together before hatching. The number of times that they crossed a line drawn across
the bottom of a container was taken as a measure of activity and the change in activity relative
baseline is shown here. Both groups responded to conspecific injury cues by becoming less active,
and neither responded to plain water. These data suggest that not only can tadpoles learn an
association between predator odour and predation cues but also that they can learn at what time of
the day predators are likely to be active (From Ferrari and Chivers (2010))
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4.3.8 A Cost to Prey from Grouping: Area-Restricted Search
Tactics by Predators

For predators that are foraging for patchily distributed prey, a productive search strat-
egy may be one that entails travelling through the landscape until they encounter
prey, and then focussing further effort in the surrounding area for some time thereaf-
ter. Such area-restricted search tactics can increase the likelihood of detecting further
members of the prey group. There is good evidence not only that some predators use
such a strategy but also that they switch between search strategies in response to prey
distribution. Plaice (Pleuronectes platessa) search for aggregated prey using area-
restricted searches, for example, switching to extended searches characterised by
long linear movements with fewer turns when hunting for dispersed prey (Hill et al.
2003). Some predators may integrate not only their own foraging success but also
those of others in area-restricted searches; walleye pollock (Theragra chalcogramma)
quickly join feeding conspecifics when prey are clustered, but show no response to
the foraging behaviour of others if prey are spread out (Ryer and Olla 1995).

A number of studies have used the spacing of bird nests, both artificial and natu-
ral, in order to quantify the impact of predator area-restricted search tactics upon
prey mortality. In one such study, carrion crows (Corvus corone) were allowed to
forage for artificially camouflaged chicken (Gallus gallus) eggs. Eggs were arranged
in plots in which they were clustered or dispersed, and each plot contained a con-
spicuous attractor egg that was readily detectable to the crows. The camouflaged
eggs in the clustered plots suffered higher predation that did those in the dispersed
plots (Tinbergen et al. 1967). In another study, Sugden and Beyersbergen (1986)
focussed on predation by American crows (Corvus brachyrhynchos) upon artificial
duck nests. When nests were concealed, they were typically not found, but if one
nest was exposed, other hidden nests that were nearby were typically also found. In
the prairie habitat where these experiments took place cover is patchily distributed
which in turn may lead to nest clustering under natural conditions, a factor that may
favour such search tactics by nest predators. Other studies, however, have not found
a relationship between net spacing and predation levels. Andrén (1991) found that
predation on mallard (Anas platyrhynchos) nests was not related to the distance of
the nearest neighbouring nest, for example, while other researchers have reported
the opposite effect, that losses to predation are higher in more dispersed nests
(Anderson and Hodum 1993). It is likely that factors besides predation play a sig-
nificant role in determining nesting density under natural conditions. These may
include the need to account for intraspecific competition, risk of cuckoldry, infanti-
cide or parasite transmission. More generally, it would be useful to determine the
extent to which more mobile prey are vulnerable to area-restricted search tactics.

4.4  Mixed-Species Groups

While the focus of this chapter has largely been upon single-species groups, mixed-
species flocks, herds and schools also frequently occur in nature. Well-studied
examples in birds include the parid-dominated mixed-species flocks that form
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during winter months in temperate Europe and North America (Morse 1970; Dolby
and Grubb 1998; Farine et al. 2012) and the foraging flocks of racket-tailed drongos
(Dicrurus paradiseus), laughing thrushes (Garrulax cinereifrons), orange-billed
babblers (Turdoides rufescens) and other species seen in Sri Lanka (Satischandra
et al. 2007; Goodale et al. 2014). Mixed-species groups are common among mam-
mals too, occurring frequently among some primates and dolphins (Stensland et al.
2003) and between wildebeest (Connochaetes taurinus) and other herbivores, par-
ticularly plains zebra (Equus burchelli) (Sinclair 1985). Hoare et al. (2000a, b)
described mixed-species shoals of fish consisting predominantly of banded killifish
(Fundulus diaphanous), and smaller numbers of golden shiner (Notemigonus cryso-
leucas), white sucker (Catostomus commersoni) and three- and fourspine stickle-
backs (Gasterosteus aculeatus and Apeltes quadracus). Typically, mixed-species
groups consist of one or a few core species which make up the majority of group and
a number of minority satellite species. Groups may exhibit local structure; in some
mixed-species bird flocks, species that are exploiting different food resources for-
age at different heights, for example (Sridhar et al. 2009). In other cases, species
may sort themselves to some degree within the group. In corvid flocks, rooks
(Corvus frugilegus) tend to lead, jackdaws (Corvus monedula) group most closely
with one another, while mated pairs of both species tended to associate as near
neighbours (Jolles et al. 2013). Other factors may influence the structure of mixed-
species groups too. Swimming speed may passively influence fish shoal structure,
and given that swimming speed varies as a function of both species and body length,
this may generate a degree of phenotypic assortment such that the body size of dif-
ferent species may vary within groups (Krause et al. 2005).

Both predation and foraging have been suggested to play a role in driving mixed-
species grouping. It may pay vulnerable species to associate with others that are
better able to detect predators or which produce alarm or warning calls that indicate
a predator’s approach (Sullivan 1984; Goodale et al. 2014). More generally, animals
might be able to form larger groups by joining other species than they otherwise
could if they associated with conspecifics only. In such larger groups general anti-
predatory benefits such as the many-eyes effect and enhanced attack dilution might
apply more strongly. There are likely to be disadvantages, in terms of predation risk,
to being in mixed-species groups too. These probably will apply unequally to differ-
ent species. Certain species, such as odd, minority species, or more conspicuous
ones, might be disproportionately more likely to be targeted. Slower or less agile
species may be more likely to be captured. Such effects apply to mixed herds of
Thomson’s and Grant’s gazelles (Gazella thomsoni and G. granti); cheetahs
(Acinonyx jubatus) tend to avoid numerically larger groups, but when they do attack
they are more likely to target the smaller Thomson’s gazelle (Fitzgibbon 1990). The
presence of certain conspicuous species might make groups more likely to be
detected by predators in the first place, and mixed-species groups may receive more
attacks than single-species groups, as has been seen in mixed-phenotype single-
species groups (Landeau and Terborgh 1986). In some situations, vulnerable group
members may overcome predation-related costs by leaving the group if in imminent
danger. In mixed-species shoals of striped parrotfish (Scarus iserti), stoplight par-
rotfish (Sparisoma viride) and ocean surgeonfish (Acanthurus bahianus), the
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numerically dominant striped parrotfish and minority surgeonfish remain grouped
when predators approach, while minority stoplight parrotfishes tend to quit the
group and hide among coral (Wolf 1985).

Foraging benefits of mixed-species grouping may relate to relaxed competition;
if different species exploit different food resources, then competition levels may be
lower than would occur in an equivalently sized conspecific group. Where different
species do exploit the same resources, one may benefit from the others ability to find
or capture food more effectively. If one species is competitively superior then it may
be better able to dominate another species, enjoying greater advantage than it might
if it competed solely with conspecifics. As with predation then, there are likely to be
costs associated with mixed-species grouping, and these are most often likely to be
unevenly distributed between member species. In some cases, members of one spe-
cies within a mixed-species group might benefit from another species making food
available to them that they otherwise could not access. The apparently cooperative
hunting behaviour of two fish species in the Red Sea is a relevant example. Here,
a giant moray eel (Gymnothorax javanicus) is recruited by a roving coralgrouper
(Plectropomus pessuliferus) to a joint hunt (Bshary et al. 2006). The complemen-
tary hunting techniques of the two species mean that both benefit from the alliance.
Other, albeit more commensal, examples of this might instances where one species
flushes out prey, such as resting insects, as they pass through undergrowth, or dis-
turbing the substrate, or opening up or breaking down structures such as logs or
carcasses enabling others to access food within them. Whether the species that
engage in these types of ecological interactions could be regarded as being in social
groups as we define the term is debateable.

Mixed-species groups may persist in the face of unevenly distributed costs
because separate species are able trade-off between these and other benefits. The cost
of reduced food intake through competition with another species may be offset if that
species is more vigilant and provides useful information about the approach of pred-
ators. Satischandra et al. (2007) studied the behaviour of racket-tailed drongos as
they flocked with laughing thrushes and orange-billed babblers. The drongos seldom
kleptoparasitised these species and instead fed upon insect that they flushed as they
moved through the environment. The drongos adjusted their perching height depend-
ing upon which species they foraged with, in order to capitalise upon this food
source. Satischandra et al. (2007) argue then that the drongos are commensal feeders,
exacting little competitive cost upon the species with which they flock. In fact these
species may benefit from being joined by drongos, by being able to use and respond
to their alarm calls (Goodale et al. 2014). More generally, comparative and meta-
analyses by Sridhar et al. (2009) revealed that the bird species that join others to form
mixed-species flocks have higher foraging rates than they do when they are in con-
specific flocks, while both the joiner and joined species benefit from reduced vigi-
lance costs. Their data suggest that joiner diets tend to consist of insects to a greater
degree than those of the joined species and that joiners tend to forage in higher strata.
This again might suggest a degree of commensal feeding upon flushed insects, rather
than competitive, exploitation of heterospecifics. Instead, they suggest that mixed-
species flocking may be driven to a large extent by vulnerable species exploiting the
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vigilance of heterospecifics so as to minimise their own investment in scanning for
predators and maximise their foraging opportunities. Mutualistic mixed-species
grouping is expected to evolve where benefits to participating species outweigh
costs, even if the benefits (and costs) to each species are not the same. In other cases,
exploitative mixed-species groups may occur, where a first species exacts a cost upon
a second, but where the second cannot exclude it from the group.

Farine et al. (2012) used a social network approach to test several predictions
about the relationship between competitive dominance and interspecific interac-
tions in a mixed-species flock dominated by blue tits (Cyanistes caeruleus) and
great tits (Parus major), with lower numbers of marsh tits (Poecile palustris), coal
tits (Parus ater) and nuthatches (Sitta europaea). Specifically, they tested the idea
that larger, more dominant species would associate with more individuals, benefit-
ing from the added protection from predators and potential access to social informa-
tion, while being better able to overcome competition-related costs of being in a
larger group. They also investigated whether subdominant species would be more
likely to flock with smaller heterospecifics that they would be dominant to. They
found support for the first idea, larger and more dominant species had more associ-
ates, but none for the second, with smaller and larger birds being just as likely to
associate with heterospecifics.

4.5 Summary

Foraging with others brings a range of costs and benefits. Competition is one such
cost, and for many group-living species, it is likely to be a major one. It can be
direct, as individuals scramble to consume a share of a depletable resource or to
aggressively contest ownership of items of food. It can take indirect and subtle
forms too; individuals may suffer reduced foraging efficiency as they look out for
competitors, avoid depleted ground or because their group mates have alerted prey
to their presence, sending it into refuge. Benefits include access to information
about the distribution and quality of resources, the opportunity to tackle large or
dangerous prey as part of a group and the potential to defend it from rivals. As prey
themselves, group-living animals may benefit from a range of effects relating to
predator detection and recognition, diluted risk of being targeted or captured and
predator confusion, and in some cases groups may be able to repel predators. On the
other hand, predators may be more likely to detect or more likely to attack larger
groups, and grouped prey might be more vulnerable to the area-limited search tac-
tics used by some predators. Many species are both predators and prey, and their
social lives are shaped by the complex interplay between these factors.



5.1 Introduction

The preceding chapter focused upon foraging and predator-prey interactions through
the lens of group living. Arguably, these represent the key areas where animals
obtain benefits — principally access to information and protection from predators —
and pay costs, mainly relating to competition for resources, from grouping with
others. This may be so, but there are many other advantages and disadvantages that
also apply to social species. Some of these are summarised in this chapter. We have
arranged these into broad functional categories, summarised in Table 5.1.

In many of these cases, cost or benefit may depend upon one’s point of view. In
the context of communal breeding, for example, extra-pair copulations and any sub-
sequent misdirected parental care resulting in investment in someone else’s off-
spring are obvious costs to the cuckold, but are beneficial to the fitness of the
individual that is able to breed with more partners, select the fittest mates and secure
additional support for its offspring. In some systems, individuals may be simultane-
ously the victim and the beneficiary. This serves to illustrate that costs and benefits
can apply differently to different individuals and may even apply at the same time.
Moreover, under natural conditions group-living animals are likely to be subject to
multiple costs and benefits across a range of different contexts. Groups of fish that
save energy by travelling in schools might also deplete food patches more rapidly.
Aggregations of caterpillars might minimise their rate of water loss, but may suffer
higher mortality through predation because of the area-restricted search tactics used
by their predators. Group living therefore reflects a trade-off between these often
dynamic costs and benefits.
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Table 5.1 Contexts in which group-living animals can obtain benefits and incur costs

Section | Category Benefits and costs

5.2 Cooperative interactions Opportunities for kin selection
Opportunities for cooperation among non-kin

53 Courtship and breeding Access, choice and mating with many partners
Benefits (and costs) derived from the
formation of leks
Opportunities for extra-pair breeding
Opportunities for females to avoid
harassment

54 Rearing young Communal defence
Misdirected parental care
Other costs: kidnapping, cannibalism
and infanticide

5.5 Developmental costs Ontogenetic costs associated with growing
(Discussed in more detail in Chap. 9) | up in a group

5.6 Homeostatic and physiological Minimising heat loss
factors Minimising water loss

(Discussed in more detail in Chap. 6) | Oxygen depletion
5.7 Pathogens and parasites Transmission of pathogens and parasites
Opportunities to reduce parasite loads
through allogrooming

5.8 Travelling together Opportunities for saving energy
(Discussed in more detail in Chap. 6) | Mechanisms leading to more effective
navigation

5.2  Cooperative Interactions
5.2.1 Kin Selection

Kin selection occurs when individuals perform actions that increase the reproductive
success of close relatives. This can occur even if the act performed decreases the
direct fitness of the individual performing it, so long as it gains a net indirect fitness
benefits from helping its relative, with whom it shares a certain proportion of its
genes. The concept was formalised by Hamilton (1964) as rB > C, where r is the
genetic relatedness of the beneficiary of the act to the individual performing it, B is
the fitness benefit gained by the beneficiary of the act, and C is the cost of the act to
the performer. In other words, a kin-selecting behaviour is expected to be favoured if
the inclusive fitness gains to the performer exceed the direct fitness costs of carrying
it out. The term kin selection was introduced by John Maynard Smith in the same
year (Maynard Smith 1964).

Kin selection may be a significant factor driving the evolution of cooperative
breeding in some species. Typical kin-structured cooperative breeding groups com-
prise a pair of dominant breeding adults and number of others, often adult or sub-
adult offspring of the breeders. These may fulfil a number of roles, including
alloparenting, territory defence and looking out for and deterring predators or brood
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parasites. Cooperative breeding may be favoured in marginal environments, where
breeding pairs might struggle to successfully raise young without help. The breeding
pair gain direct fitness benefits, while the helpers, if related to the breeding pair, ben-
efit indirectly, via the reproductive success of their parents. Where helpers are unre-
lated to the breeding pair indirect fitness benefits are absent. Instead, they may benefit
from extra-pair breeding opportunities with one of the dominant pairs, the opportu-
nity to replace one of the dominants or to take over the territory, or they may gain
protection from predators or other territory holders by being in the group. Conflict
over the control of breeding opportunities between the dominants and the subordi-
nate helpers can incur costs to both parties (Emlen 1984; Clutton-Brock 2002).

Kin selection may occur in other contexts too. Reduced competition may be
favoured amongst groups of related foragers for example, since the costs of reduced
food intake may be offset by the benefits to relatives. Within sparrow (Passer domes-
ticus) flocks, males used aggressive scrounging less frequently towards kin. Related
males were less likely to feed from the same patch than were unrelated flock mates,
suggesting lower levels of scrounging more generally, while females were more
likely to join relatives (T6th, et al. 2009).

On the other hand, grouping with kin can be detrimental to fitness if it increases
the likelihood of inbreeding and inbreeding depression, while in groups where
resources are sufficiently scarce that competition between members is severe, related
individuals can suffer both direct and indirect fitness costs by exploiting the same
resources. Here, we might expect kin to avoid one another (Gandon 1999). In the
Lake Eacham rainbowfish (Melanotaenia eachamensis), both males and females
preferred to associate with same-sex shoals of relatives, while females avoided shoals
containing related males, potentially to avoid the costs of inbreeding (Arnold 2000).
In zebra fish (Danio rerio), juveniles prefer to shoal with kin, while adult females
avoid related males. Males choosing between shoals of related and unrelated females
showed no preference for either (Gerlach and Lysiak 2006). This is consistent with
the idea that nonbreeding juveniles can gain inclusive fitness benefits by shoaling
with kin (for example through reduced competition for food), while adult females
trade off this advantage against the costs of inbreeding.

5.2.2 Reciprocation

Reciprocal altruism occurs when a first individual performs an action at some fit-
ness cost to itself that causes the fitness of a second individual to be increased, with
the expectation that the second individual will perform a similar act, incrementing
the fitness of the first, at some point in the future (Trivers 1971). In order for recipro-
cal altruism to evolve, several conditions are required. Individuals must interact
multiple times, they must be able to recognise one another, they must be able to
recall the outcomes of past interactions, and they must have the capacity to modify
their behaviour in subsequent interactions, depending upon the outcome of previous
ones. In a tournament in which multiple different cooperative strategies were pitted
against one another, Axelrod and Hamilton (1981) found that the strategy tit-for-tat
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was the most effective. Tit-for-tat is a reciprocal strategy in which interacting agents
either cooperate with their opponent or defect against them, matching the action that
their opponent deployed against them in the previous round. Of all the competing
strategies, tit-for-tat was the only one that was evolutionarily stable and could not be
displaced from the population by anything more effective. Could animal groups
provide the necessary conditions for conditional reciprocal altruism to evolve
among conspecifics?

Blood-feeding vampire bats (Desmodus rotundus) roost communally. They risk
starvation if they fail to feed at least every third night, and successful bats have been
shown to regurgitate blood to feed those that have not been able to consume blood
(Wilkinson 1984). Here, wild bats reciprocally shared blood with kin and with unre-
lated long-term roost mates in their natural roosts. In the laboratory, testing unre-
lated bats taken from two roosts, individuals were also seen to feed hungry,
unsuccessful foragers; here the majority of feedings occurred between familiar
roost mates. In a follow-up study, Carter and Wilkinson (2013) showed that most
feedings were initiated by the donor rather than the recipient, ruling out harassment
as the main reason for blood sharing. The greatest predictor of blood sharing occur-
ring between a dyad of bats was whether or not the donor had previously received
blood from the recipient. This explained a substantially greater proportion of shar-
ing than did relatedness. Still lacking in this system is the demonstration that poten-
tial donors withhold blood from those that have previously withheld from them, that
is, that they punish defectors. Further research is needed to determine if and how
donors respond to defection.

Studying allonursing in reindeer (Rangifer tarandus), Engelhardt et al. (2015)
found evidence of reciprocal allonursing at the group level, across bouts and within
interacting pairs of mothers, with some dyads engaging in more reciprocated bouts
than others. Allonursing patterns were not explained by relatedness between moth-
ers, nor were they linked to the rank structure of the group. No evidence of condi-
tional reciprocation, where females punish each other by withholding milk from
calves whose mothers had previously refused to feed their young, was seen how-
ever. The authors argue that this behaviour can be seen within the context of a mar-
ket in which allonursing bouts are traded between mothers.

Predator inspection is a behaviour in which one or more individuals approach a
predator that they have detected nearby. It may function to allow potential prey to
assess the state of the predator, whether it is hunting or not, which might benefit the
inspectors by preventing them from incurring the opportunity costs of fleeing the
area unnecessarily if the predator poses no threat. Another function of inspection
behaviour may be to communicate to an ambush predator that it has been detected
and that any ambush, reliant upon catching the prey unawares, may be less likely to
succeed and therefore not worth initiating. Predator inspection by pairs of inspectors
has been considered in the context of reciprocal altruism, because as they approach
the predator have the opportunity to cooperate with each other by approaching at the
same rate and maintaining the same distance from the predator, a behaviour which
incurs some risk, or else one or both can defect, by holding back or retreating. If only
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one defects, the other is exposed to more risk, since it is now the closest to the preda-
tor. Milinski (1987) studied the behaviour of single sticklebacks (Gasterosteus acu-
leatus) as they approached a predator. The stickleback swam next to a mirror that
was angled such that it reflected the fish, making it appear as either a coopering
partner that swam parallel and kept pace, or a defector, whose path diverged from
that of the test subject, leaving advancing inspector increasingly exposed.
Sticklebacks paired with a ‘cooperating partner’ spent twice as long in the half of the
arena that was closest to the predator than did those paired with a ‘defecting partner’.
In a second study, test sticklebacks approached a predator with a live partner, held
behind a one-way glass barrier. The partner either always stopped halfway, simulat-
ing defection, or else it continued right up to the predator, simulating cooperation.
After four cooperating runs, the cooperator now defected too. The test fish travelled
closer to the predator when partnered with the defecting former cooperator than it
did when partnered with the fish that had always defected. Milinski et al. (1990) sug-
gested that this reflected trust on the part of the test fish, implying that they can rec-
ognise and recall the past behaviour of different inspection partners. Similar
behaviour was described for predator-inspecting guppies (Poecilia reticulata), using
similar experimental protocols (Dugatkin 1988; Dugatkin and Alfieri 1991). Other
authors have questioned whether these observations truly constitute tit-for-tat inter-
actions between fishes or whether they instead reflect a by-product mutualism
(Connor 1996; Stephens et al. 1997). Stephens et al. (1997) argue that inspectors
balance orientation and attraction towards the predator, to gather information about
it, with orientation and attraction towards their partner, proximity to which provides
selfish herd benefits (Hamilton 1971). Inspectors that stop short should therefore
cause their partners to halt their advance at a greater distance too. By this account,
conditional approaching can be explained without the need to invoke cooperation.
Connor (1996) argues that partner preferences should be expected in by-product
mutualisms too, since a bolder partner facilitates more opportunity to gather infor-
mation about the predator than does a shyer partner that does not approach as closely.
As such, Connor reinterprets the observations of inspectors preferring non-defecting
partners (Milinski et al. 1990; Dugatkin and Alfieri 1991) in terms of preferences for
bolder partners. Recent work by Manica and colleagues, though not explicitly con-
cerned with predator inspection, has developed these ideas by focussing upon the
dynamics of social feedback between bold and shy partners as they explore their
surroundings (Harcourt et al. 2009; Nakayama et al. 2012; Jolles et al. 2014, 2015).

In summary, blood sharing among vampire bats and allonursing in reindeer are
behaviours where reciprocity has been confirmed and where kin selection has been
ruled out as the main explanatory factor (Wilkinson 1984; Carter and Wilkinson
2013; Engelhardt et al. 2015). Neither of these cases involved punishment of defec-
tors however. In the case of social interactions in predator inspection fishes, there
has been debate within the literature over whether the behaviours observed repre-
sent tit-for-tat interactions or by-product mutualism (Milinski et al. 1990; Dugatkin
and Alfieri 1991; Connor 1996; Stephens et al. 1997). We suggest that further work
is required before we can definitively state which is occurring.
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5.3  Courtship and Breeding

Beyond the general advantages of grouping with others, such as reduced preda-
tion risk, there are other more immediate benefits to being part of a mixed-sex
group of sexually receptive conspecifics, including ready access to potential mates
and the opportunity to choose among them. Related to the latter of these is the
possibility of using social information to identify higher-quality mates, so-called
mate choice copying. Individuals may also benefit from mating with larger num-
bers of partners than they might if all were dispersed, and for pair-forming spe-
cies, there exists the opportunity for extra-pair copulations. Of course this can be
a cost too, if paired with a partner who engages in extra-pair mating. Advertising
individuals may gain from being judged against a backdrop of rivals — superior
individuals stand out as so against weaker competitors, while those of mediocre
quality may be perceived as being of relative good condition if they strategically
position themselves among poorer contenders. While these benefits may broadly
apply to grouping species, a few species have evolved lekking behaviour, in which
males specifically gather to advertise and compete, with females visiting and
choosing among them. Some of the costs of courting within a group include com-
petition between the sexes for the best mates, eavesdropping by competitors, the
often high degree of skew in mating success seen between rivals and the risk of
being on the wrong end of extra-pair copulations and, by extension, in species that
provide parental care, of being cuckolded and finally of receiving harassment
from prospective partners.

5.3.1 Access, Choice and Mating with Many Partners

A male’s lifetime reproductive success is limited by the number of females that he
is able to mate with, while a female’s is determined by the number of eggs that she
can produce. Given this, females are expected to be choosy, selecting mates that will
result in the highest-quality offspring, while males are expected to compete among
themselves for access to females. First laid out by Angus John Bateman (1948), this
idea became known as Bateman’s principle.

Groups provide a setting in which females can choose between males and
within which males must compete for access to females. Within groups, both
males and females have access to social information — information produced by
others — that they can use to locate and select between potential mates. Females
may observe and copy the mate choices of other females, mating with the males
that they see other females mate with (Jennions and Petrie 1997). This may benefit
them by allowing them to forego the costs of assessing potential mates themselves.
This can be time consuming and may also expose them to costly harassment by
males (discussed below). Among guppies, there is evidence that females will
selectively copy the mate choices of older (and presumably more experienced)
females (Dugatkin and Godin 1993) and even that they will mate with other males
with similar phenotypes to those selected by the females they have seen mating
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Fig.5.1 Male wolf spiders were allowed to watch and respond to videos of rival males that were
either walking or courting. Test subjects were just as likely to approach, follow and watch courting
or walking stimulus males (a), but performed more courtship display taps when exposed to courting
stimulus males (b). The rates of test subject display taps was positively correlated with those of
stimulus males whose display rate had been experimentally manipulated (¢) (From Clark et al. 2012)

(Godin et al. 2005). Non-receptive female guppies may also avoid areas where
they see other females being courted, possibly to avoid the costs of being courted
themselves (Brooks 1999).

Courting males may exploit the courtship effort put in by their rivals, approach-
ing or loitering close to courting males and attempting to mate with the females
that they attract. In some species of chorusing frogs, males begin to call more fre-
quently as females approach. Non-calling satellite males monitor the calling males
and can respond by moving towards them, calling themselves in order to intercept
the approaching female (Grafe 2005). In the fiddler crab Uca mjoebergi, males
attract females by conspicuously waving their enlarged claw. Satellite males
respond to a courting male by courting themselves, even if the satellite male cannot
detect the female directly (Milner et al. 2010). Similarly, male guppies approach
and begin to display when they see other males doing so, even if the females they
are courting are out of sight (Webster and Laland 2013). When males of the wolf
spider Schizocosa ocreata are allowed to see videos of males performing courtship
displays, they begin to display at rates that match those of their virtual competitor
(Clark et al. 2012, Fig. 5.1).
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5.3.2 Leks

Leks are groups of males that form specifically for the purpose of courting and
mating with females. Competing in close proximity to one another, the males are
inspected by visiting females, who may eventually select and mate with one or
more of them. Although males may defend small territories on the lekking ground,
these typically do not contain resources such as food or nesting materials. Lekking
behaviour, its function and evolution have received a substantial amount of atten-
tion from researchers, despite it being a relatively uncommon breeding system
(Hoglund and Alatalo 2014).

By visiting leks, females are able to appraise multiple males, choosing among
them to select the best mate. Females may benefit in other ways too. By being able
to compare males simultaneously, they may be able to make more accurate deci-
sions about male relative quality than if they were to observe males sequentially,
over a longer time period. They may be able to avoid harassment by avoiding lek-
king males and may be subjected to less harassment outside of the lekking period
(but see the hotspot hypothesis, below). They may also benefit from social informa-
tion provided inadvertently by other females, as they select mates themselves. For
males however, the benefits of lekking are less clear. An apparent conundrum relat-
ing to leks lies in the fact that mating success within them is highly skewed; typi-
cally only a small proportion of the males do the mating, copulating with the
majority of the visiting females, while most males do not get to mate at all
(Mackenzie et al. 1995). For example, in one study of lekking in the white-bearded
manakin (Manacus manacus), one male accounted for more than 70% of all mating
events (Lill 1974). Why then should males form leks, if only relative few of them
appear to benefit from doing so? Several hypotheses have been proposed to explain
the evolution of lekking, including the following.

5.3.2.1 Males Gather Where Females Are Locally Abundant

Also known as the hotspot hypothesis, this idea posits that leks should form in areas
where females must gather or pass through, for example, when feeding or migrat-
ing (Beehler and Foster 1988). Males of the blood-feeding sandfly Lutzomyia lon-
gipalpis form leks close to hosts, where females come to feed. In a series of
experiments, Jones and Quinnell (2002) showed that leks were larger when more
hosts were present, female number increased with lek size and female latency to
mate was lower in larger leks. Ryder et al. (2006) recorded fruit biomass in multiple
lekking areas used by three frugivorous manakin species (Pipra sp.) and in non-lek
control areas. They found that lekking areas contained more fruit biomass, more
ripe fruit and more fruit per plant compared to the controls, suggesting that leks are
formed within patchily distributed feeding grounds which females must frequently
visit.

5.3.2.2 Groups of Males Are More Easily Detected by Females
Larger groups of displaying males may together present a stronger stimulus than
smaller groups or lone males. The benefits in terms of numbers of females attracted
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must increase at a rate greater than the increase in male group size if individual
males are to benefit from this effect alone (Davies et al. 2012). To date as far as we
are aware, no compelling evidence for this effect has been discovered.

5.3.2.3 Larger Leks Are Preferred by Females Because They Are Able
to Choose Among More Mates

If offspring fitness varies as a function of male quality and females are able to use
male traits to assess quality, then females are expected to be discriminated
between males when selecting a mate. Given this, females may prefer to mate
with males in leks because it allows them to be selective. Females may choose
between males on the basis of their ability to defend prime locations within the
lek, such as higher or more central points or by assessing their relative quality, on
the basis of their size, ornamentation, vigour or condition (Fiske et al. 1998;
Davies et al. 2012). In studying female visits and mating behaviour at leks of dif-
ferent sizes the cichlid fish Nyassachromis microcephalus, Young et al. (2009)
were able to determine that leks were not formed at sites where high female den-
sity occurred, nor were they centred around territories held by high-quality males.
Instead, they suggest that female choice drives lek formation. Competition
between males increased with lek size, while male foraging rates fell. This sug-
gests that holding a position with a larger lek is costly and that females may select
males on the basis of their being able to meet the costs of remaining in a larger

group.

5.3.2.4 Low-Quality Males Exploit the Success of High-Quality Males
This idea predicts that leks are formed around high-quality males. These are best
able to attract females, and lower-quality males attempt to exploit this by gathering
nearby and attempting to intercept females as they approach. This is also known as
the hotshot hypothesis. While this may be the case in some eavesdropping-
communication networks, such as in chorusing frogs (Grafe 2005), the evidence for
this effect in explaining lekking is variable. In experiments in which dominant
males were removed from leks in both white-bearded manakins (Lill 1974) and
sharp-tailed grouse (Tympanuchus phasianellus, Rippin and Boag 1974), instead of
converging around the next most successful male, as would be predicted by the
hotshot hypothesis, the positions previously occupied by the dominant males were
instead taken over. In a study of lekking behaviour in little bustard (Zetrax tetrax)
however, Jiguet and Bretagnolle (2006) found that model birds of different pheno-
type differed in their attractiveness to females. They found that the phenotype that
attracted the greatest number of females also attracted males. They suggest that the
hotshot effect is one of several mechanisms underlying lek formation in this
species.

5.3.2.5 Lekking Reduces Predation Risk

Males may simply gather together in leks in order to minimise their risk of being
preyed upon (see Chap. 4). In some species where male ornamentation or courtship
behaviour makes the especially conspicuous, predation risk may be especially high;
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however, other species that form leks do not appear to be under severe predation
pressure. Reduction of predation risk may not be a common function of lek forma-
tion (Davies et al. 2012).

5.3.2.6 Black Hole/Harassment Hypothesis

This hypothesis states that leks form because clustered male territories tend to retain
females. Females may benefit from receiving less harassment from outsider males
if they are within a cluster of defended male territories compared to if they were to
join a lone territory holder or to remain grouped with other females (Stillman et al.
1996). In fallow deer (Dama dama), males may benefit from forming clustered ter-
ritories because even if they lose females to rivals, they can quickly acquire new
ones as neighbouring harems are dispersed by competing males. In contrast, lone
males that lose harems are less likely to encounter and acquire new females (Clutton-
Brock et al. 1992).

5.3.3 Extra-pair Breeding

Breeding in close proximity to others can provide opportunities to mate with mul-
tiple partners and potentially to produce additional offspring as a consequence. To
males siring additional young, this can be beneficial, while to those males who
are outcompeted or whose partner produces young with an outside male, there are
clearly costs. These costs may be compounded further if males end up investing
care in young that they did not sire themselves. Some males may engage in extra-
pair paternity while their partner does too, meaning that they suffer both the benefits
and costs. For females there may be a range of benefits in mating with multiple
males. These include insurance against infertility in their own partner, maximising
genetic diversity among their young, maximising genetic compatibility with their
mate, mating with fitter outsiders resulting in fitter offspring and the potential to
receive direct benefits such as provisioning for themselves or their offspring from
the males that they have mated with (Griffith et al. 2002). A cost of extra-pair pater-
nity to females may be abandonment by a cuckolded mate or his destruction of other
male’s eggs or young.

Even in nominally monogamous species, extra-pair copulations are common.
This has been best studied in birds, where the extent to which extra-pair siring of
young occurred initially came as something of a surprise to researchers. Over 90%
of birds are thought to be monogamous, and it was initially assumed that breeding
therefore occurred more or less exclusively within pairs (Lack 1968). In fact, molec-
ular analysis was to reveal that at least 70% of the bird species that were surveyed
produced young that were not fathered by the male member of the pair (Bennett and
Owens 2002; Griffith et al. 2002; Westneat and Stewart 2003).

Obtaining a general understanding of the prevalence of promiscuity in birds, in
terms of its ecological basis and ultimate fitness benefits, has proved challenging.
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Males should be expected to maximise breeding opportunities by mating with other
females when the opportunity arises, while females are be expected to breed with
higher-quality males, with whom they might produce higher-quality, fitter young
(Trivers 1972). Weighed against this is selection acting on male partners not to be
cuckolded. In fact, a meta-analysis by Ak¢ay and Roughgarden (2007) reported that
genetic benefits for extra-pair paternity were not strongly supported in birds. An ear-
lier review by Griffith et al. (2002) found that interspecific variation in life history,
parental care and opportunity to engage in promiscuity could account for some of the
variation in extra-pair paternity seen between species, but that data supporting func-
tions of extra-pair paternity were sparse. Here, these authors review a number of stud-
ies that had been published that provided evidence for females performing extra-pair
mating with mates of higher quality than their partner (the good genes hypothesis)
or with those that might provide better genetic compatibility (Griffith et al. 2002),
though they note that it is yet to be shown how generally these explanations apply.

5.3.4 Harassment

Unwanted attention from males can be a significant problem for unreceptive
females. Males may coerce females into mating, circumventing female mate
choice, or else they may attack and injure them if they do not cooperate. Harassment
may be costly in other ways too; females that have to deflect male attention may
pay opportunity costs in terms of reduced foraging efficiency and vigilance for
predators. Conspicuous courtship behaviour by males may even serve to attract
predators under some circumstances. Male coercion and female’s responses to
these — behavioural, physiological and anatomical — can become linked together in
evolutionary arms races (Clutton-Brock and Parker 1995). Perhaps the most strik-
ing example of such an arms race is seen in the coevolution between male and
female genitalia in some waterfowl. Here, males have evolved pseudo-penises that
when erected spiral anti-clockwise from their bodies, in order to penetrate the
female’s cloaca and force inseminations. In response, females have evolved elabo-
rate vaginal morphology, including clockwise-spiralling vaginal tracts with diver-
sions, making it hard for the male’s pseudo-penis to achieve full penetration or else
shunting it into dead ends (Brennan et al. 2007).

Male courtship and coercive behaviour have been studied extensively in guppies,
where various impacts of male harassment upon females have been documented
(Darden and Croft 2008; Darden et al. 2009). Here, courtship can increase preda-
tion upon females, since while the conspicuous colouration and displays of males
makes them more likely to be seen by predators over greater distance, once these get
within striking range, it is the larger females that are more likely to be preyed upon
(Pocklington and Dill 1995). Harassed females also forage with far less efficiency
(Magurran and Seghers 1994). Finally, as well as courting, males also perform forced
copulations that undermine female mate choice (Matthews and Magurran 2000).
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5.4 Rearing Young
5.4.1 Communal Defence

Animals that rear young together can benefit from group defence against predators
and brood parasites. Among birds, more than 10% of species are colonial breeders,
rising to more than 90% in seabirds (Danchin and Wagner 1997). In at least some of
these species, colonialism might arise primarily through scarcity of suitable nesting
grounds, such as cliffs or small islands or offshore outcrops that are free of terres-
trial predators. Colonial breeding animals can benefit from the antipredator benefits
described in Chap. 4, such as the many-eyes effect and dilution of risk. Synchronised
breeding may also lead to predator swamping during the period in which dependant
eggs or young are vulnerable.

Colonial and communal breeders may also benefit from active group defence,
allowing them to defend young from predators, brood parasites or infanticidal
males. Mobbing of predators can have a number of functions. Immediate potential
effects may include killing, injuring or driving away predators, deterring repulsed
predators from returning, communicating to ambush predators that they have been
detected and have lost the element of surprise and attracting larger predators that
may prey upon the original predator. Indirect benefits may include communicat-
ing to nearby kin that predators are active in the area and communicating to off-
spring that they should cease begging and/or hide (Caro 2005). Communal
breeding can be an effective defence against brood parasites too, and brood para-
sitism may play a significant role in driving the evolution of communal breeding.
Feeney et al. (2013) reported that host defence against brood parasites was more
effective in communally breeding songbirds, while on the other hand, the devel-
oping offspring of brood parasites did better if they were raised by communal
breeding hosts.

5.4.2 Misdirected Parental Care

Extra-pair breeding, discussed above, can be either an advantage, in terms of
enhanced fitness, or a disadvantage, in terms of misdirected parental care, from
the perspective of the sire or the cuckolded male, respectively. From the female
perspective, extra-pair breeding by her partner may be detrimental if it results
in him providing care to additional young at the expense of her own offspring.
Female promiscuity and resulting uncertainty over paternity can be costly if
her own partner abandons her, but can be advantageous if it prevents caregiving
males from deserting, induces extra-pair males to provide care (Westneat et al.
1990) or minimises the risk of infanticide by newly dominant males (Hrdy
1980; Agrell et al. 1998).
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5.4.3 Other Costs: Stealing of Young, Cannibalism
and Infanticide

Kidnapping occurs when young are taken from their nest, parents or group by mem-
bers of another group. Such behaviour is not widely documented, but may occur for
a variety of reasons. In situations where members of larger groups have greater fit-
ness, because they are better able to defend territories or communally rear young,
for example, young from other groups may be brought in order to augment group
numbers (Kokko et al. 2001). Such a function has been suggested for kidnapping
behaviour seen in white winged choughs (Corcorax melanorhamphos) and mon-
gooses (Mungus mungo) (Heinsohn 1991; Miiller and Bell 2009).

By adding additional, unrelated young to their broods, parents may dilute the risk
of their own young being preyed upon. In the convict cichlid (Amatitlania nigrofas-
ciata), both sexes provide parental care. Broods often contain foreign fry, though
parents typically only admit fry that are smaller than their own, possibly because
these are less likely to outcompete their own offspring (Wisenden and Keenleyside
1992). It is not clear in this system whether the young are actively kidnapped or
whether they are strays that have been adopted.

Finally, kidnapping may also occur as a by-product of hormone actions. In
emperor penguins (Aptenodytes forsteri), males that have lost their own chick some-
times kidnap their neighbour’s offspring. Angelier et al. (2006) suggest that this
may be due to high residual prolactin levels and demonstrate that males with experi-
mentally suppressed prolactin levels are less likely to abduct chicks from their col-
ony mates than are controls. It is conceivable that under some circumstances, losing
young to kidnappers may not necessarily be costly to parents’ fitness, if, for exam-
ple, the likelihood of survival of the young is not lower than if it had not been taken
or if the parent’s future fitness does not rely on retaining young within the natal
group for communal breeding or defence purposes.

The eggs and young of communal breeders may, in some species and under cer-
tain conditions, be vulnerable to cannibalism. Adults may practise cannibalism if
foraging opportunities are limited, if it reduces competition for their own young, or
simply because the young of other parents represent a cheap energy source. In spe-
cies that practise filial cannibalism, eating the progeny of others might occur before
they pursue the last resort of eating their own young. Cannibalism is very likely to
lead to conflict between colony members and, if practised unchecked, could reduce
the fitness returns of breeding in groups to the point where it is no longer an adap-
tive strategy to do so. If the antipredator and other benefits of breeding or raising
young communally outweigh the costs of foregoing cannibalism, then this might
serve to suppress it. Colony members may still be expected to practise cannibalism
at low levels and may also be expected to increase the rate at which they do so if
collecting enough food for themselves and their own young through conventional
foraging becomes too costly. This is reported for colonies of glaucous-winged gulls
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(Larus glaucescens) and hybrids of these and western gulls (L. occidentalis), where
the frequency with which adults prey upon the eggs of other pairs rises with increas-
ing sea surface temperature and the corresponding reduction in prey availability
(Hayward et al. 2014). Eggs and young may be at risk of being eaten by other juve-
niles too, which may practise cannibalism in order to compensate for limited or
declining parental provisioning, because they are inexperienced in foraging, or to
build up energy reserves before dispersing. As a cost of communal breeding, can-
nibalism by older juveniles upon younger ones may only come into play towards
the end of the breeding period, and as such, it may not significantly affect the major-
ity of breeders, only affecting late breeders, and conceivably may even increase the
fitness of parents if their offspring are able to attain better condition and greater
survival prospects by doing so. Cannibalism by fledglings is a major cause of nest-
ling mortality in black-crowned night herons (Nycticorax nycticorax) (Riehl 2006).

Among social animals, infanticide by males may be selected for if it brings oth-
erwise unreceptive females into oestrous. This may occur especially in groups
where one or a minority of males dominate breeding opportunities with female
group members. When these males are ousted either from within the group or by
outsiders, the offspring they sired are at risk of being killed. This represents a sig-
nificant cost to the female, and accordingly, they have evolved a number of counter-
strategies. These include leaving the group until their young are independent,
engaging in multiple mating, making paternity difficult to accurately ascertain and
male deception via false oestrous (Packer and Pusey 1983; Agrell et al. 1998). Some
rodents have evolved the ability to abort and reabsorb unborn young, known as the
Bruce effect (Bruce 1959).

5.5 Developmental Costs of Group Living

Few studies have looked at the effects of living in groups upon development in phe-
notypically plastic species. Gonda et al. (2009) found that ninespine sticklebacks
(Pungitius pungitius) that were reared alone developed larger brains than those
reared in groups. Moreover, there were differences in brain region size, with those
brain regions associated with olfaction being larger and regions associated with
vision being smaller, in the fish that were raised alone. This effect was only seen in
pond populations and not in marine populations, suggesting that brain plasticity is
selected for in some environments but not in others. Beyond these brain size differ-
ences, fish from these populations attained a smaller body size over all when reared
in groups, even though the food ration available to individual fish was held constant
between treatments (Herczeg et al. 2009). These results suggest that for pond popu-
lations, which compete more intensively for food than do marine fish (Herczeg et al.
2009), grouping with others can substantially affect growth and brain development.
Speculating upon the observation that different brain regions differed in size
between single- and group-reared fish, Gonda et al. (2009) suggest that exposure to
visual conspecific cues might drive the development of brain regions associated
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with vision. Given that neural tissue is thought to be expensive to develop and main-
tain, there may be a trade-off associated with developmental plasticity, with expan-
sion of one brain region necessitating restricted growth in others. We return to the
topic of development Chap. 9.

5.6 Homeostatic and Physiological Factors
5.6.1 Minimising Heat Loss

Animals that group closely together may benefit from decreased loss of heat or
moisture, by reducing the proportion of the surface of their body that is exposed to
the air or to wind or precipitation. Endothermic animals might also benefit from the
combined body heat of their group mates, which may warm the surrounding air in
enclosed burrows, shelters or nesting materials more effectively than that of a single
animal (Hayes et al. 1992). A striking example of thermoregulation comes from
studies of the huddling behaviour of emperor penguins (Aptenodytes forsteri),
which incubate eggs over the winter. During this time they are exposed to severely
low temperatures while being unable to feed. Maintaining body heat during incuba-
tion is therefore energetically costly. The penguins offset these costs by regularly
huddling closely with others (Gilbert et al. 2006), which we discuss at greater length
in Chap. 6.

Outside of the breeding season, Abert’s squirrels (Sciurus aberti) nest together in
mixed-sex pairs, and paired nesting becomes more common as the outside tempera-
ture falls (Edelman and Koprowski 2007). This is consistent with the social thermo-
regulation hypothesis, which predicts that endothermic species should rest together
to reduce individual investment in thermoregulation (Ebensperger 2001). Communal
nesting decreases in the breeding season, possibly because selection favours female
behaviour that prevents males from circumventing female mate choice and mini-
mises the risk of infanticide (Edelman and Koprowski 2007). Ectothermic animals
may also form huddles in some circumstances, particularly in regions such as des-
erts, where day- and night-time temperatures vary considerably. The aggregations
formed by desert night lizards (Xantusia vigilis) are known to be important in con-
serving heat, and these benefits are particularly important to juveniles (Rabosky
et al. 2012).

5.6.2 Minimising Water Loss

The need to minimise water loss and prevent desiccation may be a significant fac-
tor in driving grouping behaviour in some animals. Newly metamorphosed
American toads (Bufo americanus) form dense aggregations around pond mar-
gins, sometimes even piling up on top of one another. These aggregations appear
to have no antipredatory function and are not performed by toads that are not
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dehydrated. Desiccated toads that grouped together suffered lower weight loss and
lower mortality that those that were kept alone, suggesting that this behaviour
serves to limit water loss (Heinen 1993). Among caterpillars of the emperor moth
(Imbrasia belina), rates of water loss of aggregations of a particular size were
exceeded by the combined water losses of equivalent numbers of isolated indi-
viduals. Furthermore, individuals from aggregations were more likely to survive
water loss than were singletons (Klok and Chown 1999). Adults of the bedbug
Cimex lectularius are resistant to desiccation; however, their first-instar nymphs
are more vulnerable and die if exposed to dry air for too long. These are able to
survive prolonged periods of without access to water by entering a state of quies-
cence and clustering together to reduce water loss (Benoit et al. 2007). The laying
of egg clusters may, in part, be an adaption to minimise egg loses to desiccation.
In the egg cluster-laying butterfly, mortality due to water loss was lowest in denser,
multilayered batches (Clark and Faeth 1998). These authors suggest that reducing
the chances of egg desiccation may be one function of egg cluster-laying in drier
environments, noting that most North American butterfly species lay eggs in clus-
ters, while tropical species typically lay eggs singly or in looser, single-layered
masses. Aggregation also may serve to reduce water loss in some species of mam-
mals. Huddles of hibernating Natterer’s bats (Myotis nattereri) lose almost a third
less water per individual than isolated individuals (Boratynski et al. 2015). It
should be noted that aggregating does not always reduce water loss in desiccation-
prone animals. Grouping had no effect upon desiccation in the limpet Cellana
tramoserica, for example (Coleman 2010).

5.6.3 Oxygen Depletion

Localised oxygen depletion may be a significant cost of grouping at higher densities
in some aquatic animals and may limit the time that individuals are able to remain
close to others or in the interior of aggregations. Hypoxia may occur when groups
move between areas that differ in their oxygen availability, from uptake of oxygen
by the animals themselves or from a combination of these factors. In Antarctic krill
(Euphausia superba), dense groups may be able to locally deplete oxygen faster
than it can be replenished through diffusion, and the structure of krill swarms may
therefore be shaped by the trade-off between the antipredator benefits of being
within a dense group and the need to avoid hypoxia (Brierley and Cox 2010). While
acute hypoxia may be lethal, even moderate hypoxia can affect the physiology and
behaviour of aquatic animals in ways that impact upon their fitness. For example,
some fishes have been shown to form more dispersed shoals, to reduce the extent to
which they react to and coordinate movement with their group mates, which may in
turn reduce the effectiveness of collective antipredator responses (Domenici et al.
2007). Some species may move towards surface waters where oxygen concentra-
tions are higher or may gulp air directly at the surface, increasing their vulnerability
to predatory birds (Kramer et al. 1983).
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5.7 Parasites and Pathogens

Grouping with others can provide the necessary conditions for the transmission of
pathogens and parasites between individuals. This may be exacerbated by the physi-
cal injuries and stress of agonistic interactions that occur among competing group
mates. In extreme cases, the spread of disease or parasites can reduce or eliminate
groups or cause them to abandon roosting or breeding areas. On the other hand,
group mates may groom one another, removing parasites more effectively than a
single animal could do for itself. Ectoparasites and the need to groom one another
to remove them may have played a role in driving the evolution of complex social
behaviours in some animal societies.

5.7.1 Transmission of Pathogens and Parasites

At the time of writing, white-nose syndrome, caused by the fungus Geomyces destruc-
tans, is causing serious declines in the populations of several species of colonially
roosting bats in eastern North America. Experiments have shown that infections can be
transmitted via physical contact in the little brown bat (Myotis lucifugus), which may
explain its rapid spread through their dense colonies (Lorch et al. 2011). Novel diseases
may spread rapidly through dense groups when animals have limited resistance.
Furthermore, the susceptibility of animal groups to disease may be affected by external
factors that influence grouping dynamics. Simulating the transmission of bovine tuber-
culosis through groups of African buffalo (Syncerus caffer), Cross et al. (2004) found
that periods of drought, in which buffalo interaction networks contain more clusters of
closely associated individuals, may facilitate greater rates of disease transmission.

Colony size may affect recruitment of new members, who may act as vectors,
transmitting pathogens and parasites between colonies. This is the case in cliff swal-
lows (Petrochelidon pyrrhonota), where transient birds are more likely to move
between larger colonies, bringing with them ectoparasites. Brown and Brown
(2004) showed that the higher likelihood of ectoparasites being brought into larger
colonies via transient birds was one factor that accounted for the positive correlation
between parasite load and colony size in this species. Parasites and pathogens can
affect fitness in a number of ways, through mortality, reduced mating success and
lower offspring survival (Mgller et al. 1990). In colonial breeders, parasite infec-
tions and disease outbreaks have been implicated in the abandonment or failure of
colonies, demonstrating that large outbreaks can significantly curtail individual fit-
ness in large proportions of the population (Feare 1976; King et al. 1977a, b).

5.7.2 Allogrooming

Many animals groom themselves in order to remove parasites, dirt and debris from
their fur, feathers or integument and may invest a significant proportion of their time
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budget doing so (Cotgreave and Clayton 1994; Stamhuis et al. 1996). In many social
species, individuals may groom one another, a behaviour known as allogrooming
(Hart and Hart 1992). Among honeybees (Apis mellifera), some hive members even
act as social grooming specialists (Kolmes 1989; Moore et al. 1995). Allogrooming
may be more effective than self-grooming if it allows for the removal of ectopara-
sites from parts of the body that a self-grooming animal may have difficulty reach-
ing or seeing (Hutchins and Barash 1976; Brooke 1985). Among rockhopper and
macaroni penguins (Eudyptes chrysocome and E. chrysolophus), allogrooming
effort was generally directed towards the recipient’s neck and head, for example,
and a greater proportion of paired birds were tick-free compared to unpaired birds,
a difference attributed to the effects of allogrooming by Brook (1985). As well as
providing the conditions for greater rates of parasite transmission then, group living
can also provide a means for the removal of ectoparasites. So effective are the
grooming behaviours and antimicrobial secretions produced by the leaf-cutting ant
Acromyrmex echinatior, for example, that it has been suggested that living in larger
groups might bring a net benefit in terms of disease resistance (Hughes et al. 2002).

Many parasites that are removed by hosts are consumed. Another benefit of
grooming, and by extension allogrooming, may be the nutritional reward gained
from eating ectoparasites. Little is known about how important parasite consump-
tion is in terms of its contribution to the energy and nutrient intake of the groomer,
nor of the potential epidemiological costs of doing so (Johnson et al. 2010). More
research in this area would clearly be useful.

Beyond these utilitarian functions, allogrooming has been exapted to play role in
arange of other social behaviours, including courtship, bond formation and reconcili-
ation (Mgller et al. 1993). The social function of allogrooming has probably been
most widely studied in the context of primate societies. Here, allogrooming and
mutual grooming have been shown to be involved in the maintenance of dominance
hierarchies, partnerships and coalitions, in courtship interactions and as a precursor to
sexual interactions (Dunbar 1991; Schino 2001). The social function of allogrooming
is thought to be so significant that it has been termed the ‘social cement’ of primate
societies (Jolly 1985). Allogrooming has been shown to reduce stress in several spe-
cies (Schino et al. 1988; Keverne et al. 1989). It has also been linked to mating;
female crab-eating macaque (M. fascicularis) are more likely to mate with males who
have recently groomed them, suggesting that a grooming-mating market may exist in
this species (Gumert 2007, Fig. 5.2).

5.7.3 Costs of Allogrooming

The principle costs of allogrooming relate to reduced vigilance. In impalas
(Aepyceros melampus), individuals performing allogrooming took longer to respond
to an approaching human (an experimental stand in for a predator), than did the
individual being groomed, which in turn took longer to respond to the closest impala
that was not engaged in an allogrooming interaction (Mooring and Hart 1995).
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Fig.5.2 (a) Crab-eating
macaques engaged in
grooming (upper) and
mating (lower). (b, ¢)
Following a grooming
bout, females engaged in
more sexual activity with
their grooming partner
than they did before
grooming (baseline) and
than they did with
third-party, non-groomer
males (From Gumert 2007)
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Allogrooming blue monkeys (Cercopithecus mitis) are less vigilant for aerial preda-
tors compared to their feeding or foraging group mates, which may translate into
greater risk of being preyed upon (Cords 1995). Female rhesus macaques (Macaca
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mulatta) that were engaged in allogrooming were less attentive to their infant
young, who received more aggression and harassment from their group mates than
they did at other times, when their mother was not grooming or being groomed
(Maestripieri 1993).

5.8 Travelling Together
5.8.1 Energetic Benefits

Animals can save energy by travelling in groups, by exploiting the wake vortices
produced by those travelling ahead of them. Such effects, and the mechanisms
behind them, have been described in a number of bird (Fish 1995; Hummel 1995;
Weimerskirch et al. 2001; Portugal et al. 2014; Voelkl et al. 2015) and fish species
(Herskin and Steffensen 1998; Svendsen et al. 2003; Burgerhout et al. 2013). These
are discussed in more detail in Chap. 6, with particular reference to the effect of
relative position within the group upon travelling energetics.

5.8.2 Navigation

Animals travelling in groups may benefit from more efficient navigation. This may
occur through a number of different mechanisms. For example, naive animals may
be able to follow or acquire information from more experienced individuals that
have learned the route already. Similarly, groups may comprise individuals with a
diverse range of information, and if they are able to pool this information, all may
benefit. Even when they contain no informed individuals, groups may be able to
navigate effectively. There are a number of mechanisms by which this may achieved.
Individuals may be able to pool their inaccurate estimates about travel direction.
While the mean travel direction will come with a margin of error, this is expected to
decrease as group size increases, meaning that larger groups will converge upon
more accurate travel trajectories. This occurs because the interactions between indi-
viduals that allow them to remain together as a cohesive group can also curtail navi-
gation errors that might otherwise lead the group to break up, an effect is known as
the many-wrongs principle (Bergman and Donner 1964; Simons 2004; Codling
et al. 2007). In some species, groups may make decisions on when to depart and in
what direction to travel using quorum sensing and mechanisms analogous to voting.
Such mechanisms may allow groups to collectively make travel decisions despite
internal conflicts of interest that might otherwise lead to group fragmentation
(Conradt and Roper 2005). In other cases still, effective navigation may be achieved
through collective sensing, with travel direction emerging from the interaction
between individual sensing of environmental gradients and responses to the move-
ments of their neighbours (Berdahl et al. 2013). These ideas are discussed in more
detail in Chap. 8, which deals with leadership and collective decision-making.
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59 Summary

While the primary costs and benefits of grouping for most species relate to foraging
and predation (Chap. 4), animals are affected in a range of other ways too. Some of
these, such as the advantages and disadvantages relating to courtship and rearing
young within a social setting and exposure to diseases and parasites, are likely to
apply fairly generally, while others, such as lekking, cooperative interactions, col-
lective heat and water regulation and energy saving through collective travelling, are
probably confined to a specialised few species. In Chap. 6 we continue to explore
these costs and benefits by looking at how their impact can vary between group
members. In Chap. 7 we look at some of the ways in which group members can
balance them.
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6.1 Introduction

The previous two chapters described how resources and risk affect the costs and
benefits that group members obtain from sociality. However, not all group members
necessarily obtain the same benefits, nor do all pay the same costs. The net benefit
of group membership is typically skewed in favour of some individuals to the detri-
ment of others. In some cases this skew may be extreme, so that it may pay some
group members to leave the group, depending on the opportunities available outside
the group. More often, however, all members of the group fare better than they
might on their own, even if some do better than others. Furthermore, the benefits
and costs are not fixed, so that those that obtain relatively low rewards at one point
in time may be able to improve their lot subsequently. There are two main predictors
of these cost and benefit inequalities within groups: firstly, the position that an ani-
mal occupies within a group, relative to other group members, and, secondly, the
position an animal occupies within a dominance hierarchy. These factors often
interact, with dominant individuals taking up the most favoured positions at the
expense of their subordinate social partners. In this chapter, we first examine the
payoffs associated with different positions in animal groups; we then examine how
animals are able to respond dynamically to these by adjusting their relative position
in their group. We discuss the different costs and benefits connected with being
dominant or subordinate in a social group hierarchy. Finally, we examine the con-
straints that animals may face on their ability to take up beneficial spatial positions
within groups with particular reference to the existence of dominance hierarchies.

6.2 Position-Related Differences in Costs and Benefits

The spatial positions occupied by individuals in a group are associated with differ-
ent costs and benefits (Krause 1994). While group members may benefit one another
simply by aggregating to form a group, each individual will attempt to position
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itself so that it gains the best possible return from its membership of the group. The
spatial position adopted by an animal can best be considered in relation to the posi-
tions of other group members. This animal’s relative position in the group may
affect its risk of predation or parasitism, its rate of nutrient intake, its reproductive
success (see Chap. 5 for a discussion on leks) or its energetic costs, primarily
through either locomotive efficiency or thermoregulation. In addition, an animal’s
relative spatial position in its group is determined to an extent by whether the group
is stationary (and here we include instances where group members are mobile, but
the group as a whole moves at a speed lower than that of its individual members) or
whether the group is mobile, that is, group members are polarised and moving in
some common direction. Generally speaking, research on animals in stationary
groups has focussed on the differences in the costs and benefits of peripheral versus
central positions, while in moving groups, animals may additionally occupy posi-
tions to the front or the back of the group.

6.2.1 Group Position and Predation Risk

The relationship between the spatial position of an animal and its risk of predation
was discussed by Hamilton (1971) as the key element of his selfish herd concept. If
predators typically attack those prey animals that they encounter first, then those on
the edges of stationary groups are at greater risk than those in the centre. Hamilton
proposed that to ameliorate risk, prey animals should strive to move to the centre of
groups, thereby °‘selfishly’ putting other individuals between themselves and the
predator. Although intended as a means to explain grouping behaviour in animals,
the selfish herd is based on the assumption of greater risk at the edges of groups.
Those at the edge may be said to have a greater domain of danger, and they can
reduce this domain of danger by moving away from the edge or by moving towards
the centre of the group (King et al. 2012).

In practice, this means adopting a movement rule in response to being confronted
by some threat (Viscido and Wethey 2002). Hamilton originally proposed that ani-
mals under risk might move towards their nearest neighbour in space; however,
James and co-workers (2004) offered an alternative to this whereby animals would
move towards their nearest neighbour in time, which may be more realistic since it
considers the orientation of an animal relative to its neighbours. As group density
increases, however, it may be necessary for animals to adopt more complex move-
ment rules if they are to effectively reduce their domain of danger and especially for
them to move away from risky peripheral positions; in particular animals need to
consider the positions of many group members rather than just a single nearest
neighbour (Morrell et al. 2011; see Fig. 6.1).

Studies that have examined the relative risk faced by individuals in different
positions tend to support the contention that risk is greatest at the edge of the group
relative to the centre in stationary groups. Research on the reproductive success of
colonially nesting birds suggests that nests at the periphery suffer more than those
at the centre of the colony from predation, despite the greater potential for
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Fig. 6.1 The domains of danger concept is illustrated using Voronoi tessellations. In box (a),
peripheral individuals have unlimited domains of danger, whereas box (b) presents arguably a
more realistic case, where the domains of danger are finite or limited. Individuals on the outside of
the group (shaded) typically have larger domains of danger than individuals in the centre of the
group (black). From this, we might infer that peripheral individuals face greater danger. Morrell
and co-workers (2011) showed that individuals that are able to adopt behavioural rules that take
into account the position of multiple neighbours are able to move rapidly from peripheral to central
positions. This is exemplified by the movement of a single individual (clear circle) from a periph-
eral position in box (c) to a central position in the group at a subsequent time step in box (d) (From
Morrell et al. (2011))

cannibalism towards the centre of such colonies (Wittenberger and Hunt 1985;
Perry et al. 2008; Tenaza 1971; Kruuk 1964). Where it occurs, this risk gradient
from edge to centre may be the result of reasons other than the edge nests having a
larger domain of danger and can include active predator deterrence by the larger
numbers, or densities, of nest defenders towards the centre of a colony (Phillips
et al. 1998; Wittenberger and Hunt 1985). The pattern of higher predation on the
periphery of colonial breeding birds is not universal, however. A study on least terns
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(Sterna antillarum) found that the type of predator was important in determining the
relative risk of edge versus centre nests. While American crows (Corvus brachy-
rhynchos) preferentially attacked the periphery of the colonies, black-crowned night
herons (Nycticorax nycticorax) attacked the centre (Brunton 1997).

In the broader context of position-related predation risk in animal groups in general,
peripheral individuals do suffer in comparison to those in the centre of the group
(although see Parrish 1989). The extent of the risk faced by peripheral individuals varies
as a function of the density of the prey group and the type of predator and the distance
over which it launches an attack (Hirsch and Morrell 2011; Romey and LaBuda 2010).
A study of sticklebacks (Gasterosteus aculeatus) preying on stationary aggregations of
water fleas (Bosmina longispina) showed that per capita risk was substantially greater
for those water fleas occupying peripheral positions (Jakobsen and Johnsen 1988).
Similarly, Romey and co-workers considered the role of prey group geometry on indi-
vidual risk in whirligig beetles (Dineutus discolor), which form two-dimensional
groups, and toad (Bufo bufo) tadpoles, which form three-dimensional groups. In each
case, peripheral individuals were far more likely to be targeted (Romey et al. 2008). In
mobile groups, peripheral individuals remain at risk, but in addition to this, leading indi-
viduals may be the first to encounter ambush predators, thereby increasing their indi-
vidual risk (Bumann et al. 1997; Krause et al. 1998b), whereas pursuit predators may be
most likely to pick off stragglers towards the back of a moving group of prey. A compli-
cating factor in making an accurate assessment of the relative risk of different spatial
positions, especially in mobile prey groups, is the tendency of some predators to harry
the prey, launching attacks or feints with the intention of causing the group to fracture
and for individuals to become isolated. In these cases, the position of a prey animal at the
point at which the attack begins may have little or no influence on their per capita risk.
Furthermore, many studies on position-related costs and benefits to date have failed to
consider the effect of prey density on their predation risk (a notable exception to this is
the previously mentioned study by Romey and co-workers (2008)). This is an important
consideration since some predators are known to target prey that have higher domains of
danger (Quinn and Cresswell 2006), in other words, prey animals in less dense parts of
the group. Several studies have reported differences between the densities of the edges
versus the centres of groups, or between the front and back of groups (Ballerini et al.
2008; Quinn and Cresswell 2006; Hemelrijk and Kunz 2005; Brierley and Cox 2010;
Doonan et al. 2003).

As with predation risk, the likelihood of being parasitised may be greater at the
edges of groups, especially where the parasite in question actively seeks out its host.
Reindeer (Rangifer tarandus) are harassed by biting flies and herd formation has
been hypothesised as a means to limit exposure to these pests. A study by Helle and
Aspi (1992) used different spatial arrangements of artificial animals to mimic the
patterns shown by reindeer. They found that peripheral individuals bore the brunt of
the attacks by the parasites. Similarly, Stumbo et al. (2012) found that fathead min-
nows on the periphery of groups were more likely to be infected by trematode para-
sites. The probability of infestation by parasites such as ticks that rely largely on
sit-and-wait tactics to locate a host may be a simple matter of encounter probability.
Animals at the front of moving groups, or at the periphery of stationary groups, are
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likely to be the first to encounter the parasites and so may be more likely to be
infected. There is limited support for this contention, based on studies of cattle
(Newson et al. 1973; Chungu et al. 2001), but much more work needs to be done on
this topic if we are to claim a general understanding.

6.2.2 Group Position and Foraging

Differences in the rate and quality of nutrient intake have also been documented
according to the relative positions of foragers in a group. The relationship between
the costs and benefits of edge versus centre, or front versus back, positions depends
on certain characteristics of the food resource (Hirsch 2007). If the food is abun-
dant, it may be that there is little difference in the nutrient intake of animals in dif-
ferent positions. When it is clumped in space, certain individuals in the group may
be able to monopolise the resource. This may lead to higher intake rates for more
aggressive animals in the centre of a group focussed around a food resource, such as
may occur with carnivores at a kill. If food is more evenly distributed, and depletes
rapidly, then those that encounter the food first are likely to manage the highest
intake rates. For example, those at the edge of stationary or slow-moving groups
typically manage higher intake rates than those in the centre, usually because
resources are less likely to be depleted and because competition is lower. Barnacle
geese (Branta leucopsis) at the periphery of groups have a higher rate of intake and
also obtain a greater proportion of higher-quality food, in this case clover, compared
to more central members of the flock (Black et al. 1992). The same pattern of edge-
related foraging benefits has also been reported in mussels (Mytilus edulis) and
colonial spiders (Okamura 1986; Rayor and Uetz 1990) (see Fig. 6.2). The foraging
benefits available to those at the edge of a group may also mean that such individu-
als are able to forage more efficiently and hence spend less time foraging (Keys and
Dugatkin 1990; Petit and Bildstein 1987). Similarly, in moving groups, those at the
front have an advantage in foraging, since they encounter food items first and, as a
result, consume both a greater number and a higher quality of food items (O’ Connell
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1972; Krause 1993b). DeBlois and Rose (1996) examined the stomach contents of
cod (Gadus morhua) in a huge migrating shoal. Their findings supported the predic-
tion of position-related benefits to foraging, with fish towards the front of the group
having greater food intake and a greater proportion of preferred prey items in their
diet than those towards the back of the group.

6.2.3 Travelling Efficiency in Moving Groups

While differences in predation risk and foraging patterns represent the main determi-
nants of position-related costs and benefits for most species of group-living animals,
there are other factors. For example, the energetic costs of locomotion are known to
be greater for leading animals than for those that follow them. Drafting, or using the
aerodynamic or hydrodynamic advantages of following another’s slipstream, is used
by many animals but has been studied most extensively in group-living birds and
fishes. The tail-beat frequencies of sea bass (Dicentrarchus labrax) towards the back
of a shoal were 9-23 % lower than those at the front and that tail-beat frequency was
positively correlated with oxygen consumption, an indicator of energetic expenditure
(Herskin and Steffensen 1998). Similarly, in shoals of roach (Rutilus rutilus), fish
swimming at the rear of the shoal had tail-beat frequencies around 7-12 % lower than
those at the front under a range of different current flow velocities (Svendsen et al.
2003). Groups of eels (Anguilla anguilla) swimming against a current required less
oxygen per capita and, at higher flow rates, performed fewer tail beats per unit time
than singletons. The eels swam in parallel rather than in a procession or diamond-
lattice arrangement and may have benefited by exploiting Kérmén vortices (Burgerhout
et al. 2013). The distribution of fish relative to one another within the shoal does not
generally correspond to that predicted to be the most energy efficient, however. This
may be due to the need to minimise predation risk, which favours shoal geometry that
is suboptimal in terms of travelling efficiency but which enables the shoal members to
better detect and avoid approaching predators (Weihs 1973; Abrahams and Colgan
1985).

The V-shaped formations adopted by larger-bodied birds, typically when under-
taking long flights, are a familiar sight and have long been supposed to enhance
travelling efficiency by reducing energy expenditure for trailing individuals
(Hummel 1995; Lissaman and Shollenberger 1970; Bajec and Heppner 2009; see
Fig. 6.3). Great white pelicans (Pelecanus onocrotalus) flying in formation show
reduced wingbeat frequencies and reduced heart rates, which are both indicative of
energetic savings (Weimerskirch et al. 2001). In V formations, each bird passes
through the upwash field produced at the wingtip of the preceding bird in the forma-
tion, reducing the amount of effort required to generate lift. It is because the upwash
fields are produced at the wingtips that the birds adopt a V-shaped flock, with fol-
lowing birds laterally offset from the one in front of them. It is thought that smaller
birds generate wake patterns that are too variable to be exploited by their flock mates
and that this is why V and similar diagonal formations are usually only seen in larger
birds, such as geese, ducks, cranes and pelicans (Hummel 1995). The relationship
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Fig.6.3 V formation of snow geese (Chen hyperborean) (From Bajec and Heppner (2009))

between flock geometry, individual relative spatial position and flight energetic
requirements was examined in detail in a study in which bald ibises (Geronticus
eremita) equipped with data loggers were shown to move into aerodynamically opti-
mal positions, behind and to the side of the bird immediately in front of them. Doing
so allows them to gain lift by exploiting the upwash generated at the wingtip of the
preceding bird. Their wingbeats were seen to be spatially in phase, maximising
upwash capture. Where the birds flew immediately behind one another in proces-
sion, their wingbeats moved into antiphase. This may serve to counter the effects of
downwash upon the trailing bird, which would otherwise push it down (Portugal
et al. 2014). While the trailing birds gain an advantage in terms of additional lift and
lower energetic costs, the lead bird at the apex of the V does not. The ibises solve
this problem by taking turns at the front, with individuals spending equal amounts of
time in frontmost and trailing positions (Voelkl et al. 2015). But while travelling in
groups can yield energetic benefits for larger birds flying in formation, birds flying
in the less organised flocks typical of many species, including small passerines, may
actually suffer energetic costs of travelling in a group (Usherwood et al. 2011).

Travelling in formations has also been documented in mallard ducklings (Anas
platyrhynchos). Those that swam in a linear procession used less effort, measured by
the length of the arc traced by their feet as they paddled, than did lone ducklings.
Much as for the examples discussed above, the rearmost ducklings required less effort
to propel themselves than did those at the front of the procession (Fish 1995). Similarly,
processions of migrating spiny lobsters (Panulirus argus) appear to benefit from
reduced drag. Bill and Herrnkind (1976) were able to demonstrate experimentally that
the amount of energy required to drag a column of lobsters was less than the sum of
the energy costs required to drag the same number of single individuals.
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6.2.4 Group Position and the Conservation of Resources

In some cases, aggregating with conspecifics can promote the conservation of
resources. One such resource is water and there are many examples of animals
reducing their rate of desiccation by forming groups (see Chap. 5). For example,
groups of woodlice (Porcellio scaber) reduce per capita water loss by more than
50 % compared to when isolated (Broly et al. 2014). Nonetheless, while desicca-
tion is often cited as a benefit of aggregation for intertidal animals such as lim-
pets, evidence suggests that this may not always be the case (Coleman 2010).
Intuitively, it seems likely that animals at the periphery of groups benefit less
from this than those at the centre; however, this is seldom explicitly tested. There
are other cases where dense concentrations of animals cause localised depletion
of critical resources. The pattern of oxygen depletion by large swarms of krill is
an example of this. The extent of the depletion is greatest in the centre of the
swarms; hence, those in the middle of the group suffer relative to conspecifics on
the periphery of the group. The movement of the central individuals to the out-
side of the group in response to the oxygen gradient has the effect of causing
large vacuoles to form in the middle of krill swarms (Brierley and Cox 2010; see
Chap. 3).

For endothermic animals, grouping with conspecifics can facilitate the
conservation of body heat in cold climes (Gilbert et al. 2010). Birds in temperate
regions are more likely to form clusters at roosts during winter when tempera-
tures are at their lowest (Armstrong and Whitehouse 1977). In terms of both
water and heat conservation examples, intuition suggests that central individuals
in a group will benefit considerably more than those on the periphery, but rela-
tively few studies have examined this explicitly. Those studies that have tested
this confirm the prediction that central individuals gain a considerable thermal
benefit from huddles. For example, Hatchwell and co-workers found that long-
tailed tits (Aegithalos caudatus) occupying peripheral positions in communal
roosts suffer greater loss of mass compared to those in more central positions,
indicating that the costs of thermoregulation are not borne equally by all group
members (Hatchwell et al. 2009). In other species, individuals may rotate their
positions in huddles so that the costs and benefits are more evenly distributed, as
occurs in the litters of mammals such as rats and rabbits (Bautista et al. 2008;
Alberts 1978). This constant cooperative rotation might be expected among lit-
termates; however, it is also seen among unrelated individuals in species such as
emperor penguins (Aptenodytes forsteri), where peripheral individuals bear the
brunt of the Antarctic conditions, but the positions in the huddle are dynamic,
leading to more even sharing of costs and benefits (Gilbert et al. 2006; Zitterbart
et al. 2011). The benefits of these huddles for those individuals in the interior
may be considerable: Gilbert et al. (2006) found that the ambient temperature
within huddles was above 0 °C, peaking at 37.5 °C, even while the air tempera-
ture averaged —17 °C (see Fig. 6.4). In some cases, the huddles may even be too
effective, causing overheating in central positions and resulting in the huddles
splitting.
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Fig.6.4 (a) A huddle of emperor penguins. (b) Increases in temperature over time recorded for
pair of penguins engaged in bouts of huddling (From Gilbert et al. (2006))

6.3  Positional Preferences and the Trading-Off
of Costs and Benefits

Given the heterogeneity of costs and benefits associated with different positions in
groups, it is perhaps unsurprising that individuals respond by expressing preferences.
Hamilton predicted that when under threat, animals in stationary groups will attempt
to move to the centre of the group, where their domain of danger and hence their per
capita risk are usually reduced (Hamilton 1971). Empirical support for this predic-
tion has been supplied by numerous studies. When water fleas are attacked by a
predator, they respond by moving towards the centre of their group (Jakobsen and
Johnsen 1988). Similarly, Krause applied an ingenious experimental design to
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examine the positioning behaviour of fish as the perception of risk increased (Krause
1993a). By habituating some shoal members to alarm pheromone (‘Schreckstoff’),
while leaving others in their typical state, in which they adopt risk-averse behaviour
following their detection of Schreckstoff, Krause was able to test the positional pref-
erences of frightened fish in the absence of interference from other shoal members.
Indeed, when Schreckstoff was added to the test arena, non-habituated fish showed a
strong preference for central positions in the group.

Behavioural differences have been reported between animals at the margins of
groups and those in the centre. Those at the edge have larger domains of danger and
so adopt more risk-averse behaviour. For example, ring-tailed coatis (Nasua nasua)
at the front of a group, or on the periphery of a group, are more vigilant that those
in central positions (Di Blanco and Hirsch 2006). Similarly, birds at the edge of a
foraging flock of semipalmated sandpipers (Calidris pusilla) engaged in less risky,
and potentially less rewarding, foraging behaviour than those at the centre
(Beauchamp 2013). Animals at the edge of a group may also be more reactive to
potential threat. Herbert-Read and co-workers (2015) reported that Pacific blue eyes
(Pseudomugil signifer) on the periphery of the shoal, and nearest to a simulated
predator strike, responded to that strike by dramatically increasing speed, moving
away from the threat and overtaking other shoal members. The net effect was that
these individuals repositioned themselves, by moving to typically less risky posi-
tions in the centre of the group. The expression of behavioural differences between
edge and centre or between front and back positions is likely to be more pronounced
in circumstances where the animals experience risk or uncertainty. For example,
shoals of mosquitofish (Gambusia holbrooki) switch leadership far more frequently
in an unfamiliar environment than in a familiar one (Burns et al. 2007). This may be
a result of a greater need for social feedback in novel environments, so that an ani-
mal finding itself at the front of a group in such a situation pauses, allowing those
following to catch up and potentially overtake (Swain et al. 2015). Alternatively, it
may be that leadership imposes greater cognitive demands than following. An ani-
mal at the front of the group has to maintain its vigilance for predators or food
patches, while navigating a path and avoiding obstacles (Piyapong et al. 2007). As
a result of this, leaders may suffer the cost of having to divide their attention, which
in turn may contribute to increased predation risk for leading animals (Dukas and
Kamil 2000; Dukas 2002).

While animals perceiving increased risk tend to attempt to move to the centre of
groups, hungry animals move in the opposite direction, to the edges or to the front
of their group, where foraging opportunities are greater (Krause et al. 1998a). This
may occur through hungry animals adopting different interaction rules, for exam-
ple, showing decreased social attraction towards conspecifics and/or increasing
their speed of locomotion (Reebs and Saulnier 1997; Walker et al. 1999; Couzin and
Krause 2003). Moving to the front, or to the edges of the group, while beneficial in
terms of foraging, can expose a group member to greater danger, so animals have to
trade off these foraging benefits against the increased risk of predation. Colonial
orb-weaving spiders, Metepeira incrassata, show a size gradient across their groups,
with the largest individuals in the centre and smaller spiders towards the periphery
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of the group. Although foraging opportunities are greatest at the edges of the groups,
so too is the risk of attack by predators such as hummingbirds, wasps and other
spiders. Furthermore, larger spiders are attacked preferentially by predators, which
effectively constrain them to the safer central areas of the group. The smallest spi-
ders are competitively inferior to the larger spiders, so they may move to the edges
of the group to reduce competition. In moving to the edge, they are exposed to
greater risk of predation but gain more foraging opportunities. Those that survive
the elevated risk at the edge tend to move towards the group centre as they grow and
as their competitive ability improves with size and age (Rayor and Uetz 1990,
1993). Animals at the front of groups have to trade off the foraging benefits against
both risk and the higher energetic costs imposed by travelling in these positions
(Romey 1995; Romey and Galbraith 2008). The trade-off between risk and reward
is affected by the animal’s level of satiety — hungry animals may be more likely to
accept risk in return for foraging rewards (Romey and Wallace 2007). In an experi-
ment on roach, Krause and co-workers (1992, 1993b) demonstrated that the posi-
tions occupied by fish were dynamic and were strongly influenced by hunger.
Food-deprived fish moved to the front of the shoals where they were able to monop-
olise feeding opportunities but fell back into the centre of the group as they became
increasingly satiated. Positional preferences are therefore subject to dynamic feed-
back between satiety, foraging rewards and risk.

6.4 Dominance and the Costs and Benefits of Group
Membership

Social animals very often form hierarchies. The establishment and maintenance of
a dominance hierarchy is known to reduce aggression within social groups and is
predicted to increase the fitness of group members (de Waal and de Waal 1982;
Guhl et al. 1945; Lloyd and Rasa 1989; Issa and Edwards 2006). But while a hier-
archy may benefit all to a degree, some group members typically benefit more than
others. The status that an individual has within its social group may determine,
among other things, the access that it has to resources. Those animals that manage
to achieve higher positions in the hierarchy tend to obtain greater benefits from their
membership of a social group, although the extent to which different individuals
within the group realise and can maintain different payoffs is dependent on the
strategies employed by dominants and the alternative options available to subordi-
nates (Vehrencamp 1983). For example, high-ranking spotted hyenas (Crocuta cro-
cuta) gain greater access to food resources at a kill (Frank 1986). Similarly, dominant
dark-eyed juncos (Junco hyemalis) in feeding flocks tend to monopolise the best
food resources and effectively exclude subordinate birds from their favoured diet
choices (Langen and Rabenold 1994). Aside from foraging benefits, dominant indi-
viduals may be able to monopolise decision-making, leading to consensus costs for
subordinate individuals where they are forced to compromise on their own prefer-
ences regarding the timing and direction of group movements (see Chap. 8). The
elevated status of dominant individuals within a group, coupled with greater access
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to resources, tends to translate into greater lifetime fitness than that of subordinate
group members (Packer et al. 1995).

Despite these inequalities, subordinate individuals are predicted to remain as part
of the group so long as the benefits of doing so outstrip those of being solitary
(Vehrencamp 1983). Where groups are stable and comprise related individuals, the
skew in payoffs between dominant and subordinate individuals may be greater than
that seen in unrelated groups, particularly when it comes to reproduction. But in
these cases, while dominant individuals may suppress the reproduction of lower-
ranking animals, the latter still obtain inclusive fitness benefits from remaining with
the group and helping to raise offspring to whom they are related. In addition, by
remaining with the group under these circumstances rather than dispersing, the sub-
ordinates may also improve their status as they age, potentially even becoming
reproductive themselves (Kokko and Johnstone 1999).

Despite the fact that dominant animals are able to obtain a greater share of
resources than subordinates, and at less of a cost, in some species, the net fitness
benefits of being dominant may only be marginally greater than for being subordi-
nate. In some cases the costs of being dominant could even outweigh the benefits in
the short term (Rohwer and Ewald 1981). The reason for this can be found in the
need for dominant individuals to repeatedly consolidate their position in the face of
challenges from rivals, which can involve fighting. As a result, dominant individuals
may manifest elevated levels of stress hormones, possibly as a result of challenges
made to them by lower-ranking animals (Creel 2001). Even in well-established
dominance hierarchies, dominant animals may have higher metabolic rates than
group members lower down the hierarchy and hence have greater energy needs
(Roskaft et al. 1986; Hogstad 1987; Bryant and Newton 1994). Nonetheless, despite
the undoubted existence of some costs to being dominant, dominant individuals
typically enjoy greater lifetime fitness (Ekman and Askenmo 1984; Lahti 1998). We
discuss the skew of costs and benefits among individuals in the context of group size
further in the following chapter.

6.4.1 Dominance and Positioning Behaviour in Groups

Simply having a preference is insufficient to guarantee occupancy of a position in the
group. The skew of costs and benefits associated with different positions mean that
group members may compete for the best positions. For this reason, social status can
be an important determinant of positioning behaviour (Calf et al. 2002; Napper et al.
2013; Ost et al. 2007; see Fig. 6.5). There are many examples of dominant animals
occupying central positions and displacing subordinates to the periphery of groups.
For example, subadult coatis (Nasua nasua) are forced to occupy positions at the
periphery of groups in the face of aggression from adults (Hirsch 2011). Similarly,
younger, subordinate willow tits (Parus montanus) are excluded from the best feeding
sites and forced to occupy more risky positions in the group (Ekman and Askenmo
1984; Ekman 1987). Despite these clear disadvantages, however, subordinates are
more likely to survive the winter in groups containing dominants compared to groups
where the dominants have been experimentally removed (Hogstad 1989). Planktivorous
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coral reef fish, such as fairy basslets (Gramma loreto), live in aggregations at the edge
of reefs and feed on plankton. Dominant individuals occupy the most productive sites,
forcing subordinates to the margins of the group where feeding opportunities are lim-
ited (Webster and Hixon 2000).

Dominant birds in foraging groups of barnacle geese (Branta leucopsis) obtain
the most favourable foraging positions and so are able to maximise their intake. By
contrast, subordinate birds are displaced from the best positions and suffer from the
depletion of resources caused by higher-ranking individuals. In an attempt to coun-
teract this, subordinates may adopt alternative foraging strategies, particularly
adopting greater mobility in the search for food (Rowcliffe et al. 2004; Rands et al.
2006). Another alternative strategy for a subordinate animal is to attempt to seek out
its own foraging patches rather than to compete at an existing patch. However, even
when it manages to locate a foraging patch, the subordinate may be excluded from
it after a short period of time or may suffer kleptoparasitism by more dominant
group members; hence, subordinates may often act as producers in this respect
(Beauchamp 2014; Webster and Hart 2006a).

In addition to monopolising the best relative positions in the group and the best
foraging patches in the environment, dominants often occupy safer parts of the envi-
ronment, forcing subordinates to occupy sites where the predation pressure is greater.
In many bird species, dominant animals in foraging groups may be found closer to
shelter, or in safer parts of vegetation, than subordinate members of the same group
(Ekman and Askenmo 1984; Hogstad 1988; Koivula et al. 1994; Schneider 1984).
Indeed, moving to riskier parts of the environment may be the price that subordinates
have to pay in order to gather sufficient food (Halley 2001). These foraging sites are
not the preferred option of the subordinates, as can be demonstrated by the tendency
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of these animals to switch to safer areas when dominants are removed (Ekman and
Askenmo 1984; Desrochers 1989; Slotow and Rothstein 1995; Krams 1998). As
well as being forced to forage in riskier places, subordinate animals may have to
forage for longer and at times of day when risk is greater in order to satisfy their
nutritional requirements. For many diurnal species, especially those that rely on
vision to detect predators, dawn and dusk represent risky times to forage, because
predators concentrate their hunting efforts at these times of day (Bosiger and
McCormick 2014; Lahti et al. 1997). It seems likely that these constraints on the
behaviour of subordinate animals translate to higher per capita predation risk, and
certainly studies have reported that subordinates are disproportionately vulnerable to
predators (Ekman 1986). However, dominance often covaries with a range of differ-
ent characteristics, including age and size, which can make it difficult to determine
the precise effect of subordination on risk. We return to the topic of dominance and
its relationship to competitive ability in the following chapter.

6.5 Summary

To many laypersons, the term ‘sociality’ connotes collaboration and teamwork. For
this reason, social animals are sometimes assumed to show higher levels of coopera-
tion than other, less gregarious species. While this may be true in some species and
in some contexts, individuals in most animal groups typically pursue their own self-
ish ends, competing to obtain a maximal share of resources while at the same time
seeking to pay as low a cost as possible. This pursuit of individual objectives means
that while sociality generally provides a net benefit to all, the distribution of the
payoffs of social group membership is not equal. Many excellent studies have been
published documenting these inequalities and relating these to dominance hierar-
chies and to positioning behaviour within groups. Often, however, these studies
represent a snapshot of life within the group, whereas we know that the positions of
animals in groups change dynamically. Even the social status of animals can alter,
in some cases quite rapidly. To build on such studies, it would be extremely valuable
to take a longitudinal approach in order to examine the benefits realised by individu-
als over time and the costs paid. Integrating behavioural studies with real-time phys-
iological data would provide a fascinating insight to the motivational forces which
drive the positioning behaviour of animals and would also yield greater understand-
ing of the benefits and costs of different positions over time and across contexts,
particularly in relation to foraging. In addition, studies may focus (often for good
reason) on a single specific benefit, such as foraging reward, or a particular cost,
such as predation risk. Yet to fully understand the behavioural strategies of social
animals, we need to consider the fullest possible range of factors weighed by ani-
mals in making their decisions.



7.1 Introduction

The naturalist John James Audubon famously gave an account of a migration of the
now vanished passenger pigeon (Ectopistes migratorius). After attempting to count
the passing flocks that together made up the vast procession, he abandoned this task
as impractical and continued on his journey, noting that at the end of a full day’s
travelling the birds still continued to pass by and did so still for several more days
thereafter (Audubon 1870). Breeding colonies consisting of hundreds of millions of
pairs of these birds were reported during the 1800s, and it is estimated that the larg-
est migrations contained billions of individuals (Schorger 1955). During the latter
decades of the nineteenth century, as Americans in the eastern states bore witness to
these huge flocks, those living further west were contending with periodic outbreaks
of another multitudinous animal, the Rocky Mountain locust (Melanoplus spretus).
One infamous swarm of 1875 was estimated to have covered half a million square
kilometres and to have contained several trillion locusts (Piper 2007). Like the pas-
senger pigeon, the Rocky Mountain locust was to be extinct shortly after the turn of
the century. Today, juveniles of the extant — though declining (Atkinson et al.
2004) — Antarctic krill (Euphausia superba) in the Scotia Sea of the Southern Ocean
form super swarms trillions strong that can be 30 m deep and extend over several
km, sometimes containing hundreds of individuals per cubic metre. So large are
these swarms that the majority of the total population can be contained within just a
few such aggregations (Tarling et al. 2009).

Clearly these are extreme examples, atypically large aggregations that fall
towards the farthest end of the range of group sizes seen in nature. While smaller
groups are far more common, group size can be highly variable, even within pop-
ulations, and it is not uncommon among some species to find groups whose sizes
differ by two or more orders of magnitude (Sinclair 1977; Bonabeau et al. 1999).
In this chapter, we ask what are the causes and consequences of group size varia-
tion. First, we will look for generalities in the distributions of group sizes seen in
populations under natural conditions. Next, we examine the extent to which
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observed group sizes match theoretically predicted optima and look at the factors
that might cause observed group sizes to deviate from these. We will then look at
the different ways in which the animals themselves can influence group size.
Finally, we consider how group size affects behaviour, including quantitative and
qualitative differences in the behaviour of groups of different sizes, and ask how
the behaviour of the individual and the group as a whole are affected by group
size.

7.2  Group Size Distributions

The sizes of animal groups seen in nature are often determined by the environment,
with ecological conditions playing a role in determining both upper and lower limits
on group size. On the one hand, larger group sizes may be constrained by the avail-
ability of food, shelter or other resources. The sizes of breeding colonies of some
seabirds, for example, appear to be limited by intraspecific competition for prey
near to the colony (Furness and Birkhead 1984). At the other end of the scale, there
may be a minimum group size for groups, beneath which group members are unable
to defend territory, resist predators or maintain homeostatic function. In an illustra-
tion of the latter, larvae of the leaf notcher moth (Pryeria sinica) group together and
spin a silk nest web in order to avoid desiccation. Tsubaki (1981) found that a mini-
mum group size of more than 30 larvae was necessary for groups to survive, and
that groups containing fewer than this tended not to become established success-
fully. Differences in food availability between open woodland, forest clearings and
dense woodland have been suggested to be one factor that drives herd size differ-
ences seen in sika deer (Cervus nippon) living in these habitats (Borkowski and
Furubayashi 1998). Environmental perturbation can also drive changes in group
size. In toque macaques (Macaca sinica), usually stable groups can fragment into
independent troops when placed under environmental stresses arising from cyclones
or droughts (Dittus 1988). The environment may affect group sizes in other ways
too, for example, by placing limits upon the frequency with which smaller units
encounter each other, in turn affecting the rate at which they can coalesce into larger
groups (Gerard et al. 2002).

As a general rule, very large groups tend to be rare, while small groups occur
much more often. In other words, group size follows a power law distribution,
albeit limited by the size of the population, such that a plot of group size against
proportion of observations shows many groups containing a few individuals,
before decaying into a long, rightward-progressing tail in which numerically
larger groups occur with decreasing frequency. Such distributions of group size
frequency have been described for a range of ungulates and fishes (Bonabeau and
Dagorn 1995; Bonabeau et al. 1999; Niwa 2003). From a group-level perspective
then, smaller groups tend to be more common; however, at any given time, most
individuals within the population will tend to be contained within intermediately
sized groups.
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7.2.1 Group Sizes in Open and Structured Environments:
Ecological Versus Emergent Explanations

A number of studies have noted that for species that range across different habitat
types, group sizes tend to be larger in open habitats, such as grasslands, compared
to more structurally complex areas, such as scrub or forest. Similar observations
have made for related species that differ in their habitat use. While this has been
noted particularly in free-ranging ungulates (Gerard and Loisel 1995; Gerard et al.
2002), similar findings have been reported in laboratory studies of shoaling fishes
(Orpwood et al. 2008; Webster et al. 2013). Frequently, ecological explanations are
invoked for these observations; group size is limited by food availability, which dif-
fers between habitat types, or cover reduces risk of detection by predators, favour-
ing larger group sizes in the open, for example. Gerard and Loisel (1995) and Gerard
et al. (2002) have argued that such adaptive, ecological explanations are not strictly
necessary to account for this pattern however. They suggest that larger group sizes
in open habitats may emerge from smaller groups being able to detect one another
over greater distances, increasing the rate at which they fuse to form bigger units. It
is possible that both mechanisms — ecological causes allied to the ease with which
animals can detect and aggregate with one another — play a role in group size here,
and further research is needed in order to determine the relative importance of each.

7.2.2 Individual Behaviour and Fission-Fusion Models
of Group Formation

Theoretical approaches have made use of fission-fusion models to attempt to explain
this power law distribution of group sizes (Bonabeau and Dagorn 1995; Bonabeau
et al. 1999; Niwa 1998, 2003). These approaches typically make a number of
assumptions, such as that animals are free to join or leave groups, that their propen-
sity to do so is independent of the size of the group, that animals mix randomly and
exhibit no preferences for associating with particular individuals or phenotypes and
that the environment within which the groups move is either homogenous or that
grouping behaviour is not affected by local environmental conditions. Krause and
Ruxton (2002) noted that work on group choice by individual animals is at odds
with some of these assumptions. They point out that in nature, groups are frequently
assorted by phenotype, that individuals can have preferences for larger or smaller
groups at certain times and that they sometimes preferentially associate with some
group mates more than others. These points are supported by research carried out on
the shoaling behaviour of several species of small fishes, a model system for the
experimental study of grouping behaviour. Here it has variously been shown that
fish assort by phenotype (Hoare et al. 2000a, b), that they form heterogeneous asso-
ciation networks (Croft et al. 2005), that they preferentially group with familiar
individuals (Ward and Hart 2003) and in some species kin (Piyapong et al. 2011)
and that shoaling decisions are strongly influenced by external cues (Hoare et al.
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2004). Here then there is scope for integrating information about group joining bias
from studies that consider grouping behaviour at the level of the individual, with
modelling approaches that consider the processes leading to the emergence of dif-
ferent group sizes.

7.3  Are Group Sizes Optimal?

Given that animal group sizes are observed to vary between habitats, change in
response to climatic perturbations and that groups are not composed of random
subsets of the populations, but are in fact sorted by a range of different factors, we
might ask whether group sizes are most appropriate for the local environment. Do
they reflect the best possible balance between the costs and benefits of grouping for
the individuals that comprise the group? In other words, should we expect observed
group sizes to be optimal?

The simplest answer to this question is in most cases ‘no’, although there are
exceptions: Baird and Dill (1996) showed that transient-form orcas (Orcinus orca)
that were hunting seals typically did so in numbers that maximised their energy
intake, for example, but in general there are convincing theoretical arguments for
expecting group sizes to tend to exceed the predicted optimum (Sibly 1983). Before
looking at why group sizes close to the predicted optimal size are not often seen, it
is worth first considering what is meant by optimal and how this is determined.

As we saw in Chaps. 4, 5 and 6, animals can benefit from grouping with others
in a number of ways, but they also pay costs. The optimum group size is the one that
represents the best possible compromise between the advantages and disadvantages
of grouping with others. Here, optimality is measured in fitness, specifically the
expected fitness returns of the individuals that together comprise the group. In the-
ory, a biologist could identify all of the benefits and all of the costs that accrue from
being part of a group and determine their net effect upon fitness. This may even be
possible for certain study systems under certain conditions. In practice of course,
this can be very difficult to do, particularly in the field. Moreover, most studies of
group size do not focus upon ultimate fitness, but instead quantify some proximate,
functional outcome. The question of optimal group size then, is optimal for what?
What aspect of the animals’ lives, if any, is optimised by being in a group of a par-
ticular size? This issue is highlighted by a series of studies on the sizes of prides of
lions (Panthera leo) in the Serengeti. Caraco and Wolf (1975) noted both that
although prey capture rate increased with increasing pride size, the per capita share
of food decreased and that the number of lions taking part in hunts typically exceeded
that which would result in the best balance between the likelihood of a successful
hunt and the share of the kill. Packer et al. (1990) argued that group sizes might not
be geared towards maximising prey intake, but that they instead might reflect the
need to defend cubs or hunting territories. Deciding what to measure and in what
context to approach the question of group size optimality is very important.

A further problem in determining what the optimal group size ought to be is that
the costs and benefits to the individual of group membership can be highly dynamic,
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meaning that the predicted optimal group size can vary between locations and over
time. Yet another consideration is that individuals are likely to differ from one
another in a number of different ways, including in terms of their nutritional require-
ments, or ability to compete for resources, meaning that the optimal group size for
some members can be suboptimal for others. Inequality in the benefits of grouping
is an issue we return to below. Perhaps foremost among the reasons that optimal
group sizes are predicted to be rarely seen, and indeed are often exceeded, is the
expectation that individuals are self-interested and are likely to behave in ways that
maximise their own fitness, even if doing so reduces the fitness of the other mem-
bers of the group.

7.3.1 Larger than Optimal Group Sizes: The Sibly Model

Richard Sibly (1983) argued that self-interested behaviour can render group size
unstable and cause observed group sizes to exceed the theoretically predicted opti-
mum. This occurs because up until a certain group size is reached, it may be better
for an individual to be in a larger than optimal group than for it to be alone, which
in turn should lead newcomers to join groups even when doing so drives down mean
group member fitness, so long as doing so benefits the joiner. Figure 7.1 presents a
hypothetical illustration of Sibly’s (1983) model. Imagine finches converging on a
large meadow to feed from the seed heads of thistles. The thistles occur in many
patchily distributed clumps, and as the finches arrive, they have the option of land-
ing at clumps that other birds are already feeding at, joining them to form groups, or
of landing at unoccupied thistle clumps and foraging alone in another part of the
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Fig.7.1 The fitness payoffs of being in a group of a given size. [A] shows the fitness payoff of
remaining alone, [B] the theoretically predicted optimum group size, which maximises mean
fitness to group members and [C] shows the Sibly size (After Sibly (1983)). The Sibly size is the
size at which a newly arrived individual would do as well by joining as it would if it remained
alone. Note that the Sibly size [C] exceeds the optimal size [B] by some margin
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meadow. Being alone or being in a group of a given size carries a particular fitness
return. The fitness returns for different group sizes of our hypothetical finches are
shown in Fig. 7.1. The expected fitness for a finch foraging alone is fairly low, since
it is highly vulnerable to predation, so if a newly arriving finch is able to see another
finch foraging, it will on average do better if it joins the forager than it will if it
alights at an unoccupied clump of thistles. In fact this benefits both individuals — the
individual fitness returns are higher for birds in a group of two than if each is alone.
Two finches are more likely to spot approaching sparrowhawks than are loners, and
because both are looking out, each can afford to invest a little more time in seeking
out and extracting seeds, gaining more energy in the process. This effect continues
as group size increases, such that three birds foraging together enjoy greater fitness
than do pairs, and members of a group of four can expect on average to do better
still. There is, however, an upper group size limit on this effect, the predicted opti-
mal group size, and once this is exceeded, mean individual fitness begins to fall. For
our finches in Fig. 7.1, the predicted optimal group size is ten. The thistle clumps
can only support so many finches, and if too many are present, then the birds may
interfere with each other’s searching, reducing foraging efficiency, or engage in
bouts of noisy squabbling over seeds which might draw the attention of predators
more often than more amicable foraging behaviour. Given this then, from the per-
spective of the individuals already in the group, it is best to number exactly ten. But
if an additional finch arrives at the meadow, what should it do? It has the option of
joining the flock of ten or of foraging alone on a separate clump of thistles else-
where. Although the fitness returns for individuals in a group of eleven are lower for
those in a group of ten, they still greatly exceed that of a lone individual. It therefore
pays the newly arrived finch to join the group of ten. Though the original group
members’ fitness is now reduced somewhat, the self-interested new arrival can
expect to do far better than it would if it were by itself. This pattern can be expected
to continue as further finches enter the meadow. As newly arrived birds cause the
group size to swell, the fitness returns of those already in the group continue to fall,
but so long as it remains better for a new bird to join the group than to go it alone,
they should be expected to do so. Eventually, a point is reached where the group is
so large that it is no longer the best strategy for an incoming finch to join the group.
In the case of Fig. 7.1, an individual in a group numbering twenty-two has the same
expected fitness as it would if it were alone. If another bird were to enter the flock,
the fitness of its members would actually be lower than if they were to forage inde-
pendently. When the twenty-third bird arrives in the meadow, it would do better to
forage by itself than to join the group. This point is sometimes known as the Sibly
size.

The fitness curve, the plotted relationship between group size and fitness, is
likely to vary greatly depending upon the species concerned, and as a function of the
environment and the various pressures to which the group is exposed. In simple
terms, this will affect the predicted optimum group size — some environments will
favour larger groups, whereas in others only small groups will prosper. Environmental
conditions may shape the fitness curve in more subtle ways too. For example, for a
shoal of fish foraging over a rocky lake bed, where predators may be less able to
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detect them and where they have lots of cover to hide among and evade capture,
fitness may increase slowly as group sizes increase, while for the same fish foraging
in open water where there is nowhere to hide, a steeper increase in fitness might be
expected. In other cases, fitness may increase significantly only once a threshold
group size has been reached. Such a scenario might apply to animals that group for
homeostatic reasons. Animals may huddle in order to minimise exposed surface
area so as to regulate heat or water loss, and a minimum number of individuals may
be required to effectively achieve this.

Another biologically plausible scenario is one of diminishing returns. Once a few
individuals have gathered together, the arrival of still more group members might
increment individual fitness returns ever more slowly. This effect may occur where
the main detriment to fitness is determined by risk of being eaten by a lone predator
than can only tackle one group member at a time and which only feeds once during
a hunting bout. Assuming that all group members are at equal risk, the rate of decline
in per capita predation risk falls ever more slowly as group size grows, falling first to
50 %, then 33 %, then only 25 % and so on, as lone individuals become part of a pair,
a trio and then a quartet, while competition for finite resources such as food or space
goes up and up, further slowing the net fitness benefit of grouping.

Similarly, the rate of declining fitness once the optimal group size is surpassed
may be expected to vary too. In our hypothetical finch example in Fig. 7.1, once the
optimum group size is exceeded, the decline in fitness initially matches the increase
in fitness seen as it was approached, such that the individual fitness for a group size
one less than optimal was the same as that for a group containing one more than was
optimal. Following this, the rate of decline in fitness returns slows, producing a tail,
such that the group size at which fitness is lower than being alone is actually more
than twice the optimum size. Of course the fitness curve need not be symmetrical
around the optimum at all. Fitness may decline very slowly, decaying into a long tail
that might permit observed group sizes to exceed predicted optima several times
over, before it no longer pays to join the group. There may also be threshold effects,
beyond which fitness declines precipitously. The latter may occur in swarms and
schools of some krill and fish species, where large or dense groups can quickly
deplete oxygen levels, a factor that influences the size, shape and density of their
groups (e.g. Brierley and Cox 2010). In an extreme extension of this scenario,
Giraldeau and Gillis (1985) posit a situation where the fitness of the group’s mem-
bers drops below that of a lone individual if the optimal size is exceeded by just one.
Under such conditions, we would expect to frequently observe that group sizes that
do not exceed the optimum.

7.3.2 Accounting for Competitive Differences
Between Individuals: Skew Theory

Survival curves that plot individual fitness against group size make a number of
assumptions, a major one being that the fitness payoffs of grouping are the same for
all group members. Frequently, this will not be the case. An individual’s position
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within the group can strongly affect its fitness (see Chap. 6). Those at the front of a
travelling group may be more likely to detect or reach food sooner than those
towards the centre or rear (Krause 1993b) and may therefore gain more energy. On
the other hand, those at the front and those generally occupying more peripheral
positions may be more likely to be attacked by predators (Hamilton 1971; Krause
1994). Oddity effects are important in mediating predation risk too — if an animal
looks or behaves differently from the rest of its group, or from its near neighbours,
then it may be more likely to be singled out by a hunting predator (Landeau and
Terborgh 1986; Ioannou et al. 2012, see Chap. 4). Local differences in group den-
sity, the number and closeness of neighbouring group mates, can also bear upon an
individual fitness, affecting things such as resource competition or their likelihood
of being attacked (Ioannou et al. 2009). Animals in mobile groups, particularly
those travelling through water or air, might also gain energetic benefits from their
position relative to others in the group (Fish 2010).

Another source of variation between individuals in the fitness returns that they
receive from grouping stems from differences in competitive ability and dominance.
Competition among group members can be intense. The presence of individuals that
are bigger, more experienced or otherwise better equipped to gain a greater share of
a limited resource can result in variation between members in the fitness benefits of
grouping. If the disparity in fitness between dominant and subordinate group mem-
bers becomes too great, so that the expected fitness of the worst-off members
becomes lower than if they were alone, then it may pay them to leave the group.
This, in turn, may be detrimental to the fitness of the dominant individuals, who are
now in a smaller group. Under these circumstances, the dominant individuals might
be expected to reign in their command over the contested resources, allowing the
subordinates to increase their share to the point that the fitness returns of their
remaining with the group are equal to or better than those of leaving it. The theoreti-
cal framework developed by researchers seeking to quantify the dynamic conflict
between dominant and subordinate group members over fitness determining
resources is called skew theory (Vehrencamp 1983; Keller and Reeve 1994;
Hamilton 2000).

Dominant individuals may enhance their own fitness at the expense of that of
more subordinate group members. In the case of communally breeding species,
where the capacity of the colony to successfully raise young is limited, dominants
may suppress reproduction among subordinates, through infanticide or by evicting
those that attempt to breed, for example. If a subordinate member can expect to do
more poorly by itself than it can in the group and if the dominant member of the
group is able to eject the subordinate if it engages in any behaviour that reduces the
dominant’s own fitness, then the dominant member can exert control. Under such
circumstances, it is in the interest of the subordinate to modify its behaviour so as
not to infringe upon the fitness of the dominant. If enough subordinates leave the
group that the fitness of the remaining dominant members begins to fall, which may
occur, for example, if a minimum group size is required for territory defence, effec-
tive hunting of large prey or for communal raising of young, then the subordinates
now have some leverage, and it is the dominant individual that may do better by


http://dx.doi.org/10.1007/978-3-319-28585-6_6
http://dx.doi.org/10.1007/978-3-319-28585-6_4

7.3 Are Group Sizes Optimal? 133

relinquishing some opportunities for reproduction to the subordinates so as to main-
tain the critical group size.

The predictions of Vehrencamp’s (1983) original optimisation models are sup-
ported by data on the reproductive behaviour of a cuculid bird, the groove-billed ani
(Crotophaga sulcirostris). In anis, where several pairs share and lay eggs in a com-
munal nest, the eggs of early breeders are often ejected by other group members,
such that the largest proportion of the eggs remaining in the clutch tend to belong to
the dominant, last breeding pair. While subordinate females can expect to raise
comparatively few young when breeding as members of such a group, their lifespan
is generally much shorter if they attempt to breed alone. Their lifetime reproductive
output then, which takes into account both the number of chicks fledged per year
and the total number of years that they survive to reproduce in, actually tends be
greater if they breed as a subordinate group member, even allowing for the high risk
of egg ejection by their more dominant group mates (Vehrencamp 1978, 1983).
These data illustrate why subordinate members of groups often tolerate what on the
face of it appears to be a very poor deal and demonstrate the importance of consider-
ing lifetime reproductive success when thinking about the fitness payoffs of behav-
ioural strategies.

Reproductive skew theory has more recently been tested using long-term data
sets on the group composition and individual reproductive behaviour of breeding
groups of mongooses (Mungos mungo) (Cant et al. 2010). Such breeding groups
typically contain several dominant females as well as a number of subordinates. The
dominant females generally produce the most young, but subordinates may breed
too. If the number of young produced becomes too great then the mortality rate of
the pups, including those of the dominant females, can rise. When this occurs, the
dominant females may respond by driving breeding subordinate females out of the
group. During a breeding bout, all females in breeding groups become sexually
receptive at the same time, and interestingly, despite the threat of eviction, most of
the subordinate females mate and conceive during this period too. Some of the sub-
ordinates, when evicted, abort their young and are allowed to re-enter the group by
the dominant females. This strategy permits a degree of flexibility on the part of the
subordinates, allowing them to seize the opportunity to breed when it is available or
abort so as to avoid permanent eviction when it is not, instead of paying the fitness
cost of missing breeding opportunities by exercising pre-emptive restraint.

Vehrencamp’s (1983) original optimisation model focussed upon the conflicts
over fitness returns among differently ranked members of communal breeders. In
principle, skew theory models can be applied to the fitness payoffs associated with
other grouping interactions too, such as social foraging. Hamilton (2000) did just
this, using skew theory to make predictions about group size among foragers, under
conditions in which dominant individuals were able to control access to food
resources. Here, if it benefits the dominant individual to be joined by other, subor-
dinate foragers, it allocates them a share of the food such that their fitness payoff
from being in the group is equal to that that they would receive if they were foraging
alone. Food withholding behaviour by the dominant individual can be used to pre-
dict the stable size of the group, assuming that the foraging success of the group
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increases with group size, but at an ever diminishing rate. Under such conditions,
the model predicts a stable group size that exceeds the optimal group size that might
be expected if resources were shared equally among members, but smaller than the
large group sizes predicted by Sibly’s (1983) model, where individuals remain
within the group so long as they gain marginally higher fitness returns than they
would if they were alone.

7.3.3 Accounting for Relatedness

The Sibly (1983) model and the derived hypothetical fitness curves make no
assumptions about the degree of relatedness between the group members and pro-
spective joiners. A number of researchers have noted that relatedness and resulting
inclusive fitness effects may be expected to have a substantial effect upon the shape
of the fitness curve and the maximum expected group sizes. These effects can be
modelled and used to generate predictions about group joining decisions under dif-
ferent conditions (Giraldeau and Caraco 1993, 2000; Higashi and Yamamura 1993).
Giraldeau and Caraco (1993) point out that when thinking about how inclusive fit-
ness might affect group size, we also need to account for whether the group is open
in nature or whether access is restricted (indeed this is also true for groups in gen-
eral). In open groups, incoming members are free to join the group and the existing
group members are unable to stop them. In contrast, in restricted entry groups, the
existing group members are able to repel would-be joiners, stopping them from
entering the group.

Let us first consider a group where individuals are free to join. If the group is
currently below its theoretically predicted optimal size, then incoming individuals
do best to join the group, and the existing group members enjoy greater fitness too.
Under these conditions, an incoming individual faced with the choice of joining
either of two equally sized groups consisting of either relatives or non-relatives
would be expected to join the group to whose members it is related. Once the opti-
mal group size is reached, mean fitness for those already in the group will fall if any
more joiners arrive. Here the new arrival is expected to join the non-related group,
since it would pay the cost of reduced inclusive fitness if it joined its relatives.

What about a newly arrived individual faced with only one group that has already
reached or exceeded its optimal size? It has the choice of joining it or remaining
alone. Assuming that newly arriving individuals are unrelated to those already in the
group, it is in their interest to continue to join the group until the mean fitness is
equal to or less than that of a lone individual, as per Sibly’s (1983) original model.
If the incoming individuals are related to those already in the group however, then
by joining a group that has already reached its theoretically predicted optimal size,
they lower the mean fitness of those already in the group, which in turn reduces their
own, indirect fitness. The extent of this indirect fitness cost will be affected by their
mean relatedness to the other members of the group, the number of relatives affected
and the size of the fall in fitness caused by their arrival. Weighing against this cost
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is the increase in direct fitness that the joiner receives, compared to if it had opted to
remain alone. All else being equal, increasing relatedness between the existing
group member and the would-be joiner is expected to result in lower stable group
sizes, compared to scenarios where joiner is unrelated to those already in the group.

Consider now restricted entry groups. When the incoming individual is unrelated
to those already in the group, and the group members are able to recognise this and
prevent it from joining, we would expect to see maximum group sizes that corre-
spond to the theoretically predicted optimum. Group members should allow the
group to swell to the point where their fitness is maximised and then reject further
members. On the other hand, where newly arrived individuals are related to those
within the group, they should be permitted to join, so long as the direct fitness costs
to the original group members are offset by the inclusive, indirect fitness that they
gain from admitting relatives.

Accounting both for relatedness and for whether entry to the group is controlled
by the joiners or the current members, the largest group sizes, or more specifically
the group sizes where mean fitness extends furthest beyond the theoretically pre-
dicted optimum, are expected for scenarios where unrelated individuals are free to
join existing groups. The group sizes that deviate least from the theoretically pre-
dicted optimum ought to occur in groups where the current members can exclude
new members and potential joiners are unrelated to them (Giraldeau and Caraco
1993; see Chap. 1).

The predictions made by the models of Giraldeau and Caraco (1993, 2000) are
experimentally tractable, though comparatively little empirical research has been
carried out here. We speculate that group joining rules based upon relatedness might
be more common when incoming individuals are faced with relatively stable groups,
such as kin-assorted communal breeders or territory holders, where group composi-
tion changes relatively slowly. In more volatile groups, such as the large, free-entry
flocks and shoals typical of many birds or fishes, where groups frequently meet and
exchange members and where mixtures of close and distant relatives are found
together, accurately assessing relatedness or tracking changes in the numbers of
relatives within the group might be impossible.

7.4  Proactive and Reactive Grouping Decisions:
How Can Animals Modify Group Size?

Skew theory deals with the ways in which animals can influence group size; domi-
nant members of communally breeding societies can curtail reproduction among
subordinates or eject them completely from the group. Alternatively, when it suits
them, dominants persuade subordinates to remain within the group by making addi-
tional resources available to them. In addition to this, social animals can directly
influence group size proactively by actively recruiting new members, by evicting
others and by generally exercising control over their own or leaving decisions. Such
mechanisms tend to be observed primarily in restricted entry groups. In other social
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species, particularly those living in free entry groups, group size is an emergent and
dynamic outcome of the reactions of individuals to context and to proximate condi-
tions. We consider these two alternatives separately.

7.4.1 Proactive Grouping Decisions

7.4.1.1 Recruiting Members

There are situations when it might pay group members to be joined by others, such
as to reduce their risk of being captured by a predator, to increase their foraging effi-
ciency or to maximise homeostatic benefits, for example. Under these circumstances,
they may actively solicit others to join the group by producing a signal, such as a call
or chemical message, a process known as recruitment. Here, we define a signal as a
cue that alters a receiver’s behaviour that evolved for that effect and which is effec-
tive because the receiver’s response has also evolved (Smith and Harper et al. 2003).
There is a great deal of experimental and observational evidence that various species
of animals do indeed perform behaviours or produce signals that might function to
enable others to locate them or induce them to join them. Determining whether a cue
produced by a group member actually functions as a recruitment signal, rather than
being merely a passively produced by-product of its behaviour which the joiner can
detect and capitalise upon, is not always straightforward, however. This distinction is
important because there are circumstances where joining the group might benefit the
joiner but be detrimental to the fitness of those already in the group, conditions under
which the effect of signalling to others to join would be costly to the signaller. Herein
lies a challenge for researchers: how to distinguish between true cases of active
recruitment and cases of inadvertent social information use by joiners. Krause and
Ruxton (2002) produced a useful checklist for assessing whether a cue most likely
does function as a signal by which further group members are actively recruited or
whether it is an inadvertent by-product exploited by observant joiners. They suggest
that in order to qualify as a likely case of recruitment signalling, the following crite-
ria must be fulfilled:

1. The putative signal must not be obligate. In other words, the signaller should be
able to engage in whatever behaviour it is performing without necessarily
producing the signal. For example, for a bird feeding on grains on the ground,
head-bobbing as it stoops to feed is a cue which might convey information to
others that food is present but is also an obligatory behaviour — the bird cannot
pick up the seeds without bobbing its head. In fact head-bobbing is used as a cue
by scrounging spice finches (Lonchura punctulata) to locate others who are
feeding (Coolen et al. 2001). In contrast, if the bird produces head-bobbing
gestures that are not associated with attempting to pick food up, or if it produced
some other signal such as a specific call, behaviours are not functionally
necessary for feeding, the argument that joiners are responding to inadvertently
produced by-product of feeding behaviour would be weakened.
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2. The signal is associated with the resource to which the signaller is attempting
to recruit the joiner to. If the hypothesised function of the signal is to attract
others towards a patch of food, then we would expect that the signal is only
produced by foragers that have found food and not at other times or in other
contexts.

3. Opver the longer term, the sender should receive a fitness benefit from producing
the signal. A strategy that lowers the fitness of the individual using it is not evo-
lutionarily stable and is not expected to persist within a population. A researcher
seeking to determine whether active recruitment is occurring may therefore aim
to determine whether behaviours that attract joiners increase, decrease or have
no effect upon the putative recruiter’s fitness. Ultimate measures of fitness are
the lifetime reproductive success of the individuals performing the behaviour
and indeed the fitness of their offspring and/or other kin. Data on these might be
obtainable for well-studied populations or for species amenable to study in the
laboratory. In other cases, where collecting data on lifetime reproductive success
is not feasible, proximate measures of factors known or thought likely to
increase fitness might instead be quantified and used to build a case for or
against active recruitment as the likely mechanism behind the accretion of
joiners.

7.4.1.2 Recruiting Among Related Individuals

There is good evidence for active recruitment among related individuals. Here, the
signaller gains an inclusive fitness payoff by recruiting kin to its group to exploit
resources that it has found, in addition to any direct benefits that receives itself from
being in a larger group. Even if the recruiter pays a direct personal cost in being
joined, if the inclusive fitness payoffs exceed this direct cost, recruitment is expected
to be favoured by selection. In the pied babbler (Turdoides bicolor), fledged juve-
niles remain close to their parents and continue to receive care from them even after
they have ceased to require direct provisioning. In providing this extended support,
both the breeding pair who produced the juveniles and the alloparenting nest helpers
produce a special recruitment call which is used to summon the fledglings to patches
of food. This behaviour likely benefits the juveniles while they gain experience of
foraging for themselves, providing a bridge between parental care and full indepen-
dence (Radford and Ridley 2006, see Fig. 7.2). Recruitment to food has also been
documented among members of a eusocial mammal species, the naked mole rat
(Heterocephalus glaber). Here, workers produce odour trails, recruiting their
closely related colony mates to tunnels in which they have found food (Judd and
Sherman 1996). Recruitment of relatives to resources is perhaps best known from
and most specialised in the eusocial insects. Honeybee (Apis mellifera) foragers or
scouts that have located resources such as nectar- or water-rich flower patches or
potential new nest sites perform the famous waggle dance when they return to the
nest. This encodes information about the direction and distance to the resource (von
Frisch 1967; Riley et al. 2005; Seeley 2009) as well as assessments of its quality and
associated risk (Seeley et al. 2000; Abbott and Dukas 2009). Many species of ants
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Fig.7.2 Pied babblers produce a special ‘purr’ call which is used to attract independently feeding
fledglings to food patches. This call is rarely produced when only adults or dependent young are
present or when the breeding pair are building or sitting on the nest. It is thought to function as a
means of supplementing inexperienced young after direct provisioning has ceased (From Radford
and Ridley (2006))

lay pheromone trails to recruit nest mates towards resources (Holldobler and Wilson
1990; Jackson and Ratnieks 2006).

7.4.1.3 Recruiting Among Unrelated Individuals

What of recruitment to groups where the group members may be only distantly
related to one another, and where there is no obvious inclusive fitness benefit to the
recruiting individuals? Here, active recruitment is expected so long as the fitness
benefits to the recruiter outweigh the costs of being joined, as discussed above. A
number of cases have been documented in which putative recruiters produce sig-
nals that attract others and that are seemingly only produced in association with the
discovery of a resource or when the recruiter is attempting to leave one area and
travel to another. In these examples, a fitness benefit to the recruiter has not been
demonstrated, but seems plausible. Colonially breeding black-billed gulls
(Chroicocephalus bulleri) produce a contact call as they leave the colony to forage
that is thought to function as a recruitment call to other foragers. Initiators are more
likely to make these calls than followers, and initiators that call are more likely to
be followed than those that do not. Playback experiments have been used to show
that this call is attractive to other gulls. It is suggested that gulls gain social forag-
ing benefits when searching for food with others (Evans 1982). Carolina chicka-
dees (Poecile carolinensis) vary the structure of their alarm calls in different
contexts and produce characteristic calls that may function to recruit others to
newly discovered patches of food (Freeberg and Lucas 2002; Mahurin and Freeberg
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2009). The first bird to locate a food patch produces this distinct call more fre-
quently before the next bird arrives to join it than it does immediately after it has
been joined. Playback experiments of calls containing more or fewer D notes, the
component of the song thought to be involved in recruiting other flock members,
found that birds arrived at nearby feeding stations soonest when songs with more
D notes were played (Mahurin and Freeberg 2009). Green woodhoopoes
(Phoeniculus purpureus) call to their flock mates to follow them when they move
into new areas of habitat. Birds that call are more likely to be followed than birds
that do not. Moreover, birds that call but which are not followed have been observed
to fly back to the group and repeat their calls, as if trying again to recruit followers.
It is though that recruiting others may benefit the recruiter both by reducing its own
risk of predation and by providing support if aggressive neighbouring groups are
encountered (Radford 2004). Interestingly, the benefits of grouping do not apply
equally to all group members in green woodhoopoes, and subordinate birds that
might be outcompeted at food sites sometimes do not attempt to recruit when they
leave the group (Radford and du Plessis 2003; Radford 2004).

7.4.1.4 Increasing Group Size Through Adoption and Abduction

In some instances, animals may increase group sizes by adopting or even abducting
individuals from neighbouring groups. This has been well studied in the several
genera of slave-making ants, whose workers raid the nests of other species, return-
ing to their own colonies with larvae, and in some species adult workers. Slave-
making behaviour is also known as dulosis. Abducted slaves assume worker roles,
tending the brood and feeding workers in the slave-maker colonies. Typically, slave-
makers specialise upon a single, often closely related host species. In some species,
slave-making is obligate and in others it is facultative. This way of life appears to
have evolved multiple times, possibly as a by-product of brood predation. D’Ettorre
and Heinze (2001) provide a fascinating review of the evolution of slave-making.

Cases where individuals, here conspecifics, have been integrated into groups
from neighbouring territories have been documented in the convict cichlid
(Amatitlania nigrofasciata) (Wisenden and Keenleyside 1992; Lee-Jenkins et al.
2015). Here it is not clear whether the incomers are forcibly captured or prevented
from leaving or whether they are passively adopted. In one study of the brood com-
position of convict cichlid breeding pairs, Wisenden and Keenleyside (1992)
reported that almost one third of broods contained young from neighbouring terri-
tories. Parents typically only accepted foreign fry that were smaller than their own,
rejecting or eating larger ones. Smaller individuals are less likely to outcompete the
parent’s fry and were shown to be more likely to be taken by predators. Fry adoption
may therefore benefit the parents and their offspring’s fitness through reduction of
predation risk, with size selectivity by the parents mitigating against the costs of
increased competition.

Apparent kidnapping behaviour has also been observed in communally breeding
white-winged choughs (Corcorax melanorhamphos), where recently fledged young
were seen to be switched between groups during aggressive territorial disputes
(Heinsohn 1991), and in mongooses (Mungos mungo), where young are taken from



140 7 Group Size

the burrows of neighbouring groups during territorial disputes (Miiller and Bell
2009). Such behaviours may function to augment the kidnapping group under con-
ditions where a group’s success is linked to its size (Kokko et al. 2001).

7.4.1.5 Eviction and Restricting Entry

When group sizes reach or exceed the point where the fitness of the members of the
group begins to fall, group members may begin to evict current group mates, exclude
potential joiners or they may themselves leave the group.

Control by Dominant Group Members

As we have already seen when considering reproductive skew, dominant female
mongooses can limit group size by evicting subordinate breeders whose offspring
might limit the survival of the dominant female’s own young (Cant et al. 2010).
Eviction and exclusion also occurs in groups of clownfish (Amphiprion percula).
Clownfish occupy anemones, which serve as breeding grounds and refuges. These
groups consist minimally of a breeding pair, but may also contain a number of sub-
ordinate helpers. The total size of the group is positively correlated with the size of
the anemone. If the group grows too large, the breeding pair may suffer fitness costs.
Buston (2003) reported that in anemones that were close to saturation, breeding
pairs reduced or limited group size both by evicting some of the current subordinate
members and by preventing others from joining the group.

Interactions Within Parent-Offspring Groups

Parents may evict young once they reach a certain stage of development, in order to
make way for new offspring. This may play out as a form of the classic parent-
offspring conflict (Trivers 1974). Here, selection favours behaviour by the offspring
that is geared towards maximising its own fitness, by prolonging parental care and
provisioning for as long as possible. From the parents’ perspective, it is better to
cease caring for their offspring as soon as they are able to function independently,
in order to invest in the production of new young. Parents may compel their young
to leave by aggressively driving them away, or by others means, such as reducing or
ceasing food provisioning. For example, in California gulls (Larus californicus),
parents withhold food from their young for longer as the young became older.
Younger parents withheld food for the longest periods, consistent with their having
greater expected reproductive potential compared to older parents (Pugesek 1990).
In Montagu’s harriers (Circus pygargus), parents begin to withhold food from their
young as soon as they are able to hunt for themselves, although in years where food
is abundant, the young are able to prolong parental care to an extent by chasing and
begging or stealing food from their parents (Arroyo et al. 2002).

Another manifestation of the parent-offspring conflict as it relates to group size
is siblicide. This occurs when individuals, usually dependent young, are killed or
ejected from the group (with fatal consequences) by full or partial sibling nest
mates. Selection on the parents favours the production of as many young as are
likely to survive to independence, and sometimes more than this, since many birds
produce more young than they might be expected to successfully rear, as insurance
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against offspring mortality, or in order to capitalise on unusually productive envi-
ronmental conditions (Mock et al. 1990). From the perspective of self-interested
offspring however, siblings are competitors for limited resources. A consequence of
such competition is siblicide, usually carried out by older, larger or otherwise more
dominant individuals against weaker rivals. Siblicide is well studied in a number of
bird species (Mock and Parker 1998) as well as in some mammals, including spot-
ted hyenas (Crocuta crocuta) where twin cubs that kill their sibling grow faster than
those in pairs of twins where no siblicide occurs, faring almost as well as singleton
cubs (Hofer and East 2008).

Siblicide may also take the form of cannibalism, which not only reduces competition
but also provides nutrition. Nymphs of the European earwig (Forficula auricularia) kill
and consume nest mates. What is more, they have been demonstrated to be able to dif-
ferentiate between siblings and unrelated nest mates, killing and eating the latter sooner
and more frequently. Siblicide may benefit direct fitness, but incurs inclusive fitness
costs, indicating a role of kin selection in the evolution of siblicidal behaviour (Dobler
and Kolliker 2010).

7.4.1.6 Other Ways of Controlling Group Size: Plasticity
in Recruitment and Tactical Deception

More subtle ways in which group members may prevent others from joining them
include avoiding drawing attention to themselves or to the resources to which they
have access and by actively deceiving would-be joiners about the apparent profit-
ability of entering the group. The first of these is seen among animals that recruit, or
which perform behaviours that are consistent with recruitment. Spider monkeys
(Ateles geoffroyi) foraging for fruit-bearing trees perform calls that are attractive to
others. Subgroups containing dominant members call more frequently than do groups
that only contain subordinates. This may be because dominant monkeys are able to
monopolise the fruit growing on the tree, and so bear limited food competition costs,
while gaining the antipredator and benefits of foraging in a larger group, while the
subordinates face more severe competition for food. Food competition may also be
the reason subgroups occupying smaller trees call less frequently than those in bigger
trees, with more available food (Chapman and Lefebvre 1990). For similar reasons,
in groups of green woodhoopoes, subordinate individuals are less likely to perform
recruitment calls as they move in to new areas of habitat than are dominants. This
may enable them to forage without competition from competitively superior flock
mates (Radford and du Plessis 2003; Radford 2004).

Group members might also perform behaviours that deceive would-be joiners
about the benefits of joining the group. There is evidence that signalling animals are
sensitive to eavesdroppers, who might intercept their signals and join them, leading
to competition. Within shoals of Atlantic mollies (Poecilia mexicana), males court
females, directing more courtship effort towards larger females than to smaller
ones. This is presumably adaptive, since larger females are on average more fecund.
When rival males are nearby however, the signalling males switch to courting
smaller and initially unpreferred females. This has been interpreted as a form of
tactical deception, a tactic by which the signalling male can deflect rival attention
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Fig.7.3 Courtship
behaviour of male mollies
to large (black bars) and
small females (grey bars).
In the first part of the
experiment, when tested in
the absence of a rival male,
the test subject males
directed more courtship
nips, gonopodial thrusts
and first sexual interactions
towards the larger female.
In the second part of the
trial, half the test subject
males were exposed to an
audience consisting of a
rival male. The test subjects
ceased directing more nips
and gonopodial thrusts
towards the larger female
and were more likely to
attempt a first sexual
interaction with the smaller
one. The half of the males
that were not exposed to an
audience maintained their
initial preference for the
larger female (From Plath
et al. (2008))

7 Group Size
Nipping
tis= 6.13,
60— P < 0.0001 :"_3 57,
50 =0.002
o
§ 40
< 30 t,;=1.09,
3 -
20 P=0.29
10
Gonopodial thrusts
t,s = 5.55,
@ 30 P(?‘.?DO‘[
4 254 ty= 37,
E 25 P= 0001
w 20
p=
o — 7=1.07,
s 15 P =0.30
5 10—
o
#* 5
First sexual interaction
1.004 P P =0.001 P <0008
8 0.80
£
« 0.60-
o
S 0.40-
g
i 0.20
3
0.00 First part Second part Second part

with audience

without audience

towards smaller females and minimising competition for the larger ones (Plath et al.
2008, 2010, Fig. 7.3). Mourning cuttlefish (Sepia plangon) are able to rapidly
change colour and use this ability in a variety of contexts, including courtship. They
are able to modulate their colouration with such precision that males can display
courtship colouration to females on one side of their body while simultaneously
displaying patterning that is not associated with courtship towards rival males
located on their opposite flank. As with the redirected courtship behaviour seen in
the mollies, this may function to deceive rival males and prevent them from joining
and competing with the signaller (Brown et al. 2012). Both of these examples occur
within the context of courtship and deal with male-male competition for females. It
would be interesting to determine whether similar deception occurs within other

functional contexts, such as foraging.
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7.4.2 Reactive Grouping Decisions

7.4.2.1 Context-Dependent Grouping

One obvious way in which animals can maximise the benefits of grouping is by
coming together only when it benefits them to, going their separate ways at other
times. Such context-dependent grouping can occur at regular intervals, coinciding
with daily or seasonal occurrences, or it can be employed reactively, in response to
changes in the environment. Animals that group together to forage or migrate may,
during the breeding season, disband into pairs or individuals that establish territo-
ries and actively repel conspecifics. Such seasonal shifts in grouping behaviour have
been well studied in some passerine birds (e.g. Morse 1978). The opposite pattern
can occur too, with animals that are largely nonsocial when not breeding coming
together on a seasonal basis to reproduce, for example, as is seen in the colonially
breeding grey-headed albatross (Thalassarche chrysostoma) (Croxall et al. 2005).
Starlings (Sturnus vulgaris) provide an example of a likely adaptive diurnal shift in
grouping behaviour. During daylight hours, they forage in smaller flocks, but at
dusk, before settling to roost, they aggregate into far larger groups. This is thought
to be an antipredator behaviour, and larger, denser flocks are seen at roosts where
predation pressure is greater (Carere et al. 2009).

Hoare et al. (2004) provide a classic experimental investigation of reactive, con-
text-dependent group size. They studied the grouping behaviour of multiple captive
shoals of banded killifish (Fundulus diaphanus). If animals flexibly adjust their
grouping behaviour in an adaptive way, they might be expected to form larger,
denser groups when under risk of predation and smaller, more dispersed groups
when feeding, so as to minimise the costs of competing with neighbours. This is
what was seen in the killifish. In a treatment where they were exposed to conspecific
skin extract, a cue associated with predation that is released from fish that have been
injured by predators, the killifish formed larger, more tightly packed groups than
they did when exposed to a control condition where only water was added to their
pool. In another treatment, where they were exposed to chemical cues from food,
they dispersed into smaller, more widely spaced groups than they did in the control
condition. Finally, where they were exposed to both food and predation cues simul-
taneously, they formed groups of intermediate size (Fig. 7.4).

These examples look at how cues from the external environment can affect
group-level responses in aggregating behaviour. Individual animals can vary in their
sociability both in response to their own state and in response to the attributes of
their would-be group mates too. This can result in subtle selectivity by individuals
in when and with whom they group, with evidence again coming from laboratory
experiments of fish shoaling behaviour. Krause et al. (1999) showed that hungry
zebrafish (Danio rerio) preferred to join shoals of well-fed fish rather than groups
whose members are also hungry. Doing so might allow them to gain a greater share
of food than they would if shoaling with food-deprived group mates, who might be
expected to compete more vigorously. European minnows (Phoxinus phoxinus) are
able to recognise and prefer to shoal with poorer foragers (Metcalfe and Thomson
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Fig.7.4 Killifish disperse
when exposed to food cues
and form larger groups
when exposed to alarm
cues, a reliable indicator or
predation risk. Group sizes '|'
are intermediate when T
exposed to both cues
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1995). Presumably, this gives them a competitive advantage while allowing them to
retain other benefits of grouping.

7.4.2.2 Leaving the Group

When the benefits of grouping are not shared equally by all members, it might pay
those who are doing badly to leave the group and join or search for another one. It
has been observed that individuals of various species frequently move between
groups when they meet, that groups often split and that when groups merge and split
they sometimes exchange individuals (Croft et al. 2003). It is rarely clear however
whether the individuals that move between groups are the ones who were doing
most poorly in their old group or whether they gain any benefit from switching
groups or leaving to go it alone. In fact, the mechanisms that underlie group depar-
ture decisions are not well studied, and this is an area that has received more atten-
tion from theoretical biologists than from empiricists. The consequences for group
size of individuals leaving one group and joining another have been considered
within the framework of the Sibly (1983) group size model, discussed above, while
more recent models have attempted to elucidate the rules by which might spur an
animal to leave one group for another.

7.4.2.3 Group Switching and the Sibly Model

Sibly’s (1983) model, introduced in Sect. 7.3, can also be used to illustrate why
individuals might be expected to move between neighbouring groups when they
encounter one another and for understanding how such migrations might precipitate
further movements in response. Consider again the example of finches foraging for
thistle seeds in Fig. 7.1. This time there are 16 finches in the flock. Bear in mind that
the theoretically predicted optimum group size is 10, so the finches could do better
by splitting into smaller groups. We would not expect single birds to leave, since the
fitness of being alone is much lower than being in the larger group. But if by some
mechanism the flock were able to divide itself into two equally sized groups of 8,
the mean fitness of all members would increase, since the fitness for being in a
group of 8 exceeds that of being in a group of 16. This is not the end of the story
however; 8 is better than 16 but is poorer than the predicted optimum size of 10. So
now we might expect birds to leave one group of 8 and rejoin the other, forming a 9
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and then a 10. This gives one group of optimum size and one suboptimally sized
group of 6. Now, a bird in the group of 6 would do better if it left that group and
joined the bigger one too, even though mean individual fitness now begins to fall
again for the larger flock. This is true also for the next bird in the smaller group, and
so on, until all of the members of the dwindling smaller flock have joined the larger
one, and we are back at the starting point again, with one flock of 16 birds.
Conceivably, such groups may split again, and group size might not be fixed but
instead be dynamic, as individuals continuously move between groups in cycles of
fission and fusion (Chap. 1). On the other hand, if the costs of moving are great
enough, then group size might stabilise at some level. There is scope here for further
research.

This invocation of Sibly’s (1983) model is useful here both for understanding
why group composition might be dynamic and group switching frequent and also
for reemphasising how self-interested behaviour can maintain group sizes beyond
theoretically predicted optima, as discussed in Sect. 7.3. Note that while we con-
sider only two flocks of birds here, the same outcome, final group sizes that exceed
the predicted optimum size, is also true for situations where many groups are
exchanging individuals (Krause and Ruxton 2002).

7.4.2.4 Departure Rules

In some respects, the distribution of individuals between groups may be analogous
to the way individuals distribute themselves between patches of resources, a con-
cept known as the ideal free distribution (Fretwell 1972). Under the ideal free dis-
tribution, animals are at liberty to move back and forth between each of two or
more patches. The profitability of each patch depends on a combination of both the
amount and quality of the resource it contains and the number of others that are also
present at the patch. Over time, the number of individuals at each patch is predicted
to reflect its quality, such that the rate of resource uptake by each animal is the same
at both. This might occur through the animals dividing themselves accordingly
between patches and then remaining there, such that in a scenario with two patches,
if one patch has twice as much of a resource, it ought to attract twice as many forag-
ers. Alternatively, this could occur if all foragers constantly travel back and forth
between the two patches, but spend twice as long in each foraging bout in the patch
that has twice as much of the resource (Davies et al. 2012). Foragers should tailor
the amount of effort they invest into exploiting a given patch according to some
expectation of its yield (this is the ‘ideal’ in ideal free distribution, the assumption
that foragers have knowledge of the relative quality of each patch). This expecta-
tion might take the form of a threshold resource intake level, below which the for-
ager quits the patch for another, or a maximum search-to-discovery time limit, for
example. In principle, such rules might determine not only patch residence but also
group membership — an individual might switch groups upon exceeding some
threshold level of cost, such as a minimum level of food intake, condition loss or
reproductive output. This idea has been formalised by Beauchamp and Ferndndez-
Juricic (2005). In their model, they assumed that foragers were able to learn about
the distribution of food throughout the range of the population. In their simulations,
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foragers were allowed to leave the group if their foraging returns fell below that
expected for the habitat as a whole. This allowed foragers to avoid under- and over-
crowded areas, leading to group sizes that were close to the theoretically predicted
optimum.

7.5 How Does Group Size Affect Behaviour?

Do groups of different sizes behave differently? And is the behaviour of individual
group members dependent upon the size of the group that they are in? Social facili-
tation is a process whereby the presence of others can cause individuals to behave
differently from how they otherwise might if they were alone. Facilitation may
operate by a number of mechanisms, either alone or in concert. Animals may change
their behaviour when in groups because the costs of remaining vigilant for predators
are shared among many individuals, allowing them to engage in risky behaviours
such as exploring further from cover or behaviours that are mutually exclusive from
scanning for predators, such as feeding or courting. Competition may force them to
change the extent to which they engage in certain behaviours too. An individual
might be compelled to search for food for longer or in areas that it might otherwise
avoid in order to maintain a minimum level of energy intake in the face of competi-
tion from others (Chap. 4). Quantifying the relative importance of these and other
effects upon individual group member behaviour can be challenging (Beauchamp
and Livoreil 1997; Grand and Dill 1999). Moreover, facilitation effects can interact
with other aspects of behaviour, such as familiarity with the environment. In the
mosquitofish (Gambusia holbrooki), activity levels were socially facilitated in novel
environments, with larger groups being more active, but when the fish were familiar
with their surroundings, there was no effect of group size upon activity levels (Ward
2012). This indicates that greater locomotory activity is not a consistent, group size-
related pattern, but instead appears to vary with the amount of information that
individuals hold about their environment. Novel environments may be perceived as
risky, potentially because they may contain hidden dangers and because individuals
have little or no information about the whereabouts of refugia.

Beauchamp and Livoreil (1997) found that in flocks of spice finches (Lonchura
punctulata), vigilance levels initially decreased as group size increased, but once the
group size reached a certain point, vigilance increased again. Seed handling time and
search speed also fell as group size grew. They suggest that increasing levels of com-
petition in larger groups could drive decreased vigilance, rather than enhanced forag-
ing rates resulting from decreased investment in antipredator behaviours. A
meta-analysis by Beauchamp (2008) of studies looking at the relationship between
group size and vigilance found evidence of an overall trend for decreasing invest-
ment in vigilance, scanning and similar behaviours as group size increased, but noted
that a substantial amount of the variation of these behaviours was unaccounted for.

Facilitation can affect behaviours other than exploration and vigilance of course.
Palestis and Burger (1998) described social facilitation in the preening behaviour of
common terns (Sterna hirundo), arguing that the role of facilitation in determining
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Fig. 7.5 Median ( +/— SE) swimming speed (a), variation in speed (b) and turning speed (¢) of
mosquitofish alone and in groups of 2, 4 and 8 (From Herbert-Read et al. (2013))

the timing of maintenance behaviour by group living animals has been overlooked.
They showed that the proportion of preening birds at any given time increased with
bird density and that preening behaviour appeared to be transmitted between neigh-
bours. Such transmission is also known as contagion (Nicol 1995).

Another process affecting the behaviour of animals in groups is that of confor-
mity. Conformity occurs when an individual performs the same behaviour as the
majority of its group mates, or the commonest of the various behaviours that the
group members are performing. One manifestation of conformity is that individuals
can tend to copy the behaviour of the rest of the group even if alternative options are
available, or doing so conflicts with their own personal preference. Guppies (Poecilia
reticulata) have been shown to follow experienced group mates on long, circuitous
routes to food patches, even when shorter alternatives exist (Laland and Williams
1998). Three-spined sticklebacks (Gasterosteus aculeatus) will join and forage with
larger shoals, even when doing so means foraging in areas they had previously
experienced to be relatively poor feeding grounds, and which, if foraging alone,
they tend to spend less time in (Webster and Hart 2006b). Similarly, spice finches
(Lonchura punctulata) that have been trained to expect one feeding area to be reli-
ably productive will switch to a less profitable area if they see others using it
(Rieucau and Giraldeau 2009).

Herbert-Read et al. (2013) compared the locomotory behaviour of individual
mosquitofish when they were alone and when they were in groups of different sizes.
They saw that individual fish had characteristic movement profiles when tested
alone, but that as group size increased, this individuality disappeared as the fish
tended to conform to the movement patterns of other group members. Remarkably,
the fish adopted such group size-specific patterns of movement so that it was pos-
sible to accurately predict the size of group based on a knowledge of the movement
characteristics of a single group member (Fig. 7.5). Some group members may be
more plastic in their behaviour than others, and hence more likely to adapt their
behaviour through conformity or facilitation. For example, Gouldian finches
(Erythrura gouldiae) that have a bold behavioural phenotype tend to be less likely
to conform to the patterns of behaviour shown by group mates compared to rela-
tively more shy birds (King et al. 2015).
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Pike and Laland (2010) showed that conformity can be frequency dependent, in
that individuals can become disproportionately more likely to copy the behaviour of
others as the number of group mates performing a behaviour increases. In their
experiment, ninespine sticklebacks (Pungitius pungitius) were allowed to choose
between two food patches that their group mates had fed at. They showed a prefer-
ence for the food patch fed at by the majority of fish, a preference that grew with at
a greater-than-linear rate as the number of foragers at the patch increased.

Taken together, research into the effects of facilitation and conformity suggest
that these processes can have both quantitative effects upon group member behav-
iour, that is, changing the rate at which certain behaviours are performed, and also
qualitative effects, with individuals in larger groups performing behaviours that they
might not engage in if they were in smaller groups or alone.

7.6 Summary

In this chapter, we have seen that animal groups vary in size, under the influence of
a range of different factors. There are good reasons for expecting group sizes in
nature to exceed the theoretically predicted optimal size, the size that maximises the
mean fitness payoff for the group’s members, and Sibly’s (1983) model provides
useful framework for illustrating why this ought to be the case. In reality, there may
well be no universal optimal size, since when we look at the level of each individual
within the group, as opposed to the mean of all individuals, it is clear that the opti-
mal size is likely to differ between them, and also over time. Given this, there is
potential conflict between group members over the control of the size of the group
and over the division of resources within it. Accordingly, group-living animals
engage in a range of behaviours that influence group size and which in many cases
have been shown, or more often inferred, to affect their fitness.



8.1 Introduction

Throughout the course of their lives, animals frequently have to differentiate
between the various options available to them and to make decisions on a course of
action. For those animals that live in groups, any decisions also usually involve the
added dimension of the social context — a potential decision-maker usually has to
account for the actions of other group members. While an individual may be moti-
vated to take a particular course of action, if it does so unilaterally, it may break
away from the rest of the group and thereby forfeit the benefits of social living. For
this reason, animals in groups often have to make collective decisions, reconciling
their own private information and motivations with those of other group members to
arrive at some mutually satisfactory outcome. Typically, contexts for collective
decisions include the timing of some group activity, or the travelling direction of the
group, and a broad consensus is required among group members if they are to retain
group coherence.

In recent times, considerable progress has been made in the understanding of
social and collective behaviour in general, and in collective decision-making in par-
ticular. We can now examine animal groups both in terms of their microscopic,
individual dynamics and their macroscopic, collective decisions. The process of
making a collective decision in animal groups is fundamentally different to that
which we envisage when thinking about human decisions. In human society, several
potential options can be described and differentiated, and group members can each
contribute by means of advocacy and discussion. By contrast, collective decisions
in animal groups are achieved through more simple processes, yet, despite this, self-
organised animal groups are often incredibly effective in arriving at collective deci-
sions. While it may be imagined that the processes of integrating the disparate
information held by multiple group members and then enacting some overall deci-
sion might be slow and prone to error, recent studies have exemplified the ability of
animal collectives to make decisions that are both fast and accurate and to distin-
guish between multiple options to arrive at an optimal solution.

© Springer International Publishing Switzerland 2016 149
A. Ward, M. Webster, Sociality: The Behaviour of Group-Living Animals,
DOI 10.1007/978-3-319-28585-6_8



150 8 Collective Decision-Making

8.2 Information Acquisition and Information Transfer

As described in previous chapters, individual animals obtain considerable benefits
from being part of a group, for example, through more efficient foraging and
enhanced abilities to detect and avoid predators. These benefits are founded on the
greater access to information enjoyed by individuals in groups. Information could
relate to any salient aspect of the biotic or abiotic environment, such as foraging
opportunities, or levels of threat. It may be acquired by an individual through direct
sampling of its environment, in which case the information is often referred to as
private information. By being a member of a group, an animal may be able to
enhance its rate of private information acquisition since certain behaviours are
socially facilitated, such as in the case of exploration and predator inspection (Ward
2012). In addition, animals can gather information through the cues and signals
provided by others in their environment. Social information, as this is known, is
relatively inexpensive to acquire and permits individuals to access a broader range
of information than they would be able to if they were to rely on collecting all of
their information through direct experience.

For group-living animals, social information is a crucially important resource
and may comprise the experience and information of all group members. The effec-
tive integration and application of this information is central to collective decision-
making. Perhaps the most frequently used examples relating to the use of social
information describe the ability of individuals in groups to locate food more rapidly
than on their own (Giraldeau and Caraco 2000; Pitcher et al. 1982; Ward and Hart
2005). This improvement in foraging efficiency is driven by social information. A
single individual searching for patchily distributed food has a relatively low proba-
bility per unit time of locating a food patch. But the probability of locating a food
patch increases with the number of foragers. If each individual can monitor the
other foragers and determine when they have located food — in other words, if it can
use the available social information — it can join the finder at its food patch and
increase its rate of food intake.

The transfer of social information between individuals forms the basis for collec-
tive behaviour. We can delineate two major categories of social information trans-
fer: that which occurs by social signals and that which occurs by social cues.
Signalling is an attempt by a signaller to influence the behaviour of a receiver, in this
context, a deliberate effort to convey information by an informed signaller to a naive
receiver. By contrast, while cues also involve the transmission of information from
one animal to another, they are inadvertent and not specifically evolved to commu-
nicate. Cues given out by an individual are interpreted by a receiver and are not typi-
cally an intentional means of communication by the cue giver. For example, in a
foraging context, a pigeon pecking at the ground would likely provide a cue to an
observer that it had located some food and was eating.

One of the best described forms of social signalling in this context is the honey
bee’s waggle dance (Seeley 1995; von Frisch 1967; see also Sect. 7.4). A foraging
bee that has located a food patch communicates its finding to its nest mates by per-
forming a dance upon its return to the hive. In the crucial phase of the dance, the bee
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vibrates its body and wings as it moves — it waggles — and the direction and duration
of this waggle tells the observers the direction of the food patch, relative to the sun,
and the distance to the food source (see Fig. 8.1). The process of information transfer
by the waggle dance is not perfect, and foragers will often return to the nest having
failed to locate the food patch in order to revisit the dance and to try again (Seeley
and Towne 1992); nonetheless, signalling in this way does improve the efficiency of
honey bee foraging under normal conditions (Dornhaus and Chittka 2004).

Honey bees are not the only animals that use signalling to facilitate information
transfer. Ant trail networks are also a form of signalling, although the communica-
tion between individuals is indirect. Upon discovering a food source, an ant makes
its way back to the nest, leaving small amounts of pheromone at intervals on its
return journey (Holldobler and Wilson 1990). This tends to recruit nearby ants to
adjust their foraging behaviour such that they will tend to follow the initial trail. If
they in turn find the food source, then they will navigate back to the nest, also leav-
ing pheromone droplets in their wake. This establishes positive feedback and the
trail becomes more attractive and recruits more ants. This positive feedback is lim-
ited both by the number of ants available to forage and by the fact that the phero-
mone contains volatile chemicals which evaporate over time, so the trail needs
constant reinforcement if it is to be maintained. Moreover, the ants lay trails more
intensively in response to higher quality food patches; hence, the network of trails
around an ant nest is adjusted to not only the presence of food but the most profit-
able foraging patterns (Beauchamp 2014; Beckers et al. 1993; Portha et al. 2002). In
a similar way to the ants, brown rats (Rattus norvegicus) are also known to create
chemical trails connecting food sources to the nest, enabling nest mates to reduce
the time taken to locate food (Galef and Buckley 1996; Galef and White 1997).
Naked mole rats (Heterocephalus glaber) not only produce chemical trails but
advertise their success in finding food to nest mates by using specific calls and by
displaying food and waving it around (Judd and Sherman 1996). Some species of
ants are also known to use more direct forms of signalling, such as tandem running,
where an informed ant leads an uninformed nest mate from the nest to food, or to a
new nest (Franks et al. 2009; Franks and Richardson 2006).

A version of the indirect information transfer used by ants in the formation and
maintenance of trails is used to great effect by termite species in the construction of
their nests. The uniting characteristic in both cases is that rather than responding
directly to the actions of other group members, individuals adapt and modify their
environment which in turn stimulates other group members to respond in a particular
way (Moussaid et al. 2009). This indirect, or stigmergic, communication is perhaps
exemplified best among termites which are able to construct huge nests without refer-
ence to a global plan, or even the need to be aware of other individuals (Grassé 1959).
In the case of termites, the building process begins with an individual depositing a small
amount of building material on the ground. The crucial aspect of this is that the building
material contains pheromones which encourage subsequent termites to deposit their
own pheromone-infused building material there. As the pile grows, its attractiveness
increases through positive feedback, eventually leading in some species to the con-
struction of the huge towers with which we are familiar (Beckers et al. 1994).
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Fig.8.1 (a) The waggle dance of
the honey bee (Apis mellifera)
provides information on the
location of a foraging patch.

(b) The angle of the ‘waggle’
corresponds to the direction,
relative to the position of the

sun (Figure design: J. Tautz

and M. Kleinhenz, Beegroup
Wiirzburg) (from Chittka 2004)

Like signals, cues allow a receiver to obtain information; however, cues are usu-
ally by-products of some aspect of an individual’s behaviour, rather than an evolved
attempt to communicate. An animal detecting a potentially threatening local stimu-
lus will adjust its behaviour, for example, by turning away from that stimulus. The
behavioural change in the detector is perceived by other group members nearby,
who in turn adjust their own behaviour and the information spreads outwards from
the source through positive feedback until, in some cases, it propagates throughout
the entire group (Treherne and Foster 1981). As an example, a foraging bird may
detect the approach of a predator and take flight, prompting the rest of the group to
follow suit. There is some evidence to suggest that birds can differentiate between
occasions when conspecifics take flight in response to a genuine threat, versus a
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simple departure from the area, which helps in minimising cascades of false alarms.
Birds taking flight in response to a potential threat do so in a slightly different way
to those taking off for other reasons, and this information can be used by other flock
members to decide whether or not to take flight themselves (Davis 1975; Lima
1995). Upon taking flight, alarmed birds have a characteristically different trajec-
tory to birds taking flight for other reasons. This may act as a cue in its own right;
however, it may also produce audible cues which augment the basic information
provided by them taking off and increase the likelihood of social transmission
(Hingee and Magrath 2009). The crucial factor in all such cases is that although the
predator may only have been detected by a small proportion of the group, by
responding to social information, all group members take evasive action and are
rewarded with their lives.

The process of information transfer between individuals can be extremely rapid
and effective. A number of researchers described this process, notably including
Breder (1954), who described ‘shock waves’ travelling across fish shoals, and
Rashevsky (1951), a pioneer of mathematical biology, who discussed social imita-
tion. However, it was Dmitrii Radakov (1973) who provided the greatest early
insight to this phenomenon, quantifying the speed with which these waves travel
across groups. In an experiment performed in an inlet of the Caribbean Sea in
Cuba, Radokov induced fright responses in silversides (Atherinomorus sp.), a type
of small shoaling fish, and filmed the reaction across the group. A small propor-
tion of the group would be startled by the stimulus provided by Radakov and the
behavioural response of these individuals would then transfer to their neighbours
and from them in turn to their neighbours, such that a ‘wave of agitation’ would
spread through the group. The speed of this wave was recorded at up to 15 ms™,
which is far greater than the maximum swimming speed of any one individual,
calculated at around 1 ms™'. Crucially, the speed of transmission of information
through the group is also typically faster than the speed of the predator to which
the animals are reacting (Godin and Morgan 1985). Radakov also noted some
interesting characteristics about these waves, including the fact that the wave
propagated over a greater distance when the stimulus carried a greater threat, for
example, when the school was attacked by a barracuda, but that the speed of prop-
agation was similar in all cases. It was not clear from Radakov’s work what aspects
of the behaviour of the initiators of these waves determined the distance over
which the waves travel, or whether the propagation distance depends on the num-
ber of individuals that initially react to the stimulus. Nonetheless, the crucial con-
tribution of Radakov was to demonstrate how collective behaviour can be achieved
effectively purely through local interactions between individuals in a self-organis-
ing group. It is not necessary for the group response to be coordinated by a leader,
nor for all individuals to be aware of the stimulus itself in order to respond effec-
tively to it (Fig. 8.2).

To examine the question of why some waves propagate extensively through a
group, while others fail to do so, Rosenthal and co-workers (2015) examined shoals
of golden shiners. Periodically, a single fish would spontaneously perform a sudden
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Fig.8.2 Rosenthal and co-workers (2015) clearly showed the pattern of local information transfer
between fish, beginning with a single fish a =0 ms, and radiating through that fish’s near neighbour
(From Rosenthal et al. (2015))

startle behaviour and the researchers could then examine whether and to what extent
this would be transmitted through the group as a behavioural cascade. They found that
the likelihood of a behavioural cascade propagating throughout a group as a result of
an initial startle response was relatively low and that in fact most behavioural cascades
attenuated relatively rapidly. The crucial question to address then is why do some
startle responses propagate while others quickly die out? Rosenthal et al. found that
simple measures such as the local density and number of near neighbours around the
initiating fish had little effect on the likelihood of a response propagating. However,
by constructing a sensory network of the shoal, based on the visual field of each indi-
vidual, they were able to determine the sensory connections between each individual.
Certain properties of these networks are vital in determining the probability of a startle
event propagating. In particular, individuals with a high clustering coefficient in the
sensory network, that is, those individuals who have a relatively high number of sen-
sory connections with near neighbours who are themselves connected, have a high
social influence on the group and are most likely to trigger a behavioural cascade.
It also seems likely that waves are more likely to propagate when the animals within
the group are in an alert state and so are more sensitive to perturbation (Bode et al
2010).

8.3  Collective Decision-Making

Group-living animals are frequently faced with decisions, selecting among multiple
options that differ in terms of their costs and benefits. The decisions typically relate
to spatially discrete alternatives, such as the choice of a group travelling direction
or the selection of a new shelter by ants, Temnothorax albipennis (Franks et al.
2003b), or the decision over the timing of a particular activity, for example, the
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decision to move from a resting site in animals such as primates (Petit and Bon
2010). In choosing among the available options, social information is crucial. If
group members are able to identify which individuals have pertinent information
and to copy the decision of those individuals, then high-quality information is
transferred and decisions can be improved across the whole group. If the animals
are to maintain the benefits of grouping, then the decision should be adopted by all
group members. Instances where group members arrive at a unanimous decision
while maintaining group cohesion are often referred to as consensus decisions
(Conradt and Roper 2005).

A characteristic of consensus decisions is that when faced with a binary choice
between two identical options, one will be chosen at random. If the same scenario
is presented repeatedly, this will lead to a clear U-shaped distribution of choices,
where the probability that the entire group opts for one or other option is very high,
and consequently the probability that it splits between the two options is low
(Camazine et al. 2001; Deneubourg and Goss 1989; Deneubourg et al. 2002). This
situation has been examined many times, for example, using cockroaches (Blatella
germanica), which were given a choice between two resting sites, and using tent
caterpillars (Malacosoma spp.), which were given a choice between two similar
food sources (Ame et al. 2004; Dussutour et al. 2007). In both cases, an initial, ran-
dom choice is amplified by positive feedback.

But while such situations present a valuable opportunity to examine collective
decision-making in a simplified context, the decisions that animals take in the real
world are often much more complex than this. For example, to forage effectively,
ant colonies often need to exploit multiple ephemeral food patches simultaneously.
In such situations, the formation of foraging trails represents a highly responsive
collective, and dynamic, solution to resource gathering in an ever-changing environ-
ment. Generally speaking, most decision-making scenarios involve a choice
between mutually exclusive alternatives, which differ in their profitability. The abil-
ity of animals to arrive at consensus decisions in these circumstances raises the
question of how they are able to collectively integrate information and decide on a
preferred option among multiple alternatives.

To answer this, it may be necessary to differentiate between collective decisions
taken across different taxa. The ability and the tendency to communicate across the
group changes the dynamics of the decision-making process. In large groups, such
as in bird flocks, fish shoals and social insect swarms, no single individual may typi-
cally be able to communicate directly with the entire group and consequently no
individual can monopolise the decision-making process. Instead, the decision
emerges through self-organisation. By contrast, decision-making in smaller groups,
such as those formed by some species of mammals, including primates, cetaceans
and some ungulates, can be a rather different process, as a single individual can
communicate with the entire group, leading to greater possibilities of negotiation
and voting and shaping patterns of following and leadership (Conradt and Roper
2005). We suggest that it may be useful to consider decision-making mechanisms in
groups where communication between group members is predominantly local
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separately to the mechanisms underlying decision-making in groups where global
communication is possible. In saying this, we acknowledge that these categories
need not necessarily be mutually exclusive, indeed there are many instances where
both mechanisms are involved.

8.3.1 Mechanisms for Consensus Decision-Making Based on
Local Communication

Collective decision-making may seem to imply some form of consultation
between group members, but that is not the case for the majority of animals that
live in groups. Instead, self-organisation based purely on local interactions pro-
vides an excellent means of decision-making. Each group member will generally
have the ability to detect its own local environment and bases its behaviour on
cues arising from its near neighbours, particularly their position, orientation,
speed and acceleration. If an individual initiates a new movement direction, this
may be amplified through positive feedback until the group is recruited to the
move. If more than one option is available, the one that is amplified the quickest
is the one that will ultimately be selected by the group. Generally speaking, the
option that is preferred by the majority will tend to be amplified the most quickly.
This process in large groups of animals was modelled by Couzin et al. (2005),
where the group contained individuals that preferred one of two travelling direc-
tions. If the angular difference between the two travelling directions was small,
the group would tend to average the travelling direction between the two options
as a result of the tendency of the animals to remain with the group. If the differ-
ence in the directional preference was too great, the group would switch to travel
in the direction that was preferred by a majority of group members. The decision-
making process here arrives at a consensus without the need for group members
to have complex cognitive abilities, or a global perspective of different individu-
als’ preferences. An experimental test of this prediction was made using homing
pigeons (Columba livia) by Biro and co-workers (2006), who trained individuals
to return to their loft from different release sites. Over time, each bird developed
its own individual route preference. Next, the researchers released the pigeons in
pairs. As predicted by Couzin et al.’s model, when there was little difference in the
directional preferences of the two birds, they tended to follow the average of their
directional preferences, each responding to the information about the other’s tra-
jectory (Pettit et al. 2013). When the difference between the two birds’ prefer-
ences became too great, the pair either split, or one individual compromised so
that it simply followed the other. In these cases, conflicts are resolved simply
through the application of basic interaction rules. Moreover, recent theoretical
model approaches suggest that rather than damaging the ability of groups to make
effective decisions, conflict may actually even enhance the process (Conradt
2013; Conradt et al. 2013).

Another crucial aspect of Couzin’s model was that it shows that the larger the
group, the smaller is the total proportion of informed individuals required to
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Fig.8.3 (a) As group size a 1
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informed individuals ’
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effectively lead the group (Couzin et al. 2005). The model indicates that around
20 % of group members are required to lead groups of 50, whereas in groups of 200,
less than 5 % of the group can effectively lead (see Fig. 8.3). One explanation for
this is that the frequency of interactions between individuals is greater in larger
groups, so information propagates more rapidly. Moreover, these informed indi-
viduals are able to shape the movement patterns of the group as a whole without any
form of signalling; leadership emerges as these individuals balance their attraction
to the target location against their attraction to near neighbours. This finding means
that relatively few informed individuals with a directional preference can shape the
movement patterns of large numbers of conspecifics. This fascinating aspect helps
to explain how large groups of animals manage to navigate effectively. If naive
individuals have no strong preference for a travelling direction, as in the previous
example, then they will be easier to lead. Subsequent work by Conradt et al. (2009)
suggests that group members who hold pertinent information on, for example, the
location of a foraging patch may be able to increase their influence on the group by
making slight adjustments in behavioural parameters, such as increasing their speed



158 8 Collective Decision-Making

Fig.8.4 Tandem running
in ants. The follower
maintains antennal contact
with the leader (Picture
copyright Stephen Pratt)

and reducing the strength of their response to group mates (Gueron et al. 1996). Yet
it would be wrong to classify those naive individuals, or those without any strong
preferences for group travelling direction, as being unimportant to the decision pro-
cess. Theoretical models have suggested that increasing the numbers of these unin-
formed individuals in a group tends to increase the probability that the group will
arrive at a consensus (Leonard et al. 2012). Furthermore, the presence of increasing
numbers of uninformed individuals has a stabilising effect on collective decision-
making. By increasing the absolute number of individuals in the group, the influ-
ence of highly motivated minorities is reduced, which tends to promote the adoption
of less strongly held, but more widespread, directional preferences by the group as
a whole (Couzin et al. 2011).

Positive feedback is an essential component of collective decision-making; how-
ever, if it is entirely unfettered, the result can be a potentially disastrous informa-
tional cascade, with serious consequences for all group members. In order to
minimise the risk of this happening, group members may apply a simple decision
rule, such as a quorum response, which describes how an animal’s probability of
performing a behaviour is a non-linear function of the number of other individuals
already exhibiting this behaviour. This allows the collective response to be tuned
through both positive and negative feedback. The quorum response operates by ini-
tially suppressing the propensity of individuals to follow a new initiative until a
minimum threshold number, or quorum is reached. Once this occurs, the probability
of individuals to follow this initiative increases sharply (Sumpter and Pratt 2009;
see Fig. 8.4). This non-linear functional response to the novel social information
reduces the likelihood of ‘blind copying’ — the uptake of poor information — because
it limits the influence of misinformed individuals on the behaviour of the group as a
whole. Although quorum mechanisms cannot fully exclude the risk of informa-
tional cascades (Dall et al. 2005; Laland and Williams 1998), on average they out-
perform the alternatives where animals place no, or low, reliance on social
information. The quorum rule has been shown to be important in mediating collec-
tive decisions in contexts including predator detection and foraging and across a
range of different species (Collins and Sumpter 2007; Pratt 2005; Seeley and
Visscher 2004; Ward et al. 2008b, 2011).

Quorum mechanisms provide a powerful means of comparing between different
options, allowing individuals an opportunity to gauge the preferences of other group
members. Other mechanisms of weighing social information have been proposed,
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for example, simple comparisons based on an observation of the absolute number of
group members that have already decided on each of two options or a comparison
of the relative difference between the two factions based on Weber’s law. Arganda
and co-workers (2012) proposed a mathematical rule based on Bayesian estimation
which may provide a mechanism that unites these various different means of com-
parison, allowing animals to select between two different options and thereby to
make effective collective decisions.

8.3.2 Mechanisms for Consensus Decision-Making Based on
Global Communication

The dynamics of decision-making when group members are able to communicate
across a large proportion of the group, or even globally, have been studied exten-
sively, partly in reference to a perceived similarity to human decision-making pro-
cesses (Conradt and List 2009). The analogy rests with the ability of animals in
these situations to communicate their intentions in a manner likened to voting that
allows group members to assess the relative strength of different preferences and
factions within a group. There are often characteristic behaviours that occur in the
build-up to a group move, including communication between group members (Petit
and Bon 2010). The communication in this case may relate to the timing and direc-
tion of collective movements. The purpose of this pre-departure communication is
most likely to try to build consensus and avoid fracturing the group. Several differ-
ent forms of this intra-group communication exist. Primates, including gorillas
(Gorilla gorilla), vocalise to inform other group members of their intention to move
(Stewart and Harcourt 1994). Boinski and Campbell (1995) studied vocalisations,
and the responses to vocalisations, among troops of white-faced capuchins (Cebus
capucinus). They found that individuals at the front of groups vocalised more fre-
quently, which assisted in initiating new movements and increasing coordination in
existing troop movements. Communications of intent can be achieved by aspects of
behaviour; yellow baboons (Papio cynocephalus) orient their bodies in the direction
of some goal prior to moving off. When large numbers of adults in the troop orient
in a similar direction, this indicates their direction of preferences and their readiness
to begin a collective movement (Norton 1986). A less specific, but more widespread
phenomenon is a build-up in activity prior to a collective movement, as seen in
sheep, cattle, swans and fish (Black 1988; Ramseyer et al. 2009a; Ramseyer et al.
2009b; Ward et al. 2013). In all these cases, communication during the pre-
movement phase facilitates the achievement of consensus over the timing of a col-
lective movement and, in some cases, consensus over the direction as well, by
establishing the relative proportions of group members who are committed to a
given course of action (Calf et al. 2002; Petit and Bon 2010).

The ability of animals to implement their own preferences and decisions can be
constrained by their membership of a group (Norton 1986). So, while the term consen-
sus decision-making implies that all individuals contribute to a decision and that there
is little conflict, this is not necessarily the case. The decisions may be made by a single
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individual, or a small subset of individuals. Group members who find that their prefer-
ences are not well matched by the decision are forced to make the choice of either sepa-
rating from the group, and thereby lose the benefits associated with grouping, or to
remain with the group and pay a so-called consensus cost (Conradt and Roper 2005).
Alternatively, a large proportion of the group may contribute to each decision, in which
case the outcome likely reflects the desires of the majority of the group more accurately.
As well as providing a more equitable solution for all group members, shared decisions
may allow information pooling and, potentially, better decisions (List 2004). These
shared decisions are sometimes characterised by voting behaviour. One celebrated
example of this is provided by herds of up to 1000 African buffalo (Syncerus caffer)
when they move off from their resting grounds to forage each evening (Prins 1996).
The adult female members of the herd are the ones who vote and each expresses her
preference by standing and gazing in a particular direction. Prins estimated the mean
direction of gaze prior to the herd’s departure and found that when they moved off, they
did so in that direction. Furthermore, the herd achieved something close to consensus
as there was usually a direction that was preferred by a large proportion of the group
and this was the direction taken. Hence, the buffalo coordinate their directional prefer-
ences by a means which takes into account the information of the experienced adult
females. Voting has also been described in primates, such as baboons (Papio cyno-
cephalus) (Norton 1986) and Tonkean macaques (Macaca tonkeana), which must
make foraging decisions regarding which fruit trees to move to in the forests where they
live. The process begins with an individual indicating its preferred direction by travel-
ling a short distance in that direction, then pausing to look back at the group. If another
individual then proposes an alternative course, the troop then votes as each individual
moves towards its preferred candidate, again stopping to look back at the rest of the
group. The voting process is not entirely unconstrained, but is influenced by selective
mimetism, as individuals tend to support those with whom they have the closest affili-
ations (Fletcher 2009). Once a majority has settled on one of the options, then the
remaining undecided individuals and those that originally supported the less popular
option join the majority and the group’s selection is made (Sueur and Petit 2008a, b;
Sueur et al. 2009, 2010). In a recent study of collective decision-making in a troop of
olive baboons (Papio anubis), Strandberg-Peshkin and co-workers (2015) examined
the patterns of decision-making against the level of conflict over direction. When the
difference between proposed routes was relatively small, the troop tended to compro-
mise, moving in a direction which was near the average of the alternative routes.
However, when the difference was greater, the troop achieved consensus by opting for
the route proposed by the most initiators. The decision-making patterns exhibited by
the baboons align closely with the theoretical predictions made by Couzin et al. (2005).

8.3.3 Quorums and Consensus Decisions for Nest Sites
in Social Insects

The process of choosing a new nest has been studied extensively in social insects,
particularly in bees and ants, and is perhaps the exemplar of animal collective
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decision-making. In both cases, mechanisms exist to communicate directly the dif-
ferent options available and then to choose the best option on a majority basis. In
good years, honey bee (Apis mellifera) colonies can grow to the point where they
become too large for their nest. If this happens, the founding queen will leave the
colony to seek a new nest, taking around three-quarters of the workers with her
(Rangel et al. 2013; Rangel and Seeley 2012). This transitional group will then
adopt a temporary home, often on a tree, while about 5 % of the group leave to
investigate potential places to site a new nest. On their return to the group, these
scouts produce a waggle dance to communicate the location of the nest site.
Initially, there may be several scouts dancing, each advocating its own choice, but
over periods that can last from a few hours up to a few days, some scouts stop danc-
ing. These bees may then either independently discover another site, or be recruited
to advocate another’s choice until gradually the number of bees advocating a given
nest reaches a quorum (Seeley and Visscher 2003). The dancing of the scouts pro-
vides information on the quality of a site and has the effect of recruiting additional
scouts to inspect the site. If they find it to be a good site, they too will advocate this
option by producing a waggle dance (Seeley 2010; Seeley and Visscher 2008).
Once the number of scouts recruited to a particular nest site reaches a quorum,
those scouts produce stop signals to inhibit scouts dancing for other sites, or even
interfere with their dancing by butting them (Seeley et al. 2012). It is this negative
feedback which is largely responsible for the ability of bees to break deadlocks
when they have a small number of appropriate sites. A similar ‘stop’ signal is given
during honey bee foraging when a forager returns to the nest having been attacked
at a feeding site to prevent waggle dances from continuing to recruit to that feeding
site (Nieh 2010).

Once a new nest site has been decided, the scouts begin to make a vibrational,
piping signal to prepare workers to ready themselves for flight. Even at the stage
when the swarm begins to move, however, only a relatively small proportion of the
group know the location of the nest. The rest are guided there by the informed scouts
who ‘streak’ — travel at high speed — though the upper layers of the moving swarm in
the direction of the new nest site (Beekman et al. 2006; Schultz et al. 2008). This
transmits information to the bees nearby and enables them to move in the correct
direction. Once a streaker reaches the front of the swarm, it slows and returns to the
back of the swarm before repeating the streak, and with multiple streakers perform-
ing the behaviour, the swarm can be guided to the new nest.

The process of nest-site selection in ants has been studied extensively in rock ants
(Temnothorax albipennis). Like the honey bees described above, the ants are able to
decide among several options for a new nest. The ants live in comparatively small
colonies typically with fewer than 200 workers inside rock fissures. These nest sites
are considered to be ephemeral in nature, so the ants often have to search for and
decide upon suitable new nest sites. When it becomes necessary for the ants to relo-
cate the nest, up to a third of the colony members begin to scout for alternatives in the
vicinity (Pratt et al. 2002). Once a scout finds a candidate nest site, it makes an
assessment according to multiple criteria including size, cleanliness, the number of
entrances and the presence of conspecific nest sites in the area (Franks et al. 2003b,
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2005, 2006, 2007). Given the possibility of several competing alternative nest sites,
a strategy that involves making a direct comparison of all alternatives may be slow
and inefficient. Instead, ants appear to apply a simple rule, selecting a nest site if it
exceeds a quality threshold (Robinson et al. 2011). Once it has decided in favour of
a nest, the scouting ant will then start to recruit additional scouts to the site, guiding
one ant at a time through tandem running (Franks et al. 2009; Franks and Richardson
2006; Moglich and Holldobler 1974; see Fig. 8.4). Once this newly recruited scout
arrives at the nest, it too will make an assessment of the nest. If it in turn finds the nest
to be suitable, it will also recruit and positive feedback begins. The ants are able to
use tactile cues to estimate the number of ants at the new nest site. If this number is
above a threshold, the decision is effectively made and the ants switch tactics to
begin a phase of social carrying, where they start to carry remaining adults and the
brood to the new site (Franks et al. 2003a; Pratt 2005; Pratt et al. 2002).

The mechanisms used by social insects to achieve consensus when more than
one option is available are simple and typically produce accurate results. There is
however a potential trade-off between the speed of a decision and the accuracy of
that decision in the nest-site selection context for social insects (Franks et al. 2003a).
Greater accuracy may require a larger number of scouts, which slows down the
decision. If the insects need to reach a rapid decision, however, they are able to
adjust their behaviour by restricting the number of individuals required to make the
decision. In addition, while different options may exist where social insects begin to
select nest sites, the inclusive fitness costs of making slow and/or inaccurate deci-
sions mean that the likelihood of conflict is low (Bourke and Franks 1995). The
beguiling simplicity and efficiency of the self-organised processes used by social
insects in making decisions have inspired optimisation algorithms that are being
used in human endeavours, including computing, artificial intelligence and
robotics.

8.4 Decision-Making and Leadership

A crucially important consideration in the study of collective decision-making is
that of leadership. This can refer to the position of an individual at the front of a
moving group, or an individual who is the initiator of a change in group behaviour.
These are not the same, however, and are subject to different constraints (Krause
et al. 2000); hence, in this context, we refer to leadership as the initiation of transi-
tions in group behaviour. Collective decision-making has been studied most exten-
sively in the context of collective movements, where multiple individuals travel
synchronously and coherently as a group between two points (Ward et al. 2013).
The decision of the group is manifest as a change in behaviour, often this is exempli-
fied in either a collective transition between a stationary phase and a moving phase,
or a change of direction in an existing group movement. The outcome of the deci-
sion can be determined easily as each group movement will tend to have a leader (or
a small group of leaders), the one who successfully initiates a group movement
(King 2010). It is usually inferred that this individual is the decision-maker, so that
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leadership and decision-making are synonymous. This represents a simplification in
some instances, however. While leadership implies a centralised form of decision-
making, the emergence of a leader is often only possible following a period of
consensus building in the group which is vital to maintain the coherence of the
group and therefore the benefits of group living. For example, in groups where
global communication is possible, when an individual initiates a new group move-
ment, the decision to move may have been made by the group before the initiation
took place during the crucial predeparture phase, as is the case with many primates,
including gorillas (Stewart and Harcourt 1994). By contrast, in groups where com-
munication is local, the decision-making process does not generally begin until an
initiation attempt is made and group members decide whether to recruit to the new
initiative (Ward et al. 2008b).

8.4.1 Who Decides?

Unshared decisions, or partially shared decisions, occur when only a single indi-
vidual or a subset of the social group contributes to the decision-making process.
Those who make the decisions gain benefits including obtaining greater control of
when the group moves, and in which direction, whereas those who do not, or can-
not, contribute to decision-making face the choice between remaining with the
group and paying a so-called consensus cost, in particular taking part in a group
move at a time or in a direction that is not optimal for them (Conradt and Roper
2005; Erhart and Overdorff 1999), or leaving the group and foregoing the advan-
tages of sociality. Generally, if levels of conflict are low, and the benefits of group-
ing are high, then consensus costs will be correspondingly low and there is little risk
of the group splitting. As conflict between the preferences of different factions
within the group increases, the consensus costs and the likelihood of the group split-
ting also increase (Conradt and Roper 2009). Kerth and colleagues (2006) studied
the role of conflict in precipitating the splitting of groups in the context of roosting
decisions in Bechstein’s bats (Myotis bechsteinii) by manipulating the experiences
of the bats at some roosts. Although the bats took group decisions on roost loca-
tions, conflicting information over roost-site suitability led to a greater likelihood of
group fission.

Broadly there are two main categories that have been investigated as potential
determinants of who decides and who does not. First, the identity of a decision-
maker may be important, and in particular, dominant individuals may be expected
to play a greater role in the process than group members that are subordinate.
Second, the state of an individual may be the key to determining who decides. For
example, those that have the highest motivation — often those that have the greatest
need to acquire resources — tend to be most likely to monopolise decision-making
in the group. Motivation may also be influenced by the information held by a group
member, and typically the most informed individuals should be expected to contrib-
ute most to decisions. In addition, individuals with bold personality types tend to
contribute disproportionately to decision-making, possibly through social
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indifference (Conradt and Roper 2009). These factors are interlinked to an extent.
For example, older individuals tend to hold more information and are also more
likely to be socially dominant. Which factors are most important vary from species
to species and across contexts.

8.4.1.1 Individual Identity: Social Dominance and Leadership

Considerable research has been carried out into the question of whether socially
dominant individuals in hierarchical groups tend to monopolise the decision-mak-
ing process. The findings have shown considerable differences between species.
For example, in several species of social carnivores that form dominance hierar-
chies, such as dwarf mongooses (Helogale parvula), meerkats (Suricata suricatta)
and golden jackals (Canis aureus) (Holekamp et al. 2000), the likelihood of suc-
cessfully initiating a group movement is predicted by the social dominance of an
individual. This may be through active manipulation of subordinate group mem-
bers, or because the subordinate individuals are especially attentive to the behav-
iour of the dominant, or because they are more likely to respond to a movement
initiation by a dominant individual, so-called selective mimetism (Sueur et al.
2009). In other species, such as wolves (Canis lupus), there exists a strong hierar-
chy, but according to several authors, this does not lead to consistent dominance of
movement decisions by the alpha male (Fox 1972; Mech 1970); thus, such deci-
sions in wolf packs are at least partially shared. Among primates, dominant indi-
viduals may also monopolise the decision-making process, but the extent to which
they do this varies between species, from gorillas, where the silverback male
almost always leads group movements (Watts 2000), to Barbary macaques (Macaca
sylvanus), where dominance is certainly an important factor in group decision-
making, but not the only factor (Seltmann et al. 2013), to white-faced capuchins
(Cebus capucinus), where dominance has no clear effect on decision-making (Leca
et al. 2003). To complicate matters, it can be difficult for human observers to
resolve who leads. Often researchers opt to simply record the first individual to
move and whether that individual was followed. However, this disregards the criti-
cal stage preceding the initiation, during which individuals may communicate their
preferences and readiness (Petit and Bon 2010). To return to the example of goril-
las, although the male leads group movements, there is a build-up of vocalisations
among the group in the lead up to the move and these could serve to communicate
the readiness of group members to move, hence what appears to be a decision that
is enforced on the group by the silverback may in fact be shared (Stewart and
Harcourt 1994). The relationship between the social hierarchy and leadership in
moving groups was also described in elegant studies on pigeons by Nagy and col-
leagues (2010, 2013; see Fig. 8.5). Birds were fitted with a GPS device, allowing a
detailed understanding of the interactions between individuals when the flock was
in flight. The data revealed that although pigeons have strict social dominance
hierarchies, the patterns of leader-follower relationships in moving flocks were
independent of this, potentially allowing individuals with relevant experience or
information to lead a flock, rather than relying on dominant but possibly ill-
informed individuals. Similarly, a study on the collective movements of
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Fig.8.5 (a) The tracks of ten pigeons (A—J) in flight over a two-minute period. (b) From this data,
Nagy et al. (2010) constructed a hierarchical leadership network. Each pair of birds is connected by
an arrow; in each case, the arrow points from the leader to the follower, and the value in each case
gives the time delay of the response of the follower to the leader’s trajectory (From Nagy et al. 2010)

free-ranging olive baboons showed that despite the existence of a structured social
hierarchy in this species, decisions over the direction of travel were shared among
the members of the troop (Strandburg-Peshkin et al. 2015).

In some cases, the extent to which dominant individuals monopolise group deci-
sion-making can reflect the importance of a hierarchy in the social organisation of
the species in question. Sueur and Petit (2008b) used a comparative approach to
examine consensus decision-making relating to group departures in two closely
related primate species, the Tonkean macaque (Macaca tonkeana) and the rhesus
macaque (Macaca mulatta), taking into account the behaviour of the group prior to
departure. The social organisation of the Tonkean macaque is less hierarchical than
that of the rhesus macaque, and this appears to be reflected in the extent to which
decisions are shared among group members between the two species, with much
greater sharing of the decision in Tonkean macaques, while dominant troop mem-
bers played a disproportionate role in rhesus macaques. The stability of group mem-
bership also plays an important role. In ruffed lemurs (Varecia variegata), dominant
individuals seem to emerge as leaders when group composition is stable, but they
have lower influence in less stable groups (Overdorff et al. 2005). Overall, it seems
that social dominance may skew the influence of high-ranking individuals in group
decision-making, but that the extent of the skew varies considerably across species,
and the true nature of the decision may rest in subtle communications prior to the
execution of that decision.

8.4.1.2 Individual State: Motivation, Information and Leadership

Groups are often composed of individuals that differ at any given point in time
according to their internal state. The internal state of an animal may refer to many
different things; however, the most relevant here are the individual’s physiological
state and the information that it holds. These in turn affect an individual’s motivation
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to influence the group decision-making process; more motivated individuals are
likely to be more assertive. When a social animal feels a powerful imperative to
move towards a given target, this may often result in it assuming leadership of the
group albeit without necessarily having a preference for doing so. This phenomenon
is sometimes referred to as leading according to need (Conradt et al. 2009; Rands
et al. 2003). In such cases, leadership emerges through self-organisation, as moti-
vated individuals increase their speed (Gueron et al. 1996) and gradually move to the
front of the group, where they exert greater influence over the travelling direction.

Since accurate decision-making relies on using information to select the best
available option, informed individuals should play a major role in the decision-
making process. A number of studies have shown that informed individuals are able
to act as leaders in groups. In shoals of golden shiners comprising individuals with
information about the timing and location of foraging opportunities, and other
group members who were naive, the informed fish adopted positions at the front of
the group and led the group towards the food. In the process, the naive fish not only
gained a foraging opportunity, but were also able to learn to access these opportuni-
ties themselves (Reebs 2000, 2001). Animals may learn local travel routes within
their home ranges, such as the locations and most direct way to get to different prey
patches. In a laboratory study of guppies, Laland and Williams (1997) showed that
naive guppies could learn to navigate simple mazes by swimming with trained shoal
mates. Moreover, guppies acquired this information so readily that even when expe-
rienced individuals were successively replaced with new, naive fish, the group still
used the original travel route that they had learned from their more experienced —
and now absent — shoal mates, even though alternative routes of equal length were
available, and even when all of the trained ‘founder’ fish had been removed from the
group. In fact, this model system was also used to highlight one of the drawbacks of
relying too heavily on social information; guppies persisted in using the travel
routes that they had learned from their shoal mates even after shorter routes were
made available to them (Laland and Williams 1998).

As well as learning about local travel routes, there is evidence that some animals
can learn migration routes that cover far greater distances. In whooping cranes
(Grus americana), young birds migrating for the first time from Wisconsin to
Florida in the USA took more direct routes, with fewer deviations, if they were
travelling in groups that contained older, experienced birds than they did if travel-
ling by themselves. Travelling with group mates with previous migrating experi-
ence improved the migratory accuracy of young naive birds by nearly 40 % (Mueller
et al. 2013; see Fig. 8.6).

A similar pattern of leadership by informed individuals was recorded by Helfman
and Schultz (1984) in French grunts (Haemulon flavolineatum) travelling along a
daily migration route; naive individuals also showed evidence of having socially
learned the route in a short space of time. Most experimental investigations of the
role of informational status in determining leadership tend to pair informed and
uninformed individuals, so that there is a large difference between group members
in the information held. Using pigeons, Flack et al. (2012) were able to take a more
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nuanced approach where there was a difference in knowledge between animals, but
without using the binary informed versus uninformed approach. They manipulated
the level of experience that different birds had with a given route and then examined
patterns of leadership between pairs of birds travelling along that route. As pre-
dicted, they found that those with greater experience tended to lead but also that the
magnitude of the difference in the informational status between the two birds deter-
mined the probability that the more experienced bird would lead. In larger groups,
the balancing of both personal information and the need to maintain social cohesion
tends to lead to consensus decisions (Miller et al. 2013).

This trade-off is likely to exist for most group-living animals, as being too asser-
tive in the process of initiating a group movement or changing the course of an
existing movement could lead to the isolation of that individual, so each has to
reconcile its degree of assertiveness with its desire to remain with the group. A
study by Ioannou and co-workers examined this balancing act in shoals of golden
shiners. Within these shoals, some fish had information on the location of a poten-
tial food patch, and so were motivated to travel towards that patch, while others
lacked this information. Informed fish moved towards their goal, but the rate at
which they did so determined whether the uninformed fish followed, with the fast-
est, most direct individuals tending to leave the rest of the group behind. Those
informed individuals that led the group effectively travelled more slowly, appearing
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to balance their motivation to reach the goal against their motivation to maintain
social cohesion with the other members of the group (Ioannou et al. 2015).

Differences in energetic requirements between the members of a group can be an
important driver of positioning behaviour. Some individuals may have consistently
greater energetic demands than other group members and are consequently likely to
emerge as leaders. This might be for any one of a variety of different reasons: these
may be individuals who deplete their resources more rapidly due to higher meta-
bolic demands, or due to their parasite load, or because they have less capacity for
storage, or are less effective foragers. Such individuals have the greater immediate
need to acquire resources, so expediency may drive the collective decision-making
process. In addition, the need to move to acquire resources may correlate with dom-
inance since dominant animals are often the largest members of their groups, and so
have the greatest absolute energy requirements (Sueur et al. 2013). In ungulates,
such as the plains zebra (Equus burchellii), pregnant and lactating females often
initiate group movements as they have relatively higher energy intake requirements
and also need to obtain more water for milk production (Fischhoff et al. 2007).

In other cases, energetic differences among group members may reflect shorter-
term variance in food intake. Hungry individuals in shoals of roach (Rutilus rutilus)
adopted positions at the front of the group where foraging opportunities tend to be
greater. They remained in the leading positions until they gradually became sated
and were supplanted by hungrier individuals (Krause 1993b). These position
changes can be replicated by state-dependent adjustments of behavioural parame-
ters. Travelling speed is one such parameter. Hungry individuals tend to travel more
quickly and so may assume positions at the front of groups (Hansen et al. 2015a).
However, even in cases where hungry animals do not travel more quickly, they may
still be found towards the front of groups, relative to the position of satiated group
members. The mechanism is less clear in this instance, but one possibility is that
differences in interindividual spacing behaviour between hungry and satiated ani-
mals contribute to this pattern, with hungry individuals tending to move away from
conspecifics (Hansen et al. 2015b).

8.4.2 Leadership and Animal Personality

Research across a wide range of species has revealed the existence of consistent
interindividual differences, or personalities, among animals. These differences are
manifest in a range of contexts, and in many cases, different behaviours are corre-
lated, such that they form behavioural syndromes (Sih et al. 2004a, b). There can be
considerable variation across individuals within a population in terms of their socia-
bility. In addition, sociality often forms part of a syndrome with boldness and activ-
ity, so that highly social animals are generally less bold (often termed ‘shy’) when
faced with risk and are typically less active in open field tests. By contrast, less
social animals are often relatively bold and are highly active and exploratory. In
regard to the relationship of personality and behavioural syndromes to the dynamics
of grouping behaviour, and specifically to leadership, bolder, more active and less



8.5 The Functional Benefits of Collective Decision-Making 169

social individuals tend to emerge as leaders (Jolles et al. 2015; Kurvers et al. 2009;
Ward et al. 2004b). This was examined further by Harcourt et al. (2009) who found
that bold individuals were more likely to initiate movements, while shy individuals
showed less initiative, but had a strong tendency to follow. The coexistence of bold
and shy animals in groups may ultimately be of benefit to all group members, since
it potentially allows greater flexibility in collective decision-making and ultimately
more efficient foraging (Dyer et al. 2008; Michelena et al. 2009). Fully explaining
the role of personality in determining leadership may require that a distinction be
made between alternative hypotheses. In this context, the social indifference hypoth-
esis would suggest that bold individuals weight their desire to travel towards a given
destination above the need to remain with the group and so ultimately end up lead-
ing the group (Conradt et al. 2009). By contrast, the leading-according-to-need
hypothesis (Conradt et al. 2009) would suggest here that if bold individuals are
subject to greater relative energetic or physiological demands, this might predispose
them to act as leaders. At this time, the extent to which individual differences in
behaviour relate to individual differences in metabolism or energy expenditure is a
topic of debate (Careau and Garland 2015; Mathot and Dingemanse 2015a, b).
While the majority of studies have reported a positive correlation between aspects
of personality and the underlying physiology, the evidence is not unequivocal (see
Mathot and Dingemanse 2015a for a review). Added difficulties in assessing the
status of this field of research include the possibility of a publication bias, which
militates against the reporting of null results, and the existence of many different
measures of metabolic rate and energy expenditure. Moreover, studies often empha-
sise a causal relationship, rather than a more nuanced coadaptation of physiology
and behaviour involving sometimes complex feedbacks between these and the envi-
ronment of the animal. Further research is merited into this fascinating area, and the
review and prospectus provided recently by Sih et al. (2015) provides an excellent
path to a broader understanding.

8.5 The Functional Benefits of Collective Decision-Making:
How Good Are Collective Decisions?

Many animals are able to achieve far more as part of a collective than they might
if they were to live independently. Nowhere is this synergism demonstrated better
than through the phenomenon of collective decision-making. The ability of
groups to be more than the sum of their parts in this respect is sometimes referred
to as swarm intelligence, or the wisdom of the crowd. Swarm intelligence was
formally defined by Krause and can be said to occur where individuals indepen-
dently acquire information; the information of many individuals is in some way
processed and integrated through social interaction leading to a collective solu-
tion to a cognitive problem that could not be implemented by isolated individuals
(Krause et al. 2010). The most famous early example of this was Galton’s (1907)
description of a competition held at a country fair in England to guess the weight
of the butchered carcass of an ox. A little less than 800 people submitted a guess
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with the hope of winning a prize on offer for the most accurate. There was con-
siderable — and very important — variation among these guesses. Both the mean
and the median of these guesses were startlingly accurate, especially the mean,
which differed by less than half a kilogram from the actual weight of the carcass,
545 kg. Put in a different way, the crowd of guessers collectively ‘knew’ the
weight of the ox carcass. Human crowds are by no means the only examples of a
system in which the ability of the collective to make good decisions is greater
than that of individual group members. In a study on the ability of mosquitofish
(Gambusia holbrooki) to detect and avoid a replica predator in a Y-maze, Ward
etal. (2011) reported that solitary fish avoided the arm of the maze containing the
replica around 56 % of the time, in other words, little better that the null expecta-
tion in a Y-maze of 50 % of the time. Furthermore, these single fish not only made
inaccurate decisions much of the time, but they were also slow to make those
decisions. By contrast, fish in groups showed dramatic improvements in both
decision accuracy and speed, with fish in groups of 8 and 16 selecting the correct
arm of the maze approximately 85 % of the time and able to make decisions in
less than half the time of the single fish. Groups also have an advantage over
isolated individuals in terms of detecting cues in the environment (Grunbaum
1998). This was tested in another fish study, this time using golden shiners, exam-
ining the ability of groups to detect and respond adaptively to environmental
gradients (Berdahl et al. 2013). The fish showed an enhanced ability to track
preferred areas of habitat, in this case, patches of shade in a brightly lit environ-
ment, when in groups, and especially when in larger groups of 64 fish or more.
Pigeons travelling in groups home more efficiently, compared to when they travel
alone, reaching their destination more quickly and travelling by a more direct
route (Dell’ Ariccia et al. 2008). Sparrows presented with a novel foraging task
performed better in larger groups of six birds than in pairs (Liker and Bokony
2009). The task of discriminating between potential nest sites by rock ants
(Temnothorax rugatulus) fits the same pattern when the task is a complex one, to
differentiate between two similar options, with groups outperforming individu-
als. However, when the task is simple, individuals solve the task better than
groups (Sasaki et al. 2013). This finding demonstrates the advantage of swarm
intelligence when animals are faced with challenging cognitive tasks, but also
shows that when presented with a comparatively simple task, the potential costs
of reliance on social information over personal information can derail the group
decision-making process.

For most animals, decision accuracy has two facets: they must respond appropri-
ately both to so-called true positives and to false positives. For example, prey ani-
mals need to be able to respond with evasive behaviour to a stimulus that indicates
the approach of a predator (i.e. the stimulus is a true positive), while avoiding the
costs associated with being excessively jittery and fleeing unnecessarily if the stim-
ulus, such as a rustle in nearby bushes, does not in fact indicate the approach of a
predator (i.e. the stimulus is a false positive). It is often considered that these two
elements are linked — that a high degree of responsiveness to true positives inevita-
bly connotes a proportionately high response to false positives; however,



8.6 Mechanisms Underlying Improvements in Decision-Making with Group Size 171

1.0 00090000009
(0] 000000990°0%090°0%¢
2 ceoe 0.0°0'0'°.°.'. oretere e tp.whenin group
§0.8- ®o0000°® e fp.whenin group
g o® ° — — — t.p. when alone
8 ° — — — f.p. when alone
- 0fe——————————————— = — — — A
o — — — Quorum g
© [ ]
D @ | e e e e e o — — —— — —
2 0.41
= - ]
= °
3 024 ° o ®
S e °te. o
= (] o ,° ()
o 0 ® ¢% o ....................m

1 5 10 15 20 25 30 35 40 45 50
Group size

Fig. 8.7 Wolf and co-workers (2013) showed that at intermediate values of a quorum threshold,
groups are able to simultaneously decrease their rate of false positives (f.p.) and increase their rate
of true positives (z.p.) relative to solitary individuals (From Wolf et al. (2013))

mathematical models predict that animals in groups may be able to overcome this
limitation using a quorum decision rule, enabling them to simultaneously increase
true positives while decreasing false positives (Wolf et al. 2013; see Fig. 8.7).

8.6  Mechanisms Underlying Improvements
in Decision-Making with Group Size

Having established that animal collectives are capable of implementing a solution
to a problem that could not be achieved by a single group member, the question
becomes: ‘how can this be done?” When faced with uncertainty over the best course
of action, animals need to obtain information in order to improve their decision-
making, and social information gleaned from other group members is often the best
solution. Broadly, there are two main mechanisms, either groups integrate and use
the information of all members to arrive at some average of all preferences, or they
identify those individuals with pertinent and accurate information and devolve the
decision to these individuals. The underlying principle in the first of these instances
is often referred to as ‘many wrongs’, as in the phrase ‘many wrongs make a right’.
If each member of a group has some information, whether it be a guess as to the
weight of an ox, or the best direction in which to travel, if this information can be
pooled then the error in the overall group estimate will often be lower than the error
of all, or almost all, individual group members. For this reason, it is suggested that
animals in groups are often best served by decisions that include the contributions
of a large number of group members. This contention was originally proposed in the
context of bird migrations (Bergman and Donner 1964; Hamilton 1967; Wallraff
1978). If each bird independently has a preferred direction, but also has some error
due to their interpretation of the available navigational cues, the flock in flight will
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tend to follow the mean of all its members’ preferred directions because the indi-
viduals are constrained by their need for social cohesion. So long as the individual
errors of the birds are scattered evenly about the correct travelling direction to a
given destination, or in other words, there is no systematic bias that makes individu-
als mistakenly converge on a preference to one side of the correct direction, then the
flock will accurately follow the correct route. Furthermore, since the standard error
of the mean flying direction preference decreases with increasing flock size, larger
flocks will tend to be more accurate in their approximation of what is the correct
route (Rabgl and Noer 1973; Simons 2004).

But while the many wrongs principle, specifically the pooling of information and
shared decision-making, provides a simple self-organised mechanism for the
expression of swarm intelligence, its underlying assumptions may often be violated.
For example, a key assumption of the wisdom of the crowd is that each individual
should decide independently and that these independent decisions can then be inte-
grated at the level of the group. However, social interactions and feedback often
serve to shape the decisions of individuals, making this assumption potentially
unrealistic for many decision-making contexts. Interestingly, as the earlier example
of the collective deterioration in performance in some nest-site selection contexts
shows, this feedback can actually prevent the true expression of the wisdom of the
crowd (Sasaki et al. 2013). Furthermore, to be effective, the wisdom of the crowd is
reliant upon a diversity of opinion among group members, which in turn relies on
the independent sampling by group members of the available sensory information.
If this information is highly correlated among individuals, as is often the case in
complex environments, then this has the potential to introduce bias to their decision-
making and actually to reduce the decision-making ability of larger groups, although
this remains to be tested experimentally (Kao and Couzin 2014).

Alternative explanations to the wisdom of the crowd tend to emphasise the
importance of well-informed individuals in shaping the group decision. Indeed,
even among some of the classical examples of the wisdom of the crowd, it can be
difficult to exclude the possibility that what appears to be a fully shared process is
actually guided by a subset of the group assuming a dominant role in decision-
making processes. It stands to reason that groups containing a larger number of
individuals are proportionately more likely to contain individuals with better infor-
mation. Larger groups are also more likely to have members with a more diverse
range of skills and abilities. Assuming that individuals with the relevant experience,
information and skills can influence the decision-making process, then larger groups
will tend to make better decisions. Under this scenario, many of the group members
will not contribute directly to the decision-making process, but can benefit from
copying or scrounging the information (Guttal and Couzin 2010; Liker and Bokony
2009). Rather than applying the influence of all group members to find a solution,
in these cases, groups are better served by allowing the best informed individuals to
guide decision-making (Bisazza et al. 2014). This process does not necessarily
require any complex cognition, nor recognition of who does, and who does not,
have information. The study by Berdahl and co-workers (2013) demonstrated neatly
how fish in groups are able to track environmental gradients efficiently, a feat that
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single individuals are incapable of. This is achieved simply through differences in
the behaviour of individuals in response to local conditions, specifically that indi-
viduals in favoured areas of habitat tend to swim more slowly. The differences in
speed across the group has the effect of causing the group to turn towards that area,
while the slower speed of individuals already in the area produces an increase
in local density and ultimately the group converges on that area. The larger the
group, the greater the area that it covers and thus the more effectively it is able to
detect and respond to the presence of environmental gradients at the collective level.

These two mechanisms — the wisdom of the crowd model and the leadership
model — can coexist. Precise data obtained from pigeons fitted with GPS tracking
devices suggests that pairs in flight can switch between a compromise approach
approximating the wisdom of the crowd and leadership imposed by one member of
the pair within the same flight (Biro et al. 2006). The switch between the two occurs
once the level of conflict between an individual’s fidelity to its chosen route and its
social attraction to its flying partner increases above a threshold level. Below this
threshold, the pigeons manifest the kind of averaging and compromise indicated by
the wisdom of the crowds. Above the threshold, the compromise is broken with one
individual assuming the role of leader and the other foregoing its own route prefer-
ences in order to retain its social bond, broadly as predicted by Couzin and co-
workers’ model described earlier (Couzin et al. 2005).

8.7 Summary

The outcomes of studies into collective decision-making in a wide variety of species
demonstrate a remarkable ability of social animals to respond adaptively to a range
of challenges, from selecting new nest sites to finding foraging patches and avoiding
predators. A general pattern exists that animal groups are more effective at collect-
ing, integrating and using information than single individuals. At the root of this
ability are some fascinating yet often straightforward heuristics, such as the quorum
responses highlighted in many animal taxa. But while we get to grips with the
mechanisms of collective behaviour, further challenges remain. First, although
empirical studies have largely and understandably focussed on the specific attri-
butes of single model species, collecting data on a broader range of species would
allow comparisons among related species and across different taxa. It would be
fascinating to get to grips with the generalities of collective decision-making to
identify potential cognitive, ecological and adaptive reasons for the similarities and
indeed dissimilarities that exist so that we can appreciate the constraints, opportuni-
ties and evolutionary bases of this fascinating behaviour. Furthermore, and in addi-
tion to this point, we often examine snapshots of decision-making, whereas studies
that operate over a longer timescale and ideally use free-ranging animals could pro-
vide not only greater understanding of the mechanistic side of this behaviour but
also a much improved and much needed insight to the longer-term fitness conse-
quences of a series of collective decisions over time. Second, a better understanding
of collective decision-making goes hand in hand with understanding how animals
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communicate. For studies of collective motion and elements such as leadership, we
often use the gambit of recording the order in which animals move. From this we
infer the role played by individuals within the group decision-making process, yet
this may represent an oversimplification in some instances, as exemplified by the
movements of gorillas described earlier. Animals may communicate their prefer-
ences and intentions in many subtle ways before overt action is taken, and it behoves
us to investigate this more thoroughly. Finally, incorporating heterogeneity into
models and experiments of decision-making would allow us to understand both the
relative influence of different individuals and the state dependence of leadership and
potentially how animals of the same species execute collective decisions according
to different circumstances and contexts within their lives.



9.1 Introduction

Tinbergen (1963) identified the development of a behavioural trait during an ani-
mal’s lifetime as one of the four key questions that should be asked about a given
trait in order to understand it. The study of the development, or ontogeny, of social-
ity throughout animals’ lives provides an insight to both the mechanisms of social-
ity and its functions. In this chapter, we examine first the development of sociality.
Many animal species spend the initial stages of life in a social environment, for
example, if eggs are clustered or young are born into a litter of sibs. This means that
an aggregation of a cohort of kin is formed. These may subsequently go on to form
a true social group, based on social attraction, or they may simply remain together
through philopatry, and it can be difficult to distinguish between these. Nonetheless,
the development of social attraction to conspecifics in early life has been examined
in a few species in conjunction with the development of sensory and locomotive
capabilities, and we describe these here. Once the ability to identify and locate con-
specifics is developed, then the likelihood of an animal seeking out others of its kind
in order to associate with them and to form groups is governed by a range of factors.
These include the early-life social environment of offspring, the neural development
of individuals, the action of hormones and the genetic predisposition of animals to
sociality. We consider each of these in relation to the development and expression
of sociality and further how this relates to the ecological context in which the animal
operates. Following on from this, we consider how parasitism, a near ubiquitous
reality for free-ranging animals, affects patterns of association among animals.
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9.2  Ontogeny of Sociality

While many animals exhibit sociality at some point during their lives, their social
tendency is seldom expressed consistently throughout their lifetime, so we see onto-
genetic changes as the animal grows and develops. Two main broad categories of
animals are often proposed in respect of these ontogenetic changes, those that are
gregarious as juveniles, but then become progressively more solitary as they age and
reach adulthood, and, less commonly, those that are solitary as juveniles, but which
tend to aggregate more as adults. In both cases, the reasons for these variations in
social behaviour may rest in changes to the costs and benefits of aggregation accord-
ing to the size or age of the animal.

9.2.1 Animals that Aggregate Mainly in Early Life

The aggregation of animals into social groups during their vulnerable early life stages
is simple to understand from a functional perspective, given the considerable anti-
predator benefits of sociality. Forming into groups decreases an individual’s per capita
risk and so increases that individual’s fitness (Treisman 1975a, b). As animals grow,
their risk of predation decreases, so they become less reliant upon grouping. At the
same time, intraspecific competition for food or for territory increases, which can
drive the break-up of groups as animals become solitary foragers or territory holders
(Werner and Gilliam 1984). Many animals lay clutches of eggs, which predisposes the
newly hatched young to form aggregations (Courtney 1984). Nonetheless, the aggre-
gations can only be considered to be social if some degree of social attraction, how-
ever transient, exists between hatchlings. In many cases, the strength of this social
attraction decreases over time, and the animals become progressively more solitary.
This pattern is exemplified by social caterpillars, which are strongly social during
their earliest life stages, but become progressively less so as they grow (Costa et al.
2003; Fitzgerald 1993). Forest tent caterpillars (Malacosoma disstria; see Fig. 9.1) are
attracted to conspecific chemical cues during their first larval instars. The animals
produce and follow silk trails that are laden with pheromone, which act to maintain
group cohesion. As they develop further, however, they become less reliant on the silk
trails and show increased independence in their movement and foraging behaviour
(Despland and Hamzeh 2004). The underlying mechanism for this change is likely to
be an age-related change in their neural responses to stimuli that act to decrease their
inhibition to move independently. A broadly similar pattern is seen in many spider
species, the majority of which hatch en masse from egg sacs and spend a short period
of time at the beginning of their lives in a gregarious phase. A study of the solitary
spider, Agelena labyrinthica, which forms such aggregations following hatching dem-
onstrated how the tendency to aggregate decreased gradually over the first 6 weeks of
life. A simple set of interaction rules describe this process. Spiderlings were initially
more likely to decrease activity in the presence of conspecifics, resulting in the main-
tenance of groups, but their activity in the presence of conspecifics increased over
time leading to the dispersal of the groups (Mougenot et al. 2012).
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Fig.9.1 An aggregation
of tent caterpillars
(Photo J.R. Carmichael)

Mammals and birds enjoy a period of parental provisioning in early life; how-
ever, even once this is complete, the juveniles may remain with their parents and
siblings, or an extended social group, up to sexual maturity and beyond. Young
mammals begin to exercise a degree of independence from their mothers over time,
interacting with other newborns. When given a choice between associating with
their mother and associating with another youngster, both lambs and calves elected
to join their mothers prior to weaning, but reversed this choice after weaning
(Veissier et al. 1990; Walser et al. 1983). Interactions with peers can be extremely
important in developing long-term social bonds that may last for the lifetimes of
those animals. For example, goat kids form into cohesive peer groups with both
their sibs and with unrelated juveniles by the end of their second week (Lickliter
1987). Similarly, in another ungulate, Przewalski’s horse (Equus ferus przewalskii)
foals begin to leave their mother’s side to interact extensively with other foals at the
age of just 3 weeks (Boyd 1988). This pattern exists across most equid species,
although the interactions between the foals differ between the sexes with greater
aggression in the play of male foals than females, foreshadowing the agonistic
behaviour that will form an important part of their repertoire after maturity (Carson
and Woodgush 1983). Whether this so-called play fighting is a direct precursor to
adult aggression is a matter of contention with some authorities considering it to be
distinct and as having different functions, while others stress the similarities between
juveniles play fighting and adult fighting both in terms of the neurological bases and
behavioural expression (Delville et al. 2003; Pellis and Pellis 1988, 1998).

The pattern and frequency of social interactions shown by younger mammals
tend to change as they develop and eventually reach adulthood. This may be mea-
sured in terms of social distance, simply the distance measured between animals,
which tends to increase over their lifetimes. For example, young eland (Taurotragus
oryx) show social distances of less than 1 m to their peers in very early life. This
increases up to 4.5 m in later in their juvenile stage and up to 11 m in adults (Hillman
1974, 1979). In many mammal societies, one sex, usually the male, will leave the
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natal group, either leave of their own accord or because they are driven out by resi-
dent males, to whom they now represent a competitive threat. By contrast, in many
cases female offspring remain with their natal group. So while females in such
groups tend to be social throughout their lives, males may only be social as juveniles,
although in some instances, for example, in cheetahs (Acinonyx jubatus) and some
dolphin species, males form into bachelor groups.

Among social bird species, juveniles tend to form larger flocks than adults, a pat-
tern that has been recorded in a diverse range of bird taxa, including corvids
(Delestrade 1994), passerines (Catterall et al. 1989), galliforms (Kruijt 1964) and
ratites (Bertram 1992). Moreover, as with mammals, social distance increases with
age in many species. In ostriches (Struthio camelus), juveniles are highly gregarious
and maintain cohesive groups of up to 25 individuals, whereas adults are often soli-
tary outside the breeding season (Bertram 1992). In the Burmese red jungle fowl
(Gallus gallus spadiceus), chicks show strong social attraction to other chicks and
aggregate into tight groups from their second day following hatching. These groups
gradually become less cohesive as the birds develop (Kruijt 1964).

By maintaining close contact with peers, juvenile birds and mammals gain a
degree of protection from threats, potentially including aggression from older, dom-
inant conspecifics. In addition, their lack of experience means that these associa-
tions provide an opportunity to obtain the benefits of social learning and to form
alliances that will shape their future interactions within the social group. These
benefits decrease over time as the juveniles become more experienced and progres-
sively better able to deal with threats. At the same time, aggression tends to increase
as the animals develop; dominance hierarchies develop, and individuals, particu-
larly males, begin to compete for mating opportunities. This aggression is inimical
to the maintenance of cohesive groups, so the animals tend to increase the spacing
between themselves and others.

In most, but not all cases, the changes in social behaviour and increases in aggres-
sion are driven by hormonal changes in the animals (see Trainor et al. (2009) for a
detailed consideration of this topic). For example, oxytocin and oxytocin-like hor-
mones are known to be extremely important in the manifestation of social behaviour
and social preferences in vertebrates. Mesotocin, the avian homolog of oxytocin,
increases the tendency of zebra finches (Taeniopygia guttata) in particular to associ-
ate with large groups and with familiars, particularly in female birds (Goodson et al.
2009). In addition, increased aggression, often linked to hormonal changes, can
drive groups apart. The onset of fighting behaviour between jungle fowl chicks at
the age of 3 weeks coincides with increases in plasma testosterone in males at that
same age (Kruijt 1964; Tanabe et al. 1979). Gonadal hormones are known to regu-
late aggression between males of many species, especially during the breeding sea-
son (Nelson 2000; Sinervo et al. 2000). Furthermore, competition between males
causes short-term increases in testosterone and elevates aggression as a consequence
(Wingfield et al. 1987, 1990). Outside the breeding season, aggression between
males is controlled by the conversion of testosterone, or its precursor dehydroepian-
drosterone (DHEA), to oestrogen (Soma and Wingfield 2001; Wingfield et al. 2001).
However, the effects of specific hormones and neuropeptides on aggression can vary
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Fig.9.2 Buske and Gerlai (2011) examined the development of social attraction in zebrafish. The
average (+SE) distance in body lengths between pairs of zebrafish as a function of time during
early life. The inset box shows the interindividual distances in body lengths that would be expected
given a random distribution of fish within the tank. The peak value of this simulation is shown as
a dashed line. Comparisons between the interindividual distances of fish at different ages were
made using repeated-measured ANOVAs: ns=not significant, *<0.05, **<pb 0.01, ***<0.001
(From Buske and Gerlai 2011)

between and even within species. Neuropeptides, in particular arginine vasopressin
and serotonin, act to inhibit aggression in some species, but may actually promote
aggression in others (Goodson 1998a, b; Goodson and Adkins-Regan 1999; Edwards
and Kravitz 1997; Sperry and Wingfield 2003; Ten Eyck 2008). Testosterone has a
different effect in females and may actually decrease aggression (Elekonich and
Wingfield 2000). Behavioural endocrinology has provided some fascinating insight
to the mechanisms behind the expression of social behaviour, particularly in birds
(Anacker and Beery 2013; Carter et al. 2008; Chapman 1990), and this promises to
be an extremely fruitful area for future research in a broad range of taxa.

Many aquatic vertebrates are often described as being either social throughout
their lives or as being social as juveniles and solitary as adults. In fact, the reality is
rather more complicated than this as many species are not gregarious in the first few
days or weeks of life and only begin to show social attraction to conspecifics later
in their development. Zebrafish (Danio rerio) become progressively more social
over the first few days and weeks of their lives. While week-old fish tend to maintain
a distance of over ten body lengths to conspecifics, this gradually decreases over
time so that 10-week-old fish are separated by around six body lengths (Buske and
Gerlai 2011; see Fig. 9.2). The increase in shoal cohesion in these fish is accompa-
nied by changes in the neurobiology of the fish, specifically in relation to changes
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in the levels of dopamine, serotonin and other candidate neurotransmitters (Beckers
et al. 1993; Seeley and Towne 1992).

Tadpoles of the common frog (Rana temporaria) only aggregate in the middle
and later stages of larval development (Nicieza 1999). Tadpoles are highly vulner-
able to predators, especially as they metamorphose into their adult form. It has been
suggested that aggregation during larval development may serve to promote syn-
chrony in metamorphosis as the simultaneous emergence of large numbers of juve-
nile frogs may be an adaptation to swamp the short-term capacity of predators to
consume them (Arnold and Wassersug 1978; Devito et al. 1998; Ims 1990). Beyond
this stage, almost all adult anurans are nonsocial. Similarly, social fish species are
not typically attracted to conspecifics following hatching, but only begin to form
aggregations following metamorphosis (Fuiman and Magurran 1994). This may
imply a survival advantage to dispersion in larval fish; given their relatively weak
motor skills, it may be advantageous to be solitary in order to forage and avoid
predators at this stage in development. Alternatively, the lack of any tendency to
aggregate may reflect a constraint in their ability to form groups. Shoaling behav-
iour in striped jack (Pseudocaranx dentex) only begins once individuals attain a size
of around 12 mm, when they develop the sensory apparatus necessary to perceive
conspecifics and the motor skills required to respond appropriately to them (Masuda
and Tsukamoto 1999).

9.2.2 Animals that Aggregate Mainly in Later Life

The pattern whereby animals begin life being solitary before becoming progres-
sively more social is much rarer than the reverse. Those species that are solitary in
early life often rely on crypsis or camouflage during this stage of their lives. One of
the best studied examples of this strategy is provided by the New Zealand rock lob-
ster (Jasus edwardsii). Butler and co-workers (1999) tested the attraction of these
lobsters to shelters that were associated with conspecific chemical cues versus and
to shelters in the absence of such cues. Juveniles showed no preference for shelters
presented with conspecific cues. In fact, their response to conspecific chemical cues
appeared to be neutral or possibly even repulsive whereas subadults were strongly
attracted to such shelters. Moreover, the study demonstrated that the juveniles had
greater survivorship when living solitarily, whereas the subadults garnered the
greatest benefit by living in groups, as this enables them to defend themselves col-
lectively against attackers. The Caribbean spiny lobster (Panulirus argus) shows a
similar ontogenetic transition from a solitary to a social existence (Childress and
Herrnkind 1996). During their earliest postlarval stages, the lobsters gain the shelter
provided by algal beds and are solitary and unresponsive to the presence of conspe-
cifics. As they develop, the lobsters leave the algal beds and congregate into shelters
with conspecifics. This social attraction is also mediated by conspecific chemical
cues (Ratchford and Eggleston 1998). Unlike the New Zealand spiny lobsters, how-
ever, the Caribbean species appears to gain no benefit through cooperative defence,
nor do they appear to benefit from grouping through simple dilution effects. Instead,
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their attraction to conspecific cues appears to function to allow them to home in on
crevices that provide them with refuge. The response to conspecific cues in this spe-
cies therefore seems to simply be a means to locating a scarce but essential resource,
rather than being social attraction in its purest sense, although as the authors con-
clude, this might be an evolutionary step towards more complex social behaviour
(Childress and Herrnkind 2001).

Another crustacean that forms social aggregations, albeit on a much larger scale,
also spends the early stages of its life being solitary before later becoming social.
Antarctic krill (Euphausia superba) only start to form aggregations once they reach
a size of approximately 10 mm (Hamner et al. 1989). The reason for this ontoge-
netic shift in behaviour is not well understood, but krill are thought to aggregate in
order to avoid predators, to find food or mates and to obtain hydrodynamic advan-
tages (Hamner and Hamner 2000; O’Brien 1987; Ritz et al. 2011). In addition to
these general benefits, Ritz (2000) suggests that as the energy required to resist
sinking increases with mass, one of the reasons that Antarctic krill above 10 mm in
size join social aggregations is to exploit the upwellings created by groups of con-
specifics to offset these costs.

9.3  Effects of the Rearing Environment on the Development
of Sociality

The social behaviour of animals is influenced by the conditions they experience in
early life and, before this, by the conditions experienced by their mothers. In the
case of these maternal effects, the condition of the mother and the social environ-
ment in which she exists influences the development of the foetus, most probably
through the expression of maternal hormones (Sachser and Kaiser 2010). This can
have profound effects on the behaviour of offspring. For example, female three-
spined sticklebacks that have been exposed to predator stimulus produce eggs with
higher concentrations of egg cortisol. The resulting offspring exhibit smaller nearest
neighbour distances and, consequently, tighter shoaling behaviour than the off-
spring of mothers that were not exposed to predator stimulus (Giesing et al. 2011).
Following birth, or hatching, interactions with conspecifics play a crucial role in
shaping patterns of social behaviour.

Juvenile mammals often actively seek out and initiate social interactions
(Fairbanks 1993; Pusey 1983). In doing so, they may increase their level of social
competence and ultimately their fitness, if their ability to manage social relation-
ships translates to increased future reproductive success (Byrne and Whiten 1988).
Early social experiences may be especially important among species that live in
social groups. A comparison across three South American species of canids
revealed that pups of the bush dog (Speothos venaticus), which usually lives in
small packs, engaged longer in play than pups of the maned wolf (Chrysocyon
brachyurus), a largely solitary species, or pups of the crab-eating fox (Cerdocyon
thous), which typically lives and hunts in pairs. Interestingly the complexity of the
play did not relate to differences in the degree of sociality between the species and
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may instead be determined by the development of foraging skills through play
(Kleiman 2011).

Early social experience is now known to affect not only the patterns of behaviour
expressed by animals in later life but also the architecture of the brain itself. Where
animals are reared in social isolation, this can often quite dramatically impair the
development and later expression of social behaviour (Lukkes et al. 2009). In par-
ticular, individuals reared in isolation may show reduced cognitive development,
abnormal responses to stressors and poor decision-making (Baarendse et al. 2013;
Einon and Morgan 1977; Fone and Porkess 2008). By contrast, animals reared in
social environments tend to show greater social competence, exemplified by the
development of appropriate responses to social interactions in later life (Arnold and
Taborsky 2010; Taborsky and Oliveira 2012). Neurological development is known
to be sensitive to early life experience, both in terms of the structural development
of the brain itself and in terms of the development of neuroendocrine systems such
as the hypothalamic-pituitary-adrenal hormonal axis, which controls the response to
stress, among other things, in mammals and birds. In zebra finches, nestlings that
experience high levels of competition with siblings tend to show correspondingly
increased levels of stress hormones, such as corticosterone. Boogert and colleagues
examined the effect of elevated corticosterone in chicks on their patterns of social
behaviour in later life. They found that such animals tended to increase the number
of flock mates that they associate with and made them less choosy about who they
associated with (Boogert et al. 2014). Early social stimulation can produce changes
in the development of specific areas of the brain, for example, common frog (Rana
temporaria) tadpoles reared at high density developed larger optic tecta (the part of
the brain involved in the processing of visual information) (Trokovic et al. 2011).
Similarly, ninespine sticklebacks reared in groups developed larger optic tecta but
smaller olfactory bulbs than individually reared fish, which likely reflects plasticity
in neural development, shaped by the availability of different sensory cues in this
case (Gonda et al. 2009). Fischer and co-workers reared cichlid fish (Neolamprologus
pulcher) under different social treatments and found that although overall brain size
was not greater in the fish reared in large groups, the relative size of certain parts of
the brain, including the hypothalamus and the cerebellum, was greater (Fischer
et al. 2015). The increase in the size of the hypothalamus is particularly interesting,
since this brain region is strongly implicated in the control of social behaviour.
Broadly speaking, social stimulation during early life seems to increase the size of
brain regions or of the brain as a whole (Adar et al. 2008; Fowler et al. 2002; Lipkind
et al. 2002; Ott and Rogers 2010; see also Gonda et al. 2009). This developmental
pattern parallels the broader hypothesised evolutionary relationship between brain
size of primates and their social complexity (Dunbar 1998; Dunbar and Shultz
2007) and the correlation between relative brain size and sociality in other mammal
orders (Perez-Barberia et al. 2007) (see also Chap. 10).

Social stimulus may be provided by parents, or by peers, or by the broader social
milieu. Early social interactions play an important role in shaping the choice of social
partners in later life. The availability of several zebrafish (Danio rerio) colour morphs
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enabled Engeszer and co-workers to investigate environmental effects on the develop-
ment of shoaling preferences. Fish preferred to associate with individuals that had the
same pigment pattern strain as those they had been reared with, even if that pattern
was different to their own, demonstrating a clear ontogenetic learned effect on social
preferences (Engeszer et al. 2004). Furthermore, once established, these association
preferences remained consistent throughout the lives of the fish. Warburton and Lees
earlier examined the social behaviour of fish raised with heterospecifics and found
that these fish retained a preference to associate with heterospecifics over conspecifics
in shoals (Kozak and Boughman 2008; Warburton and Lees 1996). Early experience
can also have profound effects on the likelihood of an animal showing species-typical
patterns of social behaviour in later life. Orphaned juvenile chimpanzees showed dif-
ferent patterns of social development to those reared by their mothers, including being
more aggressive (van Leeuwen et al. 2014). For the majority of species which do not
engage in parental care, early social interactions encompass a variety of conspecifics
and potentially also heterospecifics. The tactile cues provided by aggregated conspe-
cifics stimulate and accelerate the development of cockroach (Blattella germanica)
nymphs (Holbrook et al. 2000; Lihoreau and Rivault 2008; Roth and Willis 1960).
Conversely, larvae of common frogs raised in isolation grew more quickly than those
raised in groups, although the group-raised individuals were more than twice as active
as their isolated peers (Nicieza 1999). These results may reflect, respectively, the
competition experienced by group-living animals and the adoption of different anti-
predator strategies according to rearing conditions — crypsis for solitary animals ver-
sus risk dilution and other group-related defences for gregarious animals.

9.4 Ecological and Environmental Effects on the Expression
of Social Behaviour

Animals base many of their group-joining, or group-leaving, decisions on their esti-
mation of the level of threat or on the distribution of resources, including food and
shelter. These decisions represent flexible and strategic adaptation to what are often
localised and short-term contexts, and we consider some of these in Chaps. 7 and 8.
But the social tendency of an animal can change over the longer term and often for
reasons outside the animal’s direct control. We consider three examples of ecologi-
cal and environmental factors that interact with social behaviour: induced effects,
which produce dramatic changes in behaviour in a small number of species, the
effect of pollutants and the effect of infection by parasites.

9.4.1 Induced Effects

Changes in behaviour in response to the local density of conspecifics are predicted
by models and have been observed in animal groups (Buhl et al. 2006; Vicsek
et al. 1995). In particular, as density increases, individuals self-organise into
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Fig.9.3 Solitary and gregarious forms of the desert locust (Schistocerca gregaria). The scale bar
represents 2 cm (From Simpson et al. 1999)

structured, polarised groups, and we examine this and related phenomena in Chap.
3. Some locust species undergo a dramatic change in morphology and behaviour
in response to increases in density. Desert locusts (Schistocerca gregaria) exist in
two clearly distinguishable forms — a green-coloured morph, which is solitary, and
a yellow and black, highly gregarious morph (see Fig. 9.3). The locusts switch
from the solitary form to the gregarious form when the local population density
increases and conditions become crowded. The key sensory mechanism behind
this transition is the tactile stimulus provided by collisions that occur in large
numbers of conspecifics (Simpson et al. 1999). Stimulation provided by these
tactile cues triggers a cascade of physiological and hormonal changes within the
locust. Behaviourally the animal begins to transform from a solitary animal to a
gregarious one over just a few hours. In addition, the animal changes in colour,
taking on a yellow and black aposematic colouration, which reflects a switch to a
diet including toxic plants (Sword et al. 2000). Maternal effects are expressed as
female locusts in the gregarious phase pass on these behavioural characteristics to
their offspring (Maeno and Tanaka 2010; McCaffery et al. 1998; Tanaka and
Maeno 2010).

9.4.2 Anthropogenic Impacts on Social Behaviour

In Chap. 2, we discussed how social attraction and social organisation are founded
on the ability of animals to recognise one another. Anthropogenic activities are
known to interfere with animal communication and social recognition (Lurling and
Scheffer 2007; Rohwer and Ewald 1981). This so-called info-disruption can be
induced both by direct contamination of the environment and by factors such as
climate change, ocean acidification and increasing levels of carbon dioxide in the
atmosphere (Roskaft et al. 1986). Contaminants can affect communication either by
changing the chemical signature of an organism, by interacting with the chemical
information that is transferred between individuals, by damaging the chemosensory
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Fig.9.4 Ward and co-workers examined the response of banded killifish to conspecific cues in a
flume. In control treatments, and at low doses of the contaminant, 4-nonylphenol (4-NP), fish
preferred to occupy a chemical plume containing conspecific chemical cues. At higher doses of
4-NP, the fish avoided conspecific cues, which could have implications for the social organisation
of the fish. The letter, x, represents a deviation from the null expectation of no difference in time
spent in the conspecific plume versus time spent in the blank plume. Letters a and b represent
subgroups identified by post hoc testing (From Ward et al. 2008a)

abilities of an organism or by a combination of these. While many studies have
documented the effects of various chemicals on chemical communication, most have
been concerned with the effect of info-disruptors on foraging, reproductive behav-
iour or on predator-prey interactions; relatively few have related this directly to soci-
ality. Of those that have, most have concerned the effect of contaminants on social
behaviour in aquatic animals. For example, low doses of the chemical nonylphenol,
even following short-duration exposures, caused banded killifish (Fundulus diapha-
nus) to orient away from the chemical cues of conspecifics (Ward et al. 2008a; see
Fig. 9.4). Similarly, choice tests performed using a related species, the mummichog
(Fundulus heteroclitus), following exposure to benzyl butyl phthalate demonstrated
the breakdown of normal social association patterns (Hogstad 1987). Clearly, far
more work needs to be done in this area, both on aquatic and on terrestrial
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organisms. As well as providing valuable information to help us understand and
hopefully mitigate the pernicious effects of some contaminants, such studies can
shed light on the mechanisms of recognition.

9.4.3 The Effect of Parasites on the Expression
of Social Behaviour

The behaviour of animals can be influenced, sometimes dramatically, by parasites.
The changes in behaviour may reflect an adaptive response to avoid being parasitised
in the first place, or they may be a consequence of having already been parasitised.
These two contexts, which we might refer to as pre-infection and post-infection behav-
ioural changes, are both known to affect the costs and benefits of group membership
for host animals (see Chap. 4) which in turn shapes the social behaviour of potential
hosts as they seek to mitigate the risks and costs of parasitism. Arguably pre-infection
studies have been primarily focussed on host responses to ectoparasites, while post-
infection studies achieve a better balance between the effects of ecto- and
endoparasites.

In addition to this, researchers have considered the adaptive benefit of sociality
in reference to its consequences for parasitic infection of group members. In gen-
eral, we can differentiate between two main categories of parasites according to the
manner in which they are transmitted: those that are directly transmitted through
contact with, or at least close proximity to, infected conspecifics and those that are
not transmitted through contact but which locate and parasitise their hosts by other
means. In the first case, an individual’s risk of parasitism should increase with group
size, as greater densities of conspecifics increase the frequency of interactions over-
all and hence provide parasites with more chance to move between hosts. In the
second case, it is predicted that an individual’s risk of parasitism decreases with
group size through the encounter-dilution effect (Mooring and Hart 1992). In fact, a
meta-analysis performed by Rifkin et al. (2012) found a weak, positive relationship
between group size and the risk of parasitism, regardless of the method of transmis-
sion, across a range of host and parasite species (see also Cote and Poulin 1995).
Nonetheless, there are examples where host animals adjust their behaviour to coun-
teract the risk posed by mobile, searching parasites, such as mosquitoes and other
parasitic flies. In many cases, this involves the host animals forming larger groups,
thereby diluting each individual host’s risk of parasitism. For example, black grouse
(Tetrao tetrix) form larger groups in the summer months, during which they are
harassed by black flies (Simuliidae) (Ratti et al. 2006). A more extensively
researched example is provided by herds of reindeer and their behaviour in response
to the emergence over the summer months of warble flies and bot flies, which seek
the herds out and exact considerable costs (Anderson and Nilssen 1996a, b; Helle
1980; Helle et al. 1992; Skogland 1989). By forming large aggregations, females
and juveniles in particular appear to gain respite from the attentions of these insects;
moreover, the low density of predators seems to rule out antipredator behaviour as
a competing hypothesis for the formation of herds (Fauchald et al. 2007). Similarly,


http://dx.doi.org/10.1007/978-3-319-28585-6_4

9.4 Ecological and Environmental Effects on the Expression of Social Behaviour 187

larger groups of horses appear to suffer lower per capita effects of parasitism by
mosquitoes (Cozzie and Irby 2010), suggesting that an increased tendency to aggre-
gate may be an effective means of limiting the effects of mobile, searching parasites.
In addition, animals in groups may be better able to acquire social information
about areas of their habitat associated with high parasite activity and to use this
information to avoid such areas. Rainbow trout in groups were better able to avoid
areas of their habitat infested with high levels of eye fluke (Diplostomum pseudo-
spathaceum) cercariae and consequently were less likely to be infected (Karvonen
et al. 2004). In some contexts, therefore, sociality may represent an adaptive
response to elevated risk of parasitism, especially to the risk posed by highly mobile
ectoparasites; however, more research needs to be done to study its effectiveness in
mitigating the risks of infection by endoparasites in particular.

Once infected with a parasite, how does the social behaviour of the host change?
In many cases, infection can bring about changes in host behaviour through direct
manipulation by the parasite or simply as a by-product of infection. Parasites may
manipulate their hosts in order to increase their chances of transmission to a subse-
quent host. They achieve this by targeting host systems, in particular the nervous
and endocrine systems (Lafferty and Shaw 2013). Alternatively, the parasite may
trigger an immune response in the host, which can be expressed as sickness. In both
cases, although the mechanisms differ, infection by a parasite can alter the expres-
sion of social behaviour in the host. Banded killifish (Fundulus diaphanus) infected
with a digenean trematode, Crassiphiala bulboglossa, are less likely to be found in
shoals, either because the parasite reduces their swimming ability, leaving infected
hosts less able to maintain social contact with conspecifics, or because the energetic
costs that it exacts mean that the host has to spend relatively more time foraging,
and this change to the host’s activity patterns effectively leads to its isolation
(Conradt and Roper 2000; Krause and Godin 1994; Ward et al. 2002b). Beyond these
simple by-products of infection, however, both Krause and Godin and Ward et al.
noted that infected fish were more likely to be found in peripheral positions when
they were found in shoals. Both being isolated and being in peripheral positions
potentially increase the risk of being predated by the parasite’s final host, which
may suggest that the effects on their host are adaptive for the parasite. Similarly, the
eye fluke (D. spathaceum) damages the eyesight of its fish host and, in doing so,
reduces their ability to shoal with conspecifics, which increases their risk of preda-
tion by the fluke’s final avian host (Seppala et al. 2008). When amphipods
(Gammarus pseudolimnaeus) detect the chemical cues of their predator, the brook
stickleback (Culaea inconstans), they form into aggregations, which reduce their
per capita risk of predation. However, amphipods infected with the acanthocephalan
parasite (Corynosoma sp.) do not aggregate and so are more likely to be eaten by the
predator, in turn infecting the stickleback (Lewis et al. 2012; see Fig. 9.5). In the
above cases, it is difficult to prove beyond doubt that this amounts to adaptive
manipulation by the parasite in its strictest sense, partly because the effects of para-
sitism may render infected animals more vulnerable to all predators and not only the
final host, so the fitness benefit to the parasite is not conclusively demonstrated
(Poulin 2010).
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Whereas some parasites cause a reduction in the tendency of the host to aggre-
gate, others produce the opposite effect. The strepsipteran parasite, Xenos ves-
parum, induces a series of changes in the behaviour of its paper wasp host (Polistes
dominulus) including making them more gregarious. Following infection, the
wasp ceases to contribute to normal tasks within its colony and eventually leaves
the colony altogether to form into an aggregation with other parasitised wasps. The
function of these wasp aggregations appears to be to allow the parasites to mate.
Following this, those hosts that are infected with male parasites die, while those
infected by females overwinter in the aggregation. The infected wasps remain in
this aggregation long after healthy wasps have departed to found new colonies in
the spring, only leaving when these colonies have begun to become established and
to produce new workers. At this stage, the parasite can use its host to disperse its
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offspring to the new cohort of wasps (Beani et al. 2011; Hughes et al. 2004).
Parasitic infection also causes an increase in the swarming behaviour of two
aquatic crustacean species, Artemia franciscana and Artemia parthenogenetica.
Interestingly, this effect can by produced by different species of parasite, by a ces-
tode, Flamingolepis liguloides, and by microsporidians, Anostracospora rigaudi
and Enterocytospora artemiae. The swarming behaviour, coupled with an increase
in the intensity of the colouration of infected Artemia and an increase in surfacing,
increases their conspicuousness to filter feeding birds, in particular the greater
flamingo, which is the final host of the cestode. The changes in host behaviour
caused by the microsporidians increases the efficiency with which the parasite can
directly infect new Artemia hosts (Rode et al. 2013).

In addition to the effects of parasitic infection on the host organism, the behav-
iour of potential group members towards that individual may change, particularly if
the parasite in question is capable of horizontal transmission and is contagious.
Avoidance of infected conspecifics allows a simple, adaptive means of reducing the
risk of parasitic infection. In binary-choice tests, fish are known to avoid conspecif-
ics that appear to be parasitised, even if their appearance has been manipulated and
the stimulus animals are not in fact carrying a parasite (Krause and Godin 1996b).
Three-spined sticklebacks are known to avoid conspecifics carrying the fish louse,
Argulus canadensis (Dugatkin et al. 1994). Interestingly, however, the fish show no
obvious avoidance behaviour to the louse itself, suggesting that the cues that the fish
respond to are derived from the coupling of the louse with an infected stickleback
and so may be chemical cues relating to the damage caused by an attached louse. In
fact, the identification of conspecifics that are infected by parasites is very often
mediated by chemical cues, not only because chemical cues provide the most
broadly used means of social recognition in many species, and in many cases are
affected by host immune responses that act to communicate the presence of a para-
site, but also because in the case of ectoparasite infection, visual cues may be scant
or non-existent (Kavaliers et al. 2004, 2005). Caribbean spiny lobsters avoid shel-
ters occupied by conspecifics infected by a virus, preferring to shelter alone rather
than in the presence of such a conspecific even in the presence of a predator
(Behringer and Butler 2010). Chemical cues are of primary importance in the social
recognition of lobsters, and it is likely that infection with the virus affects the chem-
ical cues given off by infected individuals.

9.5 Summary

Of the four questions highlighted by Tinbergen, the study of the ontogeny of social
behaviour is arguably the most neglected. The development of social recognition
and aggregation in early life has been well studied in a few species of larval and
juvenile fishes, providing a fascinating picture of the relationship of this to the
development of neural and locomotor performance. Yet there are many other taxa
for which this information is scant or missing. Few organisms show consistent pat-
terns of social organisation throughout their lives, and most of those that do are



190 9 Development, Ontogeny and Parasite-Mediated Changes in Social Behaviour

social as juveniles, but much less so as adults. The typical reason for this pattern is
that adult animals, usually being larger, benefit from a reduction in predation risk.
Additionally, the imperative to reproduce may often result in a reduction in the drive
to affiliate with large numbers of conspecifics. Even among species that are social
only for part of their lives, the environment that they experience in early life can
have profound effects on their social behaviour subsequently. This is particularly
important for the formation of an individual’s repertoire of social behaviour pat-
terns, such as the establishment of social association tendencies and preferences.
Fascinating insight has been provided by studies that have integrated behaviour with
physiology and endocrinology in this respect, and this remains a promising and
likely a fruitful field of research. In addition to purely intrinsic, ontogenetic factors,
the expression of social behaviour by an animal is often influenced by factors such
as parasitism. Where infection results in a reduction in social behaviour, it may be
difficult to resolve whether this is the result of active avoidance of the infected indi-
vidual by potential group mates or the pathology of the infection, simply from
observation; hence, experiments need to be designed carefully to separate these
confounds.



10.1 Introduction

When and how did group living evolve? Direct evidence of ancient animals living
in groups is hard to come by, and adage has it that behaviour does not fossilise. In
fact this is not strictly true, and some paleontological remains have been seen as
providing evidence of animals living in groups, albeit with varying degrees of con-
troversy. The abundance of remains of Pleistocene carnivores such as the dire wolf
(Canis dirus) and Smilodon (Smilodon fatalis) found in the La Brea Tar Pits in
California, viewed in conjunction with what we know of the scavenging behaviour
of contemporary social carnivores, has led to some researchers to speculate that
these species too were social (Carbone et al. 2009; Van Valkenburgh et al. 2009). Far
earlier still, the Cretaceous-era trackways left by dozens of small theropod dino-
saurs and a single larger animal in what is now Lark Quarry in Queensland, Australia,
have been suggested by some workers to provide evidence of a stampeding herd,
fleeing the approach of a predator (Thulborn and Wade 1979, Fig. 10.1). This inter-
pretation has stirred debate, and more recent analyses conclude that the large dino-
saur is most likely an herbivore and that the tracks attributed to the herd of smaller
dinosaurs may actually have been laid down sequentially over a longer period of
time as individuals forded a shallow or partially dried river crossing (Romilio and
Salisbury 2011). While acknowledging the difficulty of inferring sociality from
paleontological evidence, we can nevertheless speculate about group living in long
extinct species. It is likely that animals living in past environments faced the same
kinds of challenges as do contemporary ones, such as finding food, avoiding preda-
tors, effectively navigating and so on, and it is not unreasonable to imagine that they
met these challenges in many of the same ways, including by forming groups. This
speculation is further bolstered by the observations that a diverse range of extant
species spend at least some portions of their lives in groups and that among these
lineages group living appears to have evolved multiple times, suggesting that group
formation might be a common evolutionary response to particular selection pres-
sures. Phylogenetic analysis allows researchers to map patterns of grouping
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Fig.10.1 The right (a) and left (b) footprints of a larger dinosaur, part of a track of 11 such prints,
interpreted by some researchers as a predatory carnosaur (CA) and the footprints of many smaller
ornithopods (0) and coelurosaurs (c¢). The smaller dinosaurs have been suggested to be members of
a herd, fleeing from the larger predator (From Thulborn and Wade 1979)
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behaviours onto the living members of clades and, by incorporating information
about the evolutionary relationships between these extant species and their extinct
ancestors, create statistical models which estimate the appearance (or disappear-
ance) of this behaviour over evolutionary time.

The selection pressures which might favour grouping, including increased energy
uptake through greater foraging efficiency, reduced risk of falling victim to a preda-
tor, more effective homeostatic regulation or collective travelling and greater off-
spring survival through communal or cooperative breeding, are discussed in some
detail in Chaps. 4, 5 and 6. Clearly there are situations in which animals that are
members of groups may be expected to do better than lone individuals, and depend-
ing upon the balance between the advantages and costs of grouping, there may
likewise be circumstances where living alone is more beneficial. These advantages
help make the case for group living being an adaptive strategy. However, if we wish
to determine with any confidence that group living can arise through natural selec-
tion, we must demonstrate that a number of conditions have been met. Specifically,
variation in tendency to form groups between individuals must exist, this variation
must be heritable, and these individuals must live under conditions in which more
sociable, group-forming individuals are more likely to produce more surviving off-
spring than those that are less gregarious or which do not group at all.

Accordingly, in this chapter, we consider evidence for consistently expressed vari-
ation in sociability within and between populations and evidence for heritability of
this trait. We also look at variation in grouping behaviours at the species level, asking
whether species respond to similar environmental challenges in similar ways. The
comparative approach is valuable because it allows us to infer cases of convergence
in grouping behaviour or, conversely, to determine the extent to which selection for
grouping is phylogenetically constrained. Simulation models have also proven valu-
able in advancing our understanding of the evolution of grouping behaviour, particu-
larly coordinated behaviour and the coevolution of prey and their predators. Finally
we consider the role of the group itself as a selective environment and touch on some
of the significant evolutionary consequences that may have arisen from group living,
including disease resistance, social cognition and animal cultures.

10.2 Variation and Heritability
10.2.1 Intrapopulation Variability in Sociability

Individual variation is the raw material upon which natural selection acts. For
researchers interested in the evolution of group living, a useful starting point might
be one that considers the degree to which individuals differ in their tendency to
associate with others and the extent to which such behaviour is transmitted geneti-
cally to their offspring. Animals of course vary in different aspects of their behav-
iour over their lifetimes and across seasonal cycles, as well as in the shorter term, as
they react to predators, prey and other factors. Even when state-dependent and
external factors are accounted for, there may still be differences between individuals
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in their behaviour. While such variation has long been realised, it is only in the last
two decades that some behavioural ecologists have begun to focus heavily upon
individual differences in behaviours, as well as the consistency with which these
behaviours are expressed and the degree to which they are correlated with one
another. The study of individual variation in the expression of behaviours, including
aggression, neophobia, activity and, of relevance here, sociability, has given rise to
a field of research termed animal personality or animal temperament (Sih et al.
2004a, b; Réale et al. 2007; Bell et al. 2009).

Focussing upon sociability, within-individual consistency and between-
individual variation have been measured a number of different ways. One approach
makes use of choice tests, in which subjects are given the opportunity to spend time
associating with a group of conspecifics or with the larger of two or more such
groups. Measures such as the proportion of time spent close to the stimulus group
or some measure of the average distance maintained from it are used to provide a
metric of sociability. By testing the same individuals on multiple occasions,
researchers can look for positive correlations between successive association met-
rics in order to identify consistently more or less social individuals. Such an
approach has been used to quantify consistency in shoaling behaviour in fishes, for
example, in western mosquito fish (Gambusia affinis) (Cote et al. 2012), zebrafish
(Danio rerio) (Way et al. 2015), three-spined stickleback (Gasterosteus aculeatus)
(Dzieweczynski and Crovo 2011) and ninespine sticklebacks (Pungitius pungitius)
(Webster and Laland 2015).

While choice tests represent a useful means of quantifying sociality, they suffer
from a number of drawbacks. One is that they present the test subject with an ide-
alised stimulus in the absence of potentially biologically relevant confounding vari-
ables. The other is that they negate the possibility of two-way choice, overlooking
the fact that the process of group formation depends not only upon the focal joiner
but upon the motivation or tendency of the other individuals to group as well. From
an evolutionary perspective, the fitness returns from being highly sociable can only
be realised if there are others with whom to group; in other words, the fitness poten-
tial of ‘sociability phenotypes’ might be frequency dependent. Social network anal-
ysis and associated statistical tools represent a means of overcoming these problems
(Croft et al. 2008; Whitehead 2008). Free-ranging groups of captive or wild animals
can be monitored, and the grouping behaviour of some or all individuals can be
recorded and accounted for within the context of the distribution of grouping behav-
iours expressed by the rest of the group.

As with choice test approaches, research that has employed social network anal-
yses can be used to explore within-individual consistency in sociability, the relation-
ship between this trait and other behaviours. In a laboratory study using three-spined
sticklebacks, social behaviour varied with boldness; bolder fishes were seen to
spend less time associating with group mates than shyer fish, but tended to interact
with a greater number of individuals overall (Pike et al. 2008). In contrast, in shoals
of guppies (Poecilia reticulata) sampled in the wild, it was shyer fish that associated
more widely (Croft et al. 2009b). The difference between these studies may arise for
a variety of reasons, including differences in the assays used to determine boldness



10.2 Variation and Heritability 195

between the two studies. Nonetheless, it is clear that personality can have profound
influence on individual patterns of association.

In great tits (Parus major), a model organism in the ecological study of animal
personality, recent work has begun to explore the role of individual behavioural
variation in shaping social interactions in wild flocks. Earlier research has identified
that there are fast and slow explorer phenotypes within this species. Fast exploring
birds, in addition to showing a greater tendency to investigate novel spaces and
objects, are also more aggressive and risk-prone than are slow explorers (Dingemanse
et al. 2004; van Oers et al. 2004; Carere et al. 2005). This variation, which has some
genetic basis, is maintained in the wild by fluctuating selection pressures linked to
yearly variation in environmental conditions favouring different behavioural pheno-
types (Dingemanse et al. 2004). Based on selection experiments in which lines of
great tits were bred for two generations for high and low risk-taking behaviour,
which has been shown to be positively correlated with exploratory behaviour, van
Oers et al. (2004) estimated a realised heritability of around 20 % for this behaviour.
Work with a PIT-tagged wild population of great tits has also revealed that fast and
slow explorers differed markedly in their sociality. Fast explorers tend to interact
with many other individuals, albeit for shorter time periods, to move frequently
between flocks and to be more likely to be found at the periphery of the flock. In
contrast, slow explorers interact more frequently, but with fewer individuals, and
exhibit greater flock fidelity (Aplin et al. 2013, 2014). Taken together, these studies
demonstrate that behavioural syndromes, which have a significant heritable compo-
nent, can have a considerable influence upon aspects of grouping behaviour.

10.2.2 Interpopulation Variation in Sociability

Animals whose ranges span different regions with varying environmental condi-
tions might be expected to exhibit associated variation in their grouping behaviour.
This idea has been borne out by studies in which researchers have examined the
grouping responses of individuals from different populations under uniform condi-
tions. Guppies (also discussed in more detail below) show population-level differ-
ences in shoaling behaviour that reflect the level of predation pressure under which
they have evolved. Botham et al. (2008) compared the shoaling and other behav-
ioural responses of guppies from seven different populations to each of four differ-
ent predators that differed in the threat that they posed. They reported an interaction
effect between predator type and the predation pressure that the population was
exposed to; guppies from higher-predation populations spent more time shoaling
when in the presence of the most dangerous of the four predators.

Studies such as this type are informative because they demonstrate the potential
for populations to exhibit variation in the grouping behaviour even when exposed to
a common environment. In testing animals taken directly from the wild however, it
is difficult to infer the relative contribution of inherited versus developmental effects
or experience. Behavioural responses can be plastic, and whether it be through learn-
ing or through environmentally induced developmental responses, animals that have
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been exposed to high- or low-predation risk previously might tend to react differently
when encountering predators subsequently than would predator-naive individuals
from the same populations. Different approaches can be used to estimate the contri-
bution of genetic inheritance relative to these other factors. One is to take animals
from different populations and breed them, rearing their descendants under common
conditions. If behavioural differences persist in their offspring, and maternal effects
can be accounted for or ruled out (for example by focussing upon second-generation
descendants, whose parents were also reared under controlled conditions), then it can
be inferred that the behaviour has a heritable component. Crosses can be performed
between populations in order to identify the genetic basis of the traits of interest.

Another approach that has been adopted by researchers is the translocation
experiment. Animals can be taken from one location and introduced into another,
where different selection pressures prevail. Here, it is predicted that different char-
acteristics should be selected for and that there will be gradual divergence between
the ancestral and translocated populations with respect to these traits. Researchers
can test this prediction by measuring changes over time both in the traits themselves
and in the relative frequency of the genes with which they are associated.
Translocation experiments are useful in that they expose the translocated animals to
a full suite of natural (as oppose to artificial) selection pressures. Downsides include
the fact that such experiments cannot usually be replicated to anything like the same
degree as can be achieved with laboratory rearing designs. There may also be sig-
nificant environmental and ethical considerations; once introduced, the animals and
their descendants may be difficult or impossible to remove again, they may inter-
breed with resident populations and they may have other detrimental impacts upon
local ecology. Mesocosm studies, in which animals are reared under seminatural
conditions in artificial or enclosed areas of habitat, represent a compromise, allow-
ing for both ecological realism and replicability while avoiding some of the costs
associated with translocations.

Experimental investigations of shoaling in guppies and sticklebacks provide use-
ful case studies of the role of selection in shaping grouping behaviour. In the case of
guppies, both translocation experiments and comparison of captive-bred decedents
have been used. In sticklebacks, crosses have been performed between divergent
populations in order to uncover the role of selection on behaviour and the neurosen-
sory system in determining aspects of shoaling. In another fish species, zebrafish,
heritability estimates for shoaling behaviours have been estimated. Work in birds
has focussed upon heritability of group size preferences within the context of breed-
ing colony size selection by swallows and falcons. These case studies are discussed
in more detail in the sections that follow.

10.2.3 Shoaling in Fishes

Exactly the kind of translocation experiment described above has been carried out,
using guppies. The streams of the Northern Range of mountains in Trinidad are
divided into high- and low-predation sites by the presence of waterfalls. In some of
these streams, guppies occur both up- and downstream of the falls, while their fish
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predators are by and large restricted to channels downstream of these natural barri-
ers. Guppies below the falls are subjected to greater predation risk and accordingly
differ from those found upstream in a range of life history traits and morphological
and behavioural adaptations. In 1957, guppies were transplanted from a high-preda-
tion stream in the Caroni drainage to a low-predation and previously guppy-free
channel in the Orapuche drainage. Later, in 1976, guppies were moved from the
high-predation Aripo River to one of its tributaries, where fewer predators occurred
(Reznick et al. 1990; Magurran 1998, 2005). Reznick et al. (1990) periodically
measured various life history traits in the fish that were translocated in 1976, report-
ing that over an 11-year period the descendants of the translocated fish came to
mature later and at a larger size and produced larger offspring. Magurran and co-
workers focussed upon antipredator behaviours, including shoaling (Magurran et al.
1992, 1995; Carvalho et al. 1996). Studying fish from both of the two transloca-
tions, they showed that guppies of both sexes in the 1957 translocation showed a
marked reduction in the time that they spent shoaling with others compared to fish
from the river from which they originated. In the case of the more recent 1976 intro-
duction, a non-significant trend towards reduced shoaling was recorded. At the time
that these experiments were performed, 34 and 16 years had passed since the trans-
locations occurred, corresponding to approximately 60 and 30 guppy generations,
respectively. The shoaling tests were performed on the laboratory-bred offspring of
guppies that were collected from the sites of the introduced populations and from
the original source populations, allowing developmental effects to be controlled for.
These studies provide a neat demonstration of the impact of natural selection, in this
case release from predation, upon grouping behaviour (Magurran 1998, Fig. 10.2).

Researchers have also taken the approach of breeding from guppy populations
living under different predation regimes and rearing lines of descendants under
common conditions in order to infer selection for traits including tendency to shoal.



198 10 The Evolution of Group Living

For instance, Magurran et al. (1992) demonstrated significant variation in the time
spent shoaling by laboratory-bred offspring of guppies from seven populations. In
another study, Huizinga et al. (2009) investigated the interaction between plastic
response environmental cues and the genetic predisposition of shoaling behaviour
in guppies. They compared the shoaling responses of second-generation, laboratory-
bred fish from high- and low-predation sites for each of two naturally occurring
populations. They found that for both populations the high-predation-site fish
shoaled more cohesively than the low-predation-site fish. High- and low-predation-
site fish responded to cues associated with predation risk by forming denser groups,
with the high-predation-site fish shoaling more tightly. This demonstrates that while
shoaling responses are affected by cues in the external environment, response plas-
ticity is mediated through interactions with inherited variation in behaviour.

Like guppies, three-spined sticklebacks have proven to be a valuable model
organism in evolutionary ecology. They have a broad distribution within the tem-
perate northern hemisphere and inhabit a range of habitats, from marine coasts and
salt marshes to rivers and streams and the margins and pelagic regions of lakes.
There has been substantial adaptive radiation as populations have colonised new
habitat types, producing striking variation in morphology, life history and behav-
iour (Ostlund-Nilsson et al. 2006; Hendry et al. 2013). This variation includes
shoaling, which can vary markedly between populations. Wark et al. (2011) com-
pared the shoaling behaviour of sticklebacks from marine and lake benthic habi-
tats. These authors used a novel apparatus in which a shoal of model sticklebacks
was suspended from a turning wheel placed above a circular tank. Each model
stickleback in the shoal was made from a cast of a benthic x marine hybrid. The
whole shoal could be made to swim circuits of the tank, presenting a consistent and
precisely controllable stimulus to the test subjects. It was revealed both that the
marine fish spent more time shoaling with the model stickleback shoal and that
they remained oriented more closely with it than did the benthic fish. By rearing
captive benthic and marine fish in mixed groups in the lab and then quantifying
their social behaviour, these researchers were able to show that the observed differ-
ences in shoaling behaviour persisted, demonstrating that it was inherited and was
not solely based upon learning or experience. In the following work, the same team
performed quantitative trait locus analysis on shoaling behaviour of F2 hybrids of
marine and benthic sticklebacks. They found that the tendency to shoal was under
the influence of one genomic region, while the tendency to orientate with a moving
group was controlled by another region, affecting the development and structure of
the lateral line system (Greenwood et al. 2013). Shoaling behaviour in sticklebacks
then has evolved through selection both upon the behaviour itself and upon the
neurosensory system, through which it is mediated (Wark et al. 2012; Greenwood
etal. 2013).

Wright et al. (2003, 2006) investigated the genetic basis of shoaling behaviour in
zebrafish. In an initial study (Wright et al. 2003) compared shoaling in the laboratory-
reared offspring of four natural populations. No differences were seen between
these. In focussing upon one of these populations in more detail, however, they were
able to estimate the heritability of shoaling tendency in these fishes at 0.40, a rea-
sonably high level for heritability in a behavioural trait, although it should be noted
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that the error estimate in this case was high. A second study (Wright et al. 2006)
demonstrated substantial differences in time spent shoaling and willingness to
approach novel objects, a measure of boldness, by zebrafish descended from a wild
population and a laboratory strain. They were able to identify quantitative trait loci,
stretches of DNA containing the genes that affect these behaviours, in several
genomic regions.

10.2.4 Colonial Breeding in Birds

The above examples focus upon the formation of mobile groups. There is also evi-
dence that propensity to breed in colonies has a heritable component in some bird
species. Cliff swallows (Petrochelidon pyrrhonota) form breeding colonies ranging
in size from tens to thousands of nests. Brown and Brown (2000) showed that birds
preferred to breed in colonies similar in size to the ones that their parents bred in,
with cross-fostered birds, translocated as eggs from parental nests in large colonies
to foster nests in small ones, or vice-versa, still preferring to breed in colonies that
were similar in size to the one of their birth. This work was extended by Roche et al.
(2011). They confirmed that cross-fostered swallows showed a preference for colo-
nies similar in size the ones their parents selected, early on in their own lives.
However, in subsequent years, birds that were born in smaller colonies but translo-
cated to larger ones became more likely to select larger colonies themselves. The
authors suggest that there may be a strong genetic effect upon colony size preference
early in life, favoured by selection because it enables individuals to better match their
phenotype to the social environment. Over time however conditions may change and
the birds gain experience and have access to information about the quality of differ-
ent colony sites. A degree of flexibility in colony size selection may therefore be
favoured by selection.

Lesser kestrels (Falco naumanni) also breed colonially, and there is heritable varia-
tion in colony size preference, estimated to be as high as 0.53 by Serrano and Telle
(2007). Colony size preferences are typically not apparent until birds are older than 3
years old. This is both because older birds arrive at the breeding sites sooner than
younger ones and also because, being larger and heavier, they are able to outcompete
and physically exclude them from colonies. As a consequence, the colony sites used
by younger birds may not reflect their preferences. By the age of three however, they
have reached their maximum body size and mass and are better able to compete for
breeding sites.

10.3 Phylogenetic Perspectives on the Evolution
of Group Living

For researchers interested in the evolution of group living, simply comparing popu-
lations or species and attempting to relate the extent to which they form groups to
currently prevailing selection pressures may not be sufficient to gain insight into the
distribution of these behaviours. This is because behaviour may not be free to
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rapidly adapt to local conditions; instead, it may be constrained by previous selec-
tion that has occurred earlier on in the lineages that today’s species are descended
from. Here, statistical approaches that account for phylogeny, the patterns of rela-
tionships between species (and within species, between populations), can be useful.
By quantifying the extent to which living species form groups, and mapping this
information onto phylogenetic trees based upon molecular, morphological or other
data, researchers can estimate for a given clade the likelihood that grouping has
evolved recently or whether it is an ancestral trait inherited from an earlier common
ancestor. In fact just such issues have dogged comparative approaches to studying
the evolution of group living in primates and antelopes. In both cases, early work
placed heavy emphasis upon adaptation to the social and physical environments
experienced by contemporary species within these groups, while failing to account
for phylogeny. When later researchers applied phylogenetic approaches, phylogeny
was found to explain a significant amount of the variation in grouping behaviour
exhibited by contemporary species within these groups. In primates and antelopes,
as well as in flock-forming birds, both phylogeny and adaptation to selective pres-
sures have been inferred in influencing the evolution and the loss of grouping behav-
iour. Phylogenetic approaches have also been used to investigate the role of kin
selection in the evolution of cooperative breeding, both in eusocial insect and in
vertebrates. These cases are discussed in more detail below.

10.3.1 Eusocial Insects

Eusociality is an extreme social system in which the majority of the members of a
colony forgo reproduction in order to raise the offspring of a minority of individu-
als. Recent years have seen debate between researchers over the role of kin selec-
tion in the evolution of eusociality. Proponents have argued that eusociality arose
because multiple helpers greatly increases the number of offspring that could be
reared and, crucially, because those helpers were very closely related to the breed-
ing individuals and therefore to the offspring. By helping to raise these offspring,
they gained inclusive fitness payoffs that exceeded the combined direct fitness that
the helpers might have achieved through attempting to breed alone (Queller and
Strassmann 1998). Other researchers have downplayed the role of kin selection.
Wilson and Holldobler (2005), for example, have noted that the average degree of
relatedness among colony members of some species of eusocial insects can be
quite low. They have argued that the high average relatedness seen among mem-
bers of colonies of other species is a consequence of low rates of dispersal of young
and that kin selection and inclusive fitness have not played a role in driving the
evolution eusociality. This position was pursued in a controversial paper by Nowak
et al. (2010), in which the authors modelled the evolution of eusociality. They con-
cluded that the concept of kin selection has proven to be of limited use. Instead,
these authors argue that the evolution of eusociality can be better understood within
a population genetical framework. This paper has been criticised by a number of
researchers, leading to one of the biggest kerfuffies of recent times in evolutionary
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biology. Abbot et al. (2011), Boomsma et al. (2011) and Strassmann et al. (2011)
argue that Nowak and colleagues’ work overlooks several decades of empirical
evidence. Boomsma et al. (2011) in particular note a failure to address evidence
from empirical studies using phylogenetic analyses that demonstrates that eusoci-
ality has only evolved in clades where the conditions for kin selection were likely
present and where low average relatedness among colony members among some
extant species is likely a derived and not an ancestral condition (Hughes et al.
2008). As of the time of writing, the debate continues apace (Liao et al. 2015;
Nowak and Allen 2015).

Hughes et al. (2008) specifically investigated the role of ancestral monogamy in
the evolution of eusociality in hymenopteran insects using data on female mating
frequencies. Ancestral monogamy, in which a female mates with only one male, is
thought to be a key factor in facilitating the evolution of cooperation over rearing
young between a breeding female and her nonbreeding adult offspring. This is
because helpers are as closely related to their younger siblings as they would be to
their own potential offspring. Cooperative breeding may then evolve if it leads to
more offspring surviving than does independent reproduction by each helper.
Hughes and co-workers compared the number of males that females typically mated
with for 267 species of eusocial wasps, bees and ants. Performing phylogenetic
analyses, they found strong evidence that female monogamy was likely the ances-
tral condition in each of the eight eusocial lineages they looked at. In those species
within the lineages where females do mate with multiple males, evidence suggests
that this condition is derived and not ancestral. Hughes et al. (2008) argue that these
findings are incompatible with the idea that high relatedness between colony mem-
bers represents a consequence of limited dispersal in species that evolved eusocial-
ity through mechanisms dependent upon direct fitness alone. Instead, eusociality
appears to have evolved through kin selection, made viable by ancestral
monogamy.

10.3.2 Cooperative Breeding in Birds

Cooperative breeding occurs in a range of species, when breeding territory holders
are assisted in the raising of their young by other individuals that forgo some or all
of their own reproductive potential. Helpers may or may not be related to the breed-
ers, and the roles assumed by the helpers vary between species, but may include
feeding the young, looking out for predators or defending the territory from rivals.
Female monogamy has been shown to be of importance in the evolution of coopera-
tive breeding in birds, in cases where the helpers are the adult offspring of the breed-
ing female. If the female is monogamous, mating with only the father of the
would-be helper, then the helper will be equally related to its younger siblings as to
any young that it itself may produce. If females are highly promiscuous on the other
hand, then the average relatedness of a helper to its mother’s offspring will be lower
than its relatedness to its own offspring (Boomsma 2007). Whether cooperative
breeding evolves or not then will depend upon a combination of the helper’s
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relatedness to the young it is assisting in raising, the likelihood of these young sur-
viving with the helper’s assistance, and the likelihood of the helper’s own young
surviving were it to attempt to breed independently. In marginal environments and
in the face of severe pressure from predators or brood parasites (Feeney et al. 2013),
one pair of parents may not by themselves be able to successfully rear young. Under
such conditions, the inclusive fitness returns of helping raise siblings might exceed
the direct fitness of breeding oneself, and selection may be expected to favour coop-
erative breeding.

Cornwallis et al. (2010) investigated the role of monogamy in the evolution of
cooperative breeding in birds. The importance of monogamy in facilitating coopera-
tive breeding has been uncertain in vertebrates. This is because lifetime monogamy
is rare, and extra-pair copulation is common even within pair-breeding species
(Westneat and Stewart 2003). Also fitness benefits gained from cooperative breed-
ing interactions do not necessarily require high levels of relatedness between inter-
acting parties (Clutton-Brock 2002), while cooperation may actually facilitate
promiscuity, by freeing females from reliance upon their mates who might abandon
them if they are cuckolded (Mulder et al 1994). Through phylogenetic analysis of
267 bird species, Cornwallis et al. (2010) revealed that cooperative breeding arose
more often in lineages where promiscuity was low. Cooperative breeding was also
seen among some lineages containing moderately promiscuous species. Earlier
work has revealed evidence that helpers can discriminate between young on the
basis of their relatedness, directing help towards young that are more closely related
to them (Griffin and West 2003). Cornwallis and co-workers were able to explore
the relationship between kin discrimination, promiscuity and cooperative breeding
in their data set. They found that the strength of kin discrimination was greatest in
species where promiscuity was intermediate. Very high and very low promiscuity
will result in little variance in relatedness between a helper and its siblings; they will
all tend on average to be closely or more distantly related to the helper, respectively.
Where promiscuity is intermediate however, the helper may encounter, for example,
both full and half siblings. Faced with such variation, selection may favour kin dis-
crimination and facilitating selective provisioning of more closely related chicks.
Data for birds then upholds the monogamy hypothesis for the evolution of coopera-
tive breeding; this behaviour has evolved because it confers inclusive fitness bene-
fits to helpers.

10.3.3 Herd Sizes of African Antelopes

The previous two examples have dealt with cooperative breeding. Phylogenetic
approaches have also been employed to study the evolution of grouping more gener-
ally. Often, these have been applied to data that has already been explored from a
socioecological perspective and serve to demonstrate the importance of considering
phylogeny when investigating the distribution of behaviours across species.

In 1974, Peter Jarman published what was to become an influential paper in
which he presented data on the relationships between body size, diet selectivity, use
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of open habitat, response to predators and group size for 75 species of African ante-
lopes. These were classified by feeding type. The first category contained the most
selective of browsers that feed upon more protein-rich parts of plants. The second
category contained browsers that feed on new growth of grasses and newly pro-
duced shrub leaves. The third and fourth categories contained those that feed selec-
tively but widely on grasses and browse and generalists that feed on a wide variety
of grasses. The final category contained the most general of feeders that unselec-
tively consume both grasses and browse. In general, the most selective foragers
tended to be smaller in size. Linking this to group size, he presented data showing
that smaller-bodied selective browsers tend to form the smallest groups, while
larger, less-selective and generalist browsers and grazers occurred in larger herds.
Jarman suggested ecological explanations for these observations. The protein-rich
seeds and fruits favoured by the smaller-bodied antelopes are often patchily distrib-
uted within the stands of shrub or woodland upon which they grow. This means that
competition is likely to be greater for them, favouring single individuals, pairs or
very small groups occupying feeding territories. The grasses fed upon by less-selec-
tive grazers are more widely distributed and, at certain times of year at least, are
effectively inexhaustible. Here, competition for food is less likely to be a limiting
factor upon group size, and larger herds ranging over wider areas should therefore
be expected. Predation risk too should bear upon group size. Larger-bodied ante-
lopes living in open country may be more readily detectable to predators, again
selecting for larger group sizes. The herds’ main defences against predator attacks
include running away or, if they are numerous enough or if the threat posed by the
predator is not too severe, defensive behaviour to drive the predator off. In contrast,
smaller antelopes living among the cover of light woodland might rely more upon
camouflage or the opportunity to hide in order to avoid their predators. This may be
enough to offset the benefits of grouping, and smaller groups or lone animals might
actually do better than larger herds, by being less conspicuous. Jarman concluded
then that the most important factor determining group size in antelopes is their feed-
ing type and, indirectly, by driving habitat use, exposure to different levels of preda-
tion pressure.

Jarman’s (1974) work was revisited and extended by Brashares et al. (2000).
These authors noted that one of the limitations of Jarman’s (1974) original study
was that it failed to account for phylogeny. They reanalysed the data set, using sta-
tistical approaches that were not available to Jarman in 1974. In accounting for
phylogeny, Brashares et al. were able to investigate whether behavioural traits such
as species’ average group size represent convergence via adaptation to similar selec-
tive environments or whether they are an artefact of shared evolutionary history. In
the latter case, two species may express similar traits such as tendency to form large
groups not because they have evolved such behaviour independently in response to
similar selective pressures but because they have inherited it from a common ances-
tor that also tended to form large groups.

Brashares et al. (2000) first performed conventional (i.e. non-phylogenetic) anal-
yses of the antelope data. Their findings echoed Jarman’s (1974), in that they found
that more selective feeders tended to be smaller in body size than more generalist
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Fig.10.3 (a) Among antelopes, more selective feeding species tend to be smaller in size and tend
to live in smaller groups than generalists (see main text for description of dietary classifications).
(b) Species that flee from predators (black circles) tend to live in larger groups than do species
whose main defence is to hide in cover (white circles) (From Brashares et al. 2000)

grazers and browsers, that the generalists tended to form smaller groups and that the
smaller selective feeders were more likely to rely upon hiding to evade predators,
while the larger generalists predominantly either fled approaching predators or
actively defended themselves against them (Fig. 10.3). In subjecting these data to
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phylogenetic analyses, it was seen that the relationships between body size and
feeding selectivity and group size and feeding selectivity persisted, as did the rela-
tionship between group size and fleeing versus hiding from predators. However the
relationship between body size and group size was substantially weakened when
phylogeny was taken into account, remaining only marginally positively correlated
in analyses that considered all 75 species together, while no relationship was present
when the seven antelope tribes represented in the sample were considered sepa-
rately (Fig. 10.4). Brashares et al. (2000) acknowledge that for some of these tribes
the sample sizes were low, resulting in low to moderate statistical power, meaning
that it cannot be ruled out that such a relationship between body size and group size
may have been overlooked for some tribes.

Some researchers have been critical of other aspects of Jarman’s (1974) study.
Kingdon (1982) suggested that the categories of feeding selectivity to which the
antelope species were assigned were not realistic and that some behaviours
assumed to be fixed at the species level actually vary between populations. Estes
(1991) points out that group size for a given species can vary greatly between loca-
tions and across seasons. Assigning mean values for group size and other behav-
iours for each species can lead to within-species variation, for example, between
divergent populations, to be overlooked. Finally, Brashares et al. (2000) argue that
even if this variation was to be incorporated into finer-grained analyses, it could be
challenging to parse out the effects of plastic responses to local environmental
conditions and genetic adaptations. These concerns highlight limitations that can
sometimes apply when conducting phylogenetic analyses: data is often drawn from
other studies by meta-analysis, and the authors of these primary studies may not
have collected data using the same approaches and may have collected data on
varying numbers of individuals. While these effects can be accounted for statisti-
cally, it may also mean that data sometimes must be compiled into loose categori-
cal variables (as in Jarman’s (1974) feeding classifications). It may also mean that
where entire species are represented by data from only one or a few populations,
important within-species variation is lost, and the resulting analyses are of a lower
resolution than they otherwise might be.

10.3.4 Primate Group Size and Structure

The evolution of primate group social structure has long interested researchers
because of the unusual afflictive bonds and patterns of group stability shown by
some species and because of what it can potentially tell us about the social evolution
of our own species (Di Fiore and Rendall 1994; Shultz et al. 2011). Paralleling the
approach taken by Jarman (1974) in his investigation of African antelope group size
evolution, early investigations of primate group size and structure focussed upon
relationships with habitat use, noting that nocturnal and arboreal species tend to live
alone or in smaller groups, while the largest groups are often found among diurnal,
predominantly ground-dwelling species (Crook and Gartlan 1966). Predation may
be expected to be higher in open habitats, suggesting that this may be a driver of
large group sizes in species found in the open. Wrangham (1980) placed emphasis
upon the role of competition and the ability of larger groups to supplant smaller
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ones from resource patches as driving group size in some species. Noting that com-
petition alone may be insufficient to explain group living, since groups are found
even in habitats where competition for resources is not thought to be intense, other
researchers advocated the combined effects of competition and response to preda-
tion pressure in determining group living (van Schaik 1983, reviewed by Clutton-
Brock and Janson 2012; Beauchamp 2013).

More recently, researchers have approached the question of primate grouping
behaviour using methods that examine both ecology and phylogeny (Di Fiore and
Rendall 1994; Shultz et al. 2011; Clutton-Brock and Janson 2012). Phylogenetic
analyses have revealed that many Old World primates have very inflexible social
structures and that much of the variation in social behaviour seen between species
can be accounted for by shared ancestry. In fact, social structure is strongly con-
served among closely related species, even where they occupy ecologically dissimi-
lar environments (Di Fiore and Rendall 1994). An analysis by Shultz et al. (2011)
considered 217 Old and New World primate species using a phylogenetic tree
assembled from genetic data. These authors too found that grouping behaviour
exhibited a strong phylogenetic signal in most lineages, suggesting that it has been
inherited from earlier common ancestors rather than arising as an adaptive response
to the local environment. Flexibility in social structure was only seen in two groups,
the Lemuridae, the lemur family, and the Callitrichidae, a New World family that
includes the marmosets and tamarins.

Building on this, Schultz et al. (2011) then fitted evolutionary models to their
data in order to determine which evolutionary scenarios best described the variation
in social organisation observed today. Using this approach, they were able to dis-
count the socioecological account of primate group structure evolution, in which
group structure is facultative and responsive to environmental conditions. They also
found that a stepwise model in which group structure progressed from solitary liv-
ing to pair formation to larger more complex groups was not well supported. In fact,
the best supported model was one in which solitary living was followed by the
appearance of larger single-sex groups. From these, male-female pairs and harems
consisting of one male and multiple females evolved. Single-sex groups are esti-
mated to have appeared around 52 mya in the simian lineage and 32 mya in the
prosimians. Harems appeared in the Colobinae and Cercopithecini 16 and 14 mya,
respectively, while pair living arose in a number of different lineages multiple times
between 8.6 and 4.5 mya. Their analysis also provides strong support for models
positing a shift from nocturnal to diurnal activity (and possibly resulting in exposure
to greater predation pressure, or exposure to different types of predator) as being
associated with the transition to group living. The role of sex-biased dispersal was
also considered. Models incorporating an association between the onset of sociality
and sex-biased dispersal were more poorly supported than those linking sociality to
diurnal activity. The best supported models predicted that ancestral dispersal pat-
terns were bisexual (i.e. both sexes dispersed from the natal range) and that sex-
biased dispersal only appeared after the onset of group living in primates.

In primates then, grouping behaviours are strongly influenced by evolutionary
history and are highly conserved in many lineages. The transition to daytime activ-
ity and with its exposure to greater predation pressure may have first driven the
evolution of group living. Subsequently, selection pressures arising from the social
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environment have led to the diversity in primate group social structure seen today,
including convergent evolution of harems, pair living and sex-biased dispersal from
natal groups.

10.3.5 Flocking in Birds

Beauchamp (2002) investigated the evolution of social foraging in birds. He
focussed upon birds that specifically flock when foraging, as opposed to coming
together to breed or migrate, classifying flocks as groups consisting of three or more
individuals of the same species. Employing phylogenetic analyses, he revealed that
flocking has independently evolved in 17 different clades. Moreover, reversion to
solitary foraging has also evolved a number of times in clades where flocking had
previously evolved. Flocking appears to have evolved more often among clades
containing species that forage for patchily distributed resources such as fruits and
seeds. The evolution of flocking was not associated with habitat openness, which
may suggest that social foraging has played a stronger role than predation pressure
in driving this behaviour. Finally, flocking also appears to have evolved more often
in families with larger-sized species. Beauchamp (2013) acknowledges some limi-
tations to this study. He points out that there are far more species represented within
the clades considered in his study than there are in similar antelope and primate
studies (discussed above) and that some phylogenetic relationships, even between
some families, are also poorly resolved and may be subject to revision in light of
future research.

10.4 Simulating the Evolution of Grouping
and Coordinated Behaviour

Phylogenetic methods can allow researchers to reconstruct the appearance, disap-
pearance and contemporary distribution of grouping behaviours, but using these
approaches cannot always reveal why such behaviour evolves. Here, simulation
models that take into account both predator sensory perception and ability to pro-
cess information on prey distribution and movement and the survival of prey as a
function of the grouping behaviours that they perform and co-evolutionary interac-
tions between the two have provided useful insights.

Olson et al. (2013) created a series of simulation models to explore interactions
between prey aggregation and predator hunting strategies, showing that predator
confusion effects, limitations upon the ability to process information on the move-
ment of large numbers of prey simultaneously, may be sufficient to select for
swarming behaviour in prey. In their simulations, mobile predators and prey were
able to perceive one another within a field defined by a finite angle and range.
Predators moved through the environment, detecting prey that moved through their
field of perception, and attacking those that passed with a fixed distance. Prey were
able to discriminate between other prey and the predator and could switch between
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stopping and moving forward, left or right. Predators followed these movement
rules too, but moved faster and turned more slowly than the prey. In some simula-
tions, the predators were also subject to confusion effects. These were simulated by
implementing a constraint on the predator’s likelihood of capturing targeted prey
individual. The confusion constraint was applied when other prey items were close
to the targeted prey, so long as they were within the predator’s perceptual range.
The strength of the confusion effect suffered by the predator was dependent upon
the number of prey that was close to the target. The predator had to wait a fixed
period of time (the handling time) between launching attacks. Selection was
accounted for within the simulations using a genetic algorithm. The movement of
predators and prey was controlled through a Markov network which produced
movement decisions by incorporating both information on the presence and loca-
tion of other agents and memory. Markov networks that maximised prey intake
were selected for in the predators, while in prey, behaviour that prolonged survival
was favoured.

The inclusion of a confusion effect in conjunction with handling time created a
selective environment which favoured swarming by prey. Accordingly, swarming
behaviour was not seen in iterations of the simulation in which no confusion effect
was included; instead, prey tended to disperse so as to avoid the predator. In con-
trast, in runs where confusion effects were present, prey evolved grouping behav-
iours in the majority of cases. These were diverse and included the formation of
large, elongated swarms in which prey followed neighbours in front of them and
smaller compact swarms in which the prey circled around their neighbours
(Fig. 10.5). Prey density after 1200 cycles of selection was significantly higher in
runs with predator confusion effects than in those without, where in fact prey dis-
persal was selected for, suggesting that predator confusion can drive swarming
responses. Predator hunting strategies varied depending upon the presence or
absence of confusion effects too. With no confusion effects, they simply pursued the
nearest prey until it was captured. With confusion effects however, they tended to
focus upon peripheral prey when attacking groups. This served to minimise the
number of prey within the predators’ perceptual field, reducing the confusion effect
and increasing capture rates. In simulations where the predator’s perceptual field
was free to evolve, they found that forward-oriented field with narrow but high reso-
lution systems was favoured. Olson et al. (2013) conclude that the existence of
confusion effects is sufficient to generate selection for arange of swarming responses
in prey and that these in turn generate selection upon predator perceptory systems,
leading to coevolution between the two.

Adopting a novel, hybrid approach, Ioannou et al. (2012) presented simulated
prey to real predators, in order to determine the extent to which coordinated behav-
iour affected likelihood of being attacked. The prey took the form of moving dots,
projected onto the wall of a glass fish tank, which contained a predatory bluegill
sunfish (Lepomis macrochirus). The prey dots varied in the extent to which they
were attracted to and aligned with one another. Where prey was strongly attracted
to each other and tended to align, they formed coordinated groups. In contrast, for
prey where these parameters were weak, they tended not to aggregate and their
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Fig.10.5 Screen captures from simulation model runs investigating the role of predator confusion
in the evolution of prey swarming behaviour. (a) With no predator confusion, prey tends to
disperse. (b) In some runs with predator confusion, the prey evolved to form linear groups. (c) In
other runs, here after 1200 generations, the prey evolved to form into tight, rotating circles. The
small dots represent the prey and the triangle the predator, with the semicircle showings its visual
field. The star indicates where a prey item was captured by the predator (Olson et al. 2013)

travel directions were not strongly aligned. Such prey were more likely to be
attacked by the sunfish than were those that were members of coordinated groups.
This demonstrates that predators may exert a selective force that favours coordi-
nated, collective movement in prey by disproportionately capturing those that do
not exhibit such behaviour. Moreover, the prey do not need to perceive or directly
respond to the predators in order for this to occur.

Studies such as these suggest that aggregation and coordinated movement evolve
as an effective means of reducing predation risk, albeit perhaps within the context
of an evolutionary arms race with predators’ ability to effectively track moving,
grouped prey. Even relatively simple interaction rules are effective in mitigating
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predation risk, occurring even without the prey perceiving or directly responding to
the predators, and selection may be further maintained by predators disproportion-
ately consuming non-coordinated prey.

10.5 Some Major Consequences Arising from the Transition
to Sociality

10.5.1 Selection in Response to Disease and Parasite Exposure

Exposure to pathogens and parasites as a cost of sociality in living group-forming
species is discussed in Chaps. 5 and 9. Over evolutionary time, we may expect to
see associations between changes in grouping behaviour and exposure to pathogens.
In forming groups, animals may be exposed to pathogens and parasites carried by
other individuals. Transmission rates may be affected not only through proximity
but through interactions such as mating or aggression. Furthermore, some diseases
or parasites may flourish when hosts occur in greater densities, meaning that sus-
ceptibility to these increases disproportionately in larger groups. Among primates,
phylogenetic analysis has revealed that the diversity of parasitic helminths is posi-
tively correlated with a number of factors, including body size, diet and also the size
of the groups within which they typically live (Vitone et al. 2004). Structures built
by groups, such as communal nests or burrows, can also provide niches that viruses,
bacteria, fungi and other parasites may adapt to and diversify within and may fur-
ther drive selection for physiological and behavioural responses that increase immu-
nity (Traniello et al. 2002).

If living in groups increases infection risk, then we may expect to see coevolu-
tion between changes in group living and immunity. Such coevolution has been
inferred for our own species. Analysis of human genome data has revealed evidence
of substantial selection over the last 50 kya. A substantial proportion of this selec-
tion, around 10 %), is related to pathogen resistance (Wang et al. 2006). By consider-
ing this data alongside archaeological evidence, researchers have reasoned that this
selection may have occurred during the transition of societies from hunter-gatherer
to agricultural lifestyles. There is evidence for selection for resistance to zoonoses,
possibly linked to the domestication of livestock and the adoption of pastoralism.
There is also evidence of selection for immunity to so-called crowd diseases, dis-
eases that are more prevalent among larger or denser populations. It is thought that
the adoption of agriculture may have led people to settle in centralised communi-
ties, living in larger groups and interacting with others to a far greater extent,
increasing the carrier reservoirs and the potential for outbreak of such diseases and
leading to intensified selection for resistance within agricultural populations (Wang
et al. 2006; Laland et al. 2010).

There is evidence that group living has generated selection for mechanisms to
reduce the costs of parasite and pathogens in various non-human species too. Eusocial
insects, for example, have evolved a range of defences against infection, including
adaptive immune responses, antibiotic glandular secretions and behaviours including
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removal of dead colony members, ejection of diseased individuals and allogrooming
(Rosengaus et al. 1998a, b, 2000a, b; Traniello et al. 2002). Allogrooming, removing
ectoparasites from others, has evolved in other taxa too. In many species of primates,
allogrooming does not function simply as means of reducing parasite loads, it also
fulfils important social functions relating to the maintenance of dominance hierar-
chies, partnerships and coalitions, providing reassurance and reconciliation and in
courtship interactions and as a means for instigating copulation (Jolly 1985; Dunbar
1991; Schino 2001). Behaviours that initially functioned to reduce parasite loads
then may have been co-opted for use in other contexts, with significant implications
for social evolution in those lineages.

10.5.2 Social Cognition

The social brain hypothesis proposes that the interactions between group-living ani-
mals form the basis of a selective environment which drives the evolution of brain
structure and size and favours particular cognitive capabilities. The brain functions
to process information about the environment. Animals that routinely interact with
others live in particularly complex social environments; not only do they have to
contend with the same problems as animals that are predominantly solitary, such as
navigating; finding food, shelter and mates; and avoiding predators and other haz-
ards, they must also overcome the challenges posed by their group mates. These
may include recognising individuals, dealing with rivals, competing for status,
forming bonds and alliances and even keeping track of the bonds between other
group members, reconciling after aggressive interactions and deceiving and manip-
ulating others. As such, the social brain hypothesis predicts that within taxa, particu-
lar measures of brain size should be positively correlated with the size and
complexity of the groups in which particular species typically live (Byrne and
Whiten 1988; Dunbar 1998).

Pérez-Barberia et al. (2007) tested this idea using data on over 200 species of
mammal representing three orders: primates, carnivores and ungulates. As a measure
of brain size, the authors used the residual of brain size regressed against body size
in order to account for the fact that absolute brain size was tightly correlated with
body size for the species within their sample. Species that regularly formed associa-
tions of two or more adult conspecifics for most of the year were classified as social.
For primates, where most species met this criterion, limiting the variation within the
sample, they also used a second measure of sociality, the ratio of the geometric mean
of each species group size compared to that of all primate species in the sample.
Accounting for phylogeny, they found positive correlations between sociality and
relative brain size over evolutionary time in each of the three orders. In the case of
primates, this relationship was present when sociality was scored using the second
metric of sociality, but was absent when the simpler social/nonsocial classification
was used. Overall, they argue, their analyses suggest that there has been coevolution
between sociality and brain size, supporting the social brain theory.

Another study, by Dunbar and Shultz (2007), compared brain volume
(again controlled for body size and phylogeny) between species of ungulates,
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carnivores, bats, primates and birds that do and do not form pair bonds. For all
but the primates, they found that pair-bonding species had greater relative brain
volumes than did non-bonding species from within the same order. Pair bonding
incorporates cognitively demanding interactions between bonded partners. In
the bird, bat, ungulate and carnivore species where it occurs, it is usually seen
within the context of reproduction. Dunbar and Shultz argue that there is no dif-
ference between pair-bonding and non-pair-bonding anthropoid primate species
because the nature of the interactions between all group members is complex,
generating similar selective pressures and leading to similar coevolution with
brain size as has been seen only between reproductively bonded pairs in the
other groups. In other words, they suggest, all members of these primate groups
form complex bonds with one another and for functions not only relating to
reproduction.

Interestingly, while the social intelligence hypothesis predicts that increasing
group size and increasing complexity of social interactions should favour greater
investment in the size of the brain or at least in particular regions of it, the distrib-
uted cognition hypothesis makes the opposite prediction. Instead of relying upon
individual cognition, group members may instead use their many brains to process
and communicate information throughout the group. Because such species are able
to share the burden of processing information, selection may be expected to favour
less and not more investment in costly brain tissue. O’Donnell et al. (2015) tested
this idea, comparing the structure of two specific brain regions in nearly 30 wasp
species (Vespidae), some of which were solitary and others which were eusocial.
They considered two measures of brain morphology, the mean relative sizes of the
mushroom body calyces and the antennal to optic lobe ratio. The mushroom body
is involved in olfactory learning and memory, while the antennal and optic lobes
are involved in peripheral sensory processing. If sociality generates selection upon
cognition, then variation in the size of the mushroom bodies may be expected as a
function of sociality. Accordingly, O’Donnell and co-workers revealed that invest-
ment in mushroom body tissue was lower in social than in solitary species. The
antennal to optic lobe ratio, which is not directly associated with memory or learn-
ing, was not seen to covary with social structure at all. These findings suggest
another route to adapting to a complex social environment: within groups where
average relatedness is high and inclusive fitness can be gained through coopera-
tion, it may pay not to invest in energetically costly brain tissue, but instead to rely
on collective cognition, distributed among and communicated between group
members.

10.5.3 Culture

Animals acquire information from each other, and access to information may be one
of the key advantages of group living in many species (see Chap. 4). Such socially
transmitted information may relate to day-to-day tasks or problems — the location of
food or the appearance of a predator, for example. In other cases, animals may learn
from other’s innovations, acquiring new solutions to existing problems or finding
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out how to solve new ones (Reader and Laland 2003). In other cases still, animals’
propensity to use social information over their own personal information may lead
to arbitrary behaviours spreading and persisting for some period of time, even across
generations, within groups or populations — they may travel again and again to one
particular breeding ground, for example, when from an ecological perspective,
other grounds that are just as good go unused.

Group- or population-specific behaviours that arise through the use of socially
transmitted learning and preferences and which are not entirely due to local ecologi-
cal conditions or genetic differences between groups have been referred to as tradi-
tions or culture. Culture has been defined as group typical patterns of behaviour that
are acquired at least in part through socially transmitted information (Laland and
Hoppitt 2003; Laland and Janik 2006). It should be noted however that there is sub-
stantial debate between researchers over the definition and utility of the concept of
culture as applied to non-human animals (Laland and Galef 2009). Terminology
aside, group-specific behaviour arising from intra-group social learning is well doc-
umented and can have substantial influence over the activities of group members,
affecting where they forage, what they feed upon and how they acquire this food.
The travelling routes and breeding grounds used by groups can also be affected
through such social processes. Examples of naturally occurring or experimentally
induced cultures in wild populations are discussed below.

10.5.3.1 Wrasse Breeding Grounds

Bluehead wrasse (Thalassoma bifasciatum) use traditional mating sites. The loca-
tion of these does not appear to reflect local resource distributions. Instead, once
established, naive fish appear to learn their location from experienced members of
the population, and their use can persist over many generations. Warner (1988) doc-
umented breeding sites that were used on a daily basis over a 12-year period, cor-
responding to four generations of wrasse. When Warner replaced the entire local
population, new fish established breeding sites in different locations, the use of
which continued beyond the end of his experiment.

10.5.3.2 Chimpanzee Traditions

Drawing upon data from seven long-term field studies of chimpanzees (Pan troglo-
dytes) behaviour, Whiten et al. (1999) described nearly forty behaviours that were
found in some populations but which were absent from others, differences which
could not be accounted for by variation in the ecological conditions to which the
populations were exposed. These included patterns of tool use, specific grooming
behaviours and particular courtship interactions. The authors suggest that these rep-
resent distinct cultural elements which arise as innovations in certain populations and
which subsequently are socially transmitted to others, becoming locally established.

10.5.3.3 Humpback Whale Lob-Tail Feeding
Some members of a population of humpback whales (Megaptera novaeangliae)
that feeds off the New England coasts uses a particular technique known as
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lob-tail feeding to capture sand lance (Ammodytes americanus). By slapping the
surface of the water with their tails, the whales are thought to stun the sand lance,
making them easier to capture. This population has been intensively studied for
several decades, and lob-tail feeding was seen to dramatically increase in the
1980s. Using social network data, Allen et al. (2013) modelled the spread of this
behaviour. Their models suggest that lob-tail feeding is transmitted socially rather
than acquired independently, with naive individuals being more likely to acquire
the behaviour if they spend more time associating with others that already per-
formed it. They showed that this behaviour was strongly associated with the pres-
ence of sand lance, suggesting that it does indeed have a feeding function. They
were also able to rule out the possibility that individuals acquired this behaviour
independently but associated with each other because of shared preferences for
locations where sand lance were found. Lob-tail feeding has persisted in this pop-
ulation for nearly three decades now and has been transmitted over several gen-
erations of whales.

10.5.3.4 Tit Feeder Box Traditions

Aplin et al. (2015) used foraging boxes placed in woodland where they could be
accessed by wild great tits to study the spread of artificially seeded local traditions.
Many of the great tits living in the area were fitted with tags that could be read by
loggers attached to the feeding boxes. The feeding boxes could be accessed in two
different ways, and the loggers recorded which of these was used by each tagged
bird as it visited the box. The woodland contained several subpopulations of birds.
Two birds from each subpopulation were taken into captivity and trained to access
the feeding box using one method or the other or else were not trained at all, before
being released again. In each subpopulation, naive birds learned how to access the
box, with most of them using the method that was introduced by the trained birds
from their area. Most birds persisted in using the seeded method of accessing the
box over the alternative. These local biases persisted over two generations. In con-
trol subpopulations where the captured birds were not trained to use either method
of accessing the feeder box, far fewer birds learned to access it, and those that did
were just as likely to use either method. Finally, social network analysis revealed
that information was transmitted between birds that frequently associated with one
another.

These examples provide evidence of the emergence of cultures in a diverse range
of different species. The use of social information is not restricted to group-living
species of course (e.g. Lefebvre et al. 1996), but group living may provide a setting
in which individuals are routinely exposed to social information, and within which,
through process such as convergence and conformity, certain behaviours are pro-
moted more frequently or rewarded more often, leading them to spread and be
adopted at a greater rate. Culture then affects the ecology of groups and populations
of some species. Whether culture significantly affects fitness or co-evolves with
genetic selection in non-human animals, as has been demonstrated in humans
(e.g. Beja-Pereira et al. 2003), has yet to be determined.
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10.6 Summary

Researchers have addressed the question of the evolution of grouping behaviour
from a number of perspectives. Grouping behaviour has been shown to consistently
vary between individuals and populations for some species, and it has been estab-
lished that this behaviour has a heritable component. Translocation experiments
have demonstrated that different environments select for grouping to different
degrees. Phylogenetic modelling has been used to account for the distribution of
grouping and social organisation among extant species (Brashares et al. 2000;
Beauchamp 2002; Hughes et al. 2008; Cornwallis et al. 2010; Shultz et al. 2011),
while both statistical models informed by phylogenetic relationships, and agent-
based simulation models have been valuable in aiding our understanding of the
conditions that select for grouping (Olson et al. 2013).

Future developments are likely to centre upon the genetic basis of grouping
behaviour and the development and deployment of phylogenetic methods to better
understand its evolution. Exciting work with sticklebacks has demonstrated how
selection upon both behaviour and perceptory systems shapes shoaling (Greenwood
et al. 2013). The combination of rigorous behavioural-genetic approaches along
with the declining cost of quantitative trait locus mapping and genotyping and the
steady accruement of behavioural and genetic data on model species in open data-
bases should lead to further advances in the genetic underpinnings of social
behaviours.

Phylogenetic approaches have proved to be extremely useful in reconstructing
the evolution of both group living and cooperative breeding. Such approaches are
limited by the accuracy of the phylogenetic trees upon which they are based and by
the quality of the data on the traits of interest that are mapped onto these trees, often
obtained by meta-analyses of published data sets. We might reasonably expect that
the use and accuracy of phylogenetic analyses should increase in the future. First,
increasingly sophisticated approaches are allowing researchers to have more confi-
dence in the accuracy of the phylogenetic trees they are able to produce and enabling
them to resolve controversial relationships between lineages. Second, the growing
culture of open data and the means to curate and share large data sets among inter-
ested parties means that the amount of data on behaviour and other traits available
for use in such studies grows ever broader and richer.



In the preceding chapters, we have reviewed the mechanisms underlying the
formation and persistence of animal groups and the functions and trade-offs
associated with group living. We have also explored the development and evolution
of grouping behaviour. In this final chapter, we summarise the current state of our
understanding and, in very broad terms, outline what we consider to be some of the
key outstanding questions in each of these four areas.

11.1  Mechanisms

In considering mechanisms, we are concerned both with the interaction rules which
determine how animals react to one another as they move though the environment
and also the neural and physiological systems which govern how individuals detect,
perceive and respond to others that they encounter. Here we consider these sepa-
rately, although we are aware of course that this distinction can be artificial, for
example, with respect to phase changes in locusts (Wang and Kang 2014) or phero-
mone trail following by ants (Holldobler and Wilson 1970).

11.1.1 Interaction Rules

The mechanisms behind grouping, coordinated movement and collective decision-
making have become a boom area for research over the last two decades. This has
not always been the case; despite pioneering early work by the likes of Breder
(1951); Radakov (1973) and Reynolds (1987), for a long time functional rather than
mechanistic investigations of grouping behaviour dominated. Recent interest has
focussed upon simulating the interaction rules governing how individuals respond
to their neighbours and the implications of localised interactions for global proper-
ties of the group as a whole. Relatively minor differences in attraction and orienta-
tion matching between individuals can result in markedly different outcomes for the
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properties of simulated groups, with many of the resulting group configurations
closely match those seen in nature, including swarms, polarised schools and revolv-
ing tori (Couzin et al. 2002). Other work has focussed upon collective sensing
(Berdahl et al. 2013) and mechanisms of decision-making, including the importance
of leadership, quorums and consensuses in different systems (Conradt and Roper
2003; Couzin et al. 2005; Ward et al. 2008b).

There are probably a number of reasons for the spike in interest in the mecha-
nisms underlying grouping. One relates to advances in the technology necessary for
quantifying movement in large groups of moving animals, for extracting data from
videos and tracking devices, and for simulating the movement and implementing
the interaction rules between multiple particles and agents. Another stems from the
increasing focus upon interdisciplinary collaboration, which has seen biologists,
physicists, mathematicians and computer scientists come together to tackle com-
mon problems. A third reason is that realistic applications are increasingly being
realised for this type of research, from swarm robotics (Sahin 2005) to crowd con-
trol solutions (Strombom et al. 2014).

Collective behaviour is a dynamic and productive area of research. Much of the
work in this field is theory driven, and while a great deal of innovative experimental
work is being produced, it is probably fair to say that this has not kept pace with
theoretical developments. While further experimental work is certainly required,
one of the key challenges in this field is to test predictions in nature. This extends to
areas including interaction rules, leadership and decision-making and is likely to be
aided by developments in tracking and telemetry, which allow for high-resolution
data of animal movements (Nagy et al. 2013), and the increasing use of robots and
other controllable agents that can be embedded within and interact with members of
real groups of animals (Halloy et al. 2007; Faria et al. 2010).

11.1.2 Physiology

Attempts to understand the links between the neural, physiology and hormonal
architecture of animals to their behaviour is another burgeoning field of research.
Neurological techniques such as electroencephalograms (EEGs) can resolve pat-
terns of the brain/CNS activity with behaviour patterns which may ultimately allow
greater insight to the neural underpinnings of aspects of social interactions.
Opportunities now exist to study the neural circuitry involved in ever more intricate
aspects of social behaviour in increasingly complex animals. Specific disciplines
such as electrophysiological olfactography can be used to further appreciate the
production, perception and action components of communication between social
animals. At present this and similar approaches provide insight to areas such as
perception thresholds of cues under clinical conditions. The ability to study the
neurological state of free-ranging animals remains some way off; however, this is a
tantalising prospect for the future. Meanwhile, collaboration between physiologists
and behaviourists continues to shed light on the co-adaptation of metabolism and
activity in animals. In the context of social behaviour, this is a hugely promising



11.2  Functions 219

area; understanding the constraints under which animals operate and the challenges
they face allows us to better appreciate their behavioural patterns and strategies.
Behavioural endocrinology has provided major insights into relationship between
hormones and key aspects of behaviours such as reproduction, aggression and learn-
ing. But despite the advances in the above techniques, developing a deep under-
standing and fully appreciating the links between proximate and ultimate causes of
behaviour will be impossible without a much more detailed understanding of the
structures and functions of the brain; hence, while progress is impressive, we have
some way to go.

11.2 Functions

Animals gain a variety of advantages and pay a range of costs when grouping
with others. Common benefits include protection from predators and access to
socially transmitted information, while a major cost of grouping is increased
competition for resources (Chap. 4). Beyond these, a range of more specific
costs and benefits may also apply, depending upon the species and context in
question (Chap. 5). Group living then reflects a trade-off between these, and
individuals may vary in the extent to which they group with others in response
to a range of factors, including their internal state, their perception of the exter-
nal environment and the threats and resources that it holds. Previous experience,
and anticipation of likely future conditions may also shape the tendency of indi-
viduals to join groups. While the functions of group living have arguably received
the most attention from researchers, compared to mechanisms, development and
evolution, there are a number of areas in which key questions remain to be
answered.

In Chap. 7, we considered the distribution of different sizes of animal groups,
observing that very large groups tend be seen rarely and smaller groups most fre-
quently, with most animals occurring with groups of intermediate size. We noted
that while a number of simulation models have been developed that can account for
the observed truncated power law distribution of animal group sizes, these models
make assumptions about the behaviour of individuals that are not always borne out
by experimental findings (Krause and Ruxton 2002). Related to this, the observation
that animal group sizes tend to be larger in open versus structured environments has
been discussed both in terms of ecological and emergent explanations, which posit
different mechanisms (Gerard et al. 2002). Animals may actively form larger groups
in the open in order to minimise predation risk, for example. In structured environ-
ments, the presence of cover might limit their visibility to predator or provide them
with refuge; here larger groups are not necessary in terms of avoiding predators and
may even be costly, if they are associated with more intense resource competition or
other costs. On the other hand, smaller groups may predominate in structured envi-
ronments because the presence of cover limits the ability of individuals and smaller
groups to detect one another, reducing the rate at which they join up and slowing the
rate at which larger groups can form. How groups form and how and why they differ
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in size between environments are fundamental questions. Here then there is scope
for integrating information about group joining biases from studies that consider
grouping behaviour at the level of the individual, with modelling approaches that
consider the population- or landscape-level processes that lead to the emergence of
different group sizes. Similarly, well-designed experiments that are able to distin-
guish between grouping outcomes that reflect grouping decisions influenced by the
external environment and those which arise from limitations on the ability of indi-
viduals to detect each other would be valuable.

Group size is also affected by how animals balance the costs and benefits of
grouping. When it pays to join others larger or denser groups may be expected,
while if grouping is on balance more costly, smaller groups or lone individuals may
predominate. This, however, is only part of the story, since the costs and benefits of
grouping are rarely likely to apply equally to all members. Individuals are expected
to behave selfishly; if it benefits them to join a group, then they should do so, even
if their presence reduces the fitness of those already in the aggregation. As a con-
sequence of this, groups are expected to exceed the size at which mean individual
fitness is optimised. Incoming individuals should continue to join the group until
group size reaches the point at which newcomers would do better if they remained
alone. This larger group size is known as the Sibly size after Sibly (1983).
Refinements upon this idea have accounted for the ability of individuals or subsets
of the group to control resources, thereby influencing the benefit to others of join-
ing or remaining within the group, a branch or research known as skew theory.
Some researchers have considered how individuals might proactively recruit or
exclude outsiders, while others have incorporated inclusive fitness into their mod-
els, in order to make predictions about group sizes under conditions where group
members and would-be joiners vary in the degree to which they are related to one
another.

Skew theory was developed to capture the conflict between dominants and sub-
ordinates over control of limited resources on the one hand and maintaining the
stability of the group on the other hand. Here it has been shown that dominants can
monopolise resources by punishing or excluding subordinates, but that when it pays
to retain subordinates within the group, they can do so by yielding some access to
the resource (Vehrencamp 1983; Keller and Reeve 1994). Skew theory has been
used to explain the conflicts of interest between cooperative breeders, and much of
the empirical research that draws upon it focusses upon such scenarios. More
recently, skew theory has been extended to include conflict in other contexts, such
as foraging (Hamilton 2000). Social foraging dynamics have received significant
attention from theorists and empiricists, and a rich, integrative literature exists on
the topic (Giraldeau and Caraco 2000). There is substantial opportunity for further
extending skew theory into the domain of social foraging interactions and testing its
predictions using some of the many well-established model systems already
employed by researchers in this field.

Another area ripe for further research concerns the extension and experimental
validation of Sibly’s (1983) model to account for the inclusive fitness
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consequences of group size, as well as the direct gains and costs to the joiner and
existing members. Giraldeau and Caraco (1993, 2000) and Higashi and Yamamura
(1993) provide models that make testable predictions about the payoffs to the
joiner of joining groups composed of kin and non-kin and whether groups should
accept or exclude would-be joiners on the basis of their relatedness to them. We
predict that kinship may play a more significant role in group joining decisions in
species that form stable groups, where relatedness can be determined through kin
recognition mechanisms or where high levels of relatedness are statistically prob-
able, as in some cooperative breeders, for example, than in dynamic groups with
open entry structure, where individuals frequently mix. In such groups, even
though kin recognition between individuals may be possible, we suggest that
determining mean relatedness to multiple individuals and where group composi-
tion is dynamic may not be possible or at least may incur too wide a margin of
error to be a stable strategy. This conjecture, of course, could be confirmed or
refuted by formal modelling approaches, and we are also open to the possibility
that kin may interact locally, within groups, and that this may affect the fitness of
the interactors. One approach to testing such ideas might be to look not at the
group as whole but at the role of relatedness in shaping the dyadic interactions that
occur within the group, quantifying who associates with, competes with and fights
with whom (Croft et al. 2008).

11.3 Development

Developmental effects upon grouping behaviour have been relatively understud-
ied. Sociability changes over the lifetimes of many species (Buske and Gerlai
2011), while early experience can affect the preferences of individuals for group-
ing with particular phenotypes or even species (Warburton and Lees 1996; Spence
and Smith 2007). Giesing et al. (2011) revealed that maternal effects can play a
role in shaping grouping behaviour; gravid female sticklebacks that were exposed
to predator cues produced young that as juveniles formed denser shoals than did
females that were not exposed to predators. Further work into the role of maternal
effects upon grouping behaviour in other species would be useful. Female experi-
ence might extend to nutritional state and food availability, population density and
exposure to different types of predator, all of which might plausibly affect the
sociability of offspring. It would be useful to explore the nature and underlying
mechanisms of such effects.

The role of embryonic learning, particularly about predators, has been shown to
be significant in shaping the subsequent behaviour of juveniles and adults. In some
frogs, for example, exposure of embryos to predator odour in conjunction with con-
specific injury cues can facilitate learning of novel predators or times of day associ-
ated with heighten predation risk in free-swimming tadpoles (Mathis et al. 2008;
Ferrari and Chivers 2009). Given that predation is a main driver of grouping in
many species, it seems reasonable to predict that exposure to cues indicative of
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heightened predation risk during embryonic development might also affect sociabil-
ity subsequently.

11.4 Evolution

Research has established that grouping tendency can vary between individuals and
that it has a heritable basis (Chap. 10). Grouping responses are determined by the
interaction of genes and other factors such as experience, internal state and environ-
mental conditions. A great deal of progress has been made in this area using rela-
tively few model species. Future work might focus upon establishing a wider range
of animal models. Doing so will allow researchers to compare the genetic basis of
grouping behaviour and associated neurosensory systems between species and to
identify cases of analogous and homologous responses to selection pressures.

Translocation experiments have confirmed that grouping behaviour, along with
life history and developmental traits, can indeed evolve in response to environmen-
tal conditions. Translocation-type experiments are valuable in that they expose
populations to a complex range of natural and often interacting conditions. Such
approaches provide powerful tests of the effects of natural selection upon behaviour.
There are costs to translocation experiments however. Introduced animals inter-
breed with resident populations. They may also have effects on local ecology, and
once established, they may be impossible to remove. Replicability is also a problem.
The famous guppy translocation experiments (Reznick et al. 1990; Magurran 2005)
were only performed for two populations in two channels, for example. Mesocosm
experiments, in which populations are contained within enclosures, offer a compro-
mise by which some of the costs of translocations can be avoided while still main-
taining animals within seminatural conditions. Such an approach also allows for
replication. It would be useful to determine whether study populations exposed to
the same selection pressures exhibit the same evolutionary responses in terms of
grouping and related behaviours.

Advances in phylogenetic analyses have enabled researchers to explore the dis-
tribution of grouping behaviour within clades of related species. While earlier
analyses took a socioecological approach to understanding the evolution of group-
ing, attempting to link group size and social structure to ecology, phylogenetic
analyses have proved invaluable by allowing the likelihood of convergence (where
different species evolve the same response to similar conditions) and constraint
(where two or more species or populations exhibit similar behaviour because they
are descended from a common ancestor which also displayed this trait) to be deter-
mined (Brashares et al. 2000; Shultz et al. 2011). We might expect to gain further
insights from such approaches in the future, as more accurate phylogenetic trees
are developed and problematic relationships between lineages are resolved and
broader and richer behavioural data that can be mapped to them become available.
Movement towards a culture of open data means that larger datasets are becoming
more readily available to researchers, along with the tools to organise, share and
add to them.
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11.5 LastWord

Research into the social behaviour of group-living animals has been the main theme
of both of our careers to date. In a relatively short time, we have seen transforma-
tions in some aspects of this field. Nonetheless, many exciting challenges remain. In
this book, we have attempted to provide an integrated summary of the field as it
stands, and we have highlighted some of the many ways in which we feel it might
develop. We hope that this can form a platform for new and exciting research in the
future.
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