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Foreword

Edward O. Wilson

This book devoted to the many dimensions of ant

ecology has been delivered at the right time. The

number of biologists who include ants in their re-

search, especially in ecology and sociobiology, and

thus the overall capability of research, is rising

swiftly. So is the number of myrmecologists, those

who study ants as their primary objective. So nu-

merous have these researchers become, and such is

the high overall quality of their work, that myrme-

cology is poised to take its place among such more

immediately recognizable taxon-defined disciplines

as ornithology, herpetology, and nematology. Myr-

mecology can be properly regarded as a part of

entomology, but is no longer subordinate to it.

When I began my own studies on ants as a teen-

ager, in 1946, there were fewer than a dozen myr-

mecologists in the United States actively publishing,

not including narrowly focused economic entomo-

logists. There were two in South America, and sev-

eral more each in Europe, Australia, and Asia.

Today the number worldwide is in the hundreds,

and rising steeply. As the surviving myrmecologist

with the longest continuous track record of research

(65 years), I have recently, at last stopped trying to

keep up with all of the literature. If I and a few other

old timers can be said to have been carrying the

torch of myrmecology, I am happy to have it

wrested from our grasp and hurried forward.

There are compelling additional reasons why the

discipline should continue to grow and take its

place among the prominent biological sciences.

Ants make up most of the insect biomass, and they

weigh more than all the land vertebrates combined

save human beings. In part they have accomplished

this feat by elaborate symbioses, including, various-

ly among species sapsucker herds, ant-plant asso-

ciations, arboreal ant gardens, elaiosome-mediated

seed dispersal, and fungus gardens. In some spe-

cies, most notably the Oecophylla weaver ants and

leafcutter garden ants, we find the most elaborate

nonhuman systems of communication and division

of labor. Their systems are rivaled only by those of

the apine bees and macrotermitine mound-building

termites.

The communication systems have shown us to

what degree it is possible for pheromone communi-

cation to evolve, and what its ultimate limitations

may be, on this or perhaps any other planet. By

studying self-organization as simple colonies evolve

into superorganisms, myrmecologists have made

important advances in defining the process of

group selection. They have disclosed some of the

true nature of emergent traits during the emergence

of new levels of biological organizations.

Yet while the scientific natural history of ants has

grown to maturity during the past two centuries of

research, telling us much about basic habits and the

life cycles of hundreds of species, and while the past

half century has added a great deal of information

about how ant colonies are put together, myrmeco-

logists have only begun to explore the ecology of

ants. We understand little of the environmental fac-

tors that shaped the social adaptations of these in-

sects, how assemblages of species have evolved as

an evolutionary product. We have only begun to

explore the full impact of ants on the natural eco-

systems of the planet and those they share with

humanity.

The authors of the present volume have made an

important contribution by summarizing much of

what we have learned about the ecology of ants

and by suggesting the shape of what is to come.
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Preface

From scorching, barren deserts to humid tropical

forests, from deep in the soil to high in the tree

canopies, ants are everywhere! Their near-ubiqui-

tous occurrence on every continent except Antarc-

tica, combined with their enormous abundance

and high diversity make ants deserved of special

attention.

Ants are one of the few insect groups that can be

reliably identified to family by just about anyone,

regardless of age or background. They are the wise

and hard-working creatures of biblical and fable

lore, the endearing underdogs of Hollywood anima-

tion to some (and exaggerated villains of B-grade

films to others), the unwitting victims of children

with magnifying glasses, and the unwanted guests

of picnics. Politicians, economists, and traffic plan-

ners are among the non-biologists who have mined

ant society structure for potential application to

human behaviour. Understanding of ant behaviour

and collective intelligence has contributed to ad-

vances in robot development, computer science,

telecommunication networks, and the stock market.

To myrmecologists – those who study ants – ants

are the ‘premier soil turners, channelers of energy,

and dominatrices of the insect fauna’ (Hölldobler

and Wilson 1990). Indeed, it would be difficult to

overstate the importance of ants in the functioning

of terrestrial ecosystems. Estimated to number be-

tween 25,000 and 30,000 species, currently just more

than 12,500 ant species are described, accounting for

less than 1% of all described insect species (Bolton

et al. 2006; May 1988). Despite their relatively small

contribution to overall global biodiversity, they are

omnipresent in virtually every terrestrial habitat.

The estimated 10,000 trillion individual ants alive

at any one time weigh about as much as all human

beings combined (Hölldobler and Wilson 1994).

Sustaining and sheltering their sheer numbers dic-

tates that ants engage in a variety of ecological roles:

competitors, predators, prey, scavengers, mutual-

ists, gardeners, and soil engineers.

In their need for food and shelter, they are like

any other organism on the planet. But as eusocial

organisms, ants have evolved to partition reproduc-

tion and resource acquisition among different indi-

viduals. This division of labour has dramatic

consequences for the ecology of ants. With the ex-

ception of colony-founding events, queens stay in

protected nest enclaves with the sole purpose of

producing eggs. The workers are responsible for

foraging, maintaining and defending the colony,

and only very rarely reproduce. Since a single work-

er is only one of many that undertakes these tasks

and does not represent a reproductive unit, its sur-

vival is not integral to the longevity of the colony.

These observations were once thought ‘fatal to’ the

theory of natural selection (Darwin 1859); how

could worker ants evolve if they are incapable of

reproducing? Recasting ants as ‘superorganisms’,

and framing their social organization within the

context of kin selection, where natural selection

acts on the colony, and workers maximize colony

efficiency in the absence of ‘interindividual conflict

for reproductive privilege’, resolves this natural se-

lection conundrum and goes a long way towards

explaining why eusocial insects have been so suc-

cessful: organized groups outcompete individuals,

and larger groups outcompete smaller ones of the

same species (Hölldobler and Wilson 2008).

Thus, in ecology the importance of ants is re-

flected by their ubiquity and the great number of

interactions in which they are capable of participat-

ing within an ecological community. As such, the

study of ants has led to significant advances in our

understanding of insect evolution, global diversity

patterns, competitive interactions, mutualisms, eco-

system responses to change, and biological inva-

sions. But ants are also important to study and
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understand because they are different; their status

as superorganisms places them at a level of organi-

zation between individuals and ecosystems (Höll-

dobler and Wilson 2008). Their social structure

provides a rich ground for exploring how division

of labour affects the acquisition of resources, forag-

ing and defensive behaviours, and coevolution with

the flora and fauna with which they interact. In turn,

how elements of their social structure, such as colo-

ny founding, caste differentiation, and nestmate rec-

ognition, are influenced by their environment

deserves investigation.

Why Ant Ecology?

Several excellent texts have described the social or-

ganization and evolution of social insect societies

(e.g., Bourke and Franks 1995; Crozier and Pamilo

1996; Gordon 1999; Hölldobler and Wilson 1990).

Our purpose in compiling this book was fourfold:

to complement and build on these fundamental

works, to highlight the contributions of myrmecolo-

gy to ecology more broadly, to synthesize the cur-

rent state of knowledge, and to add to the growing

body of work that seeks to promote interest in in-

sects both among ecologists and in the world of

conservation. We also seek to inspire current and

future myrmecologists to seize the opportunities

presented by the gaps in research that are identified

throughout the book. We hope that this volume will

appeal to community and behavioural ecologists,

population biologists, macroecologists, evolution-

ary biologists, as well as those involved with con-

servation and natural resource management.

Ecology is not a linearly structured science; it is as

complex and interconnected as the world that it

seeks to understand. Ant ecology is no different.

Thus, although we have organized the book into

four parts: Global Ant Diversity and Conservation,

Community Dynamics, Population Ecology, and

Invasive Ants, the boundaries between them

blur and blend. Each section begins with a brief

introduction that identifies common themes and

defines terms applicable to the subsequent four

chapters. The first three sections provide a firm

foundation in ant ecology, while the fourth applies

this foundation to the problem of ant invasions.

Interspersed throughout the book are short

boxes that further explain important techniques,

terms, or methods, or highlight an interesting

discovery, debate, or application relevant to the

chapter. A notable strength of the book is that it

draws on the knowledge and experience of so

many myrmecologists and ecologists; 53 authors

and 55 reviewers from around the world have con-

tributed their ideas, time, and energy to the pages

that follow.
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Chapter 11

Nestmate Recognition

Patrizia d’Ettorre and Alain Lenoir

11.1 Introduction

‘ . . . it begins to seem that some ability to recog-

nize kin and to react accordingly will be found

in any social animal if looked for carefully

enough’.

—Hamilton (1987, p. 426)

Recognition of kin or group members is essential to

the evolution of social behaviour, whether living in

a small family group or in a society of millions of

individuals, such as a mature Atta colony. Research

on kin recognition has been prolific, and a good

synthesis was achieved about 20 years ago, with

the publication of two edited volumes, one by

Fletcher and Michener (1987) – the source of the

Hamilton quote above – and the other by Hepper

(1991). Moreover, the contribution by Holmes and

Sherman (1983), who investigated the how and why

of kin recognition in one of the first models – the

ground squirrel – deserves mentioning. The early

history of Hamiltonian-based research on kin rec-

ognition, especially in vertebrates, has been nicely

summarized more recently by Holmes (2004).

In this chapter, we review the recent literature on

ant-recognition systems. We are aware that our ap-

proach is far from being comprehensive, but our aim

here is to concisely highlight what we believe is the

essential knowledge gained so far, with the hope of

generating further studies aimed at filling some of

the research gaps and answering what we think are

important, but still unresolved questions.

Since terminology is oftenan issue that could easily

shift the focus fromabiologicalproblemtoa semantic

one, we begin with defining a few key terms, and

classifyingsomeof the fundamental featuresofrecog-

nition systems. A minimum of two participants is

required to play the recognition game: a cue-bearer,

which shows the cues correlating with some signifi-

cant factor, andan evaluator,which identifiesandthen

assesses these cues by comparing them with some

kind of template (see Liebert and Starks 2004 for a

reviewof thealternative terminologyused inrecogni-

tion research). When this process takes place, we can

usually observe an act ofdiscrimination, for example,

aggression. However, the absence of detectable dis-

crimination does not necessarily mean that recogni-

tion did not occur, since recognition is defined as the

internal neural or cognitive process that can also hap-

pen without producing any observable discrimina-

tion. Unfortunately, our knowledge of the strictly

internal neural processes underlying recognition is

still in its infancy, and thus the two terms are often

used as functional synonyms.

An efficient way of studying recognition systems

is to disentangle them by analysing three distinct

components: the expression (also called production),

the perception, and the action component (Gamboa

et al. 1991; Sherman et al. 1997; Starks 2004). The

expression component refers to all the processes

involved to produce or acquire recognition cues

(labels) by the cue-bearer; the perception concerns

the evaluator and it is the process by which the

evaluator detects, identifies the labels, and compare

these with some kind of template; the action com-

ponent is the response of the evaluator, usually a

discriminating behaviour that we can somehow

observe and quantify.

Later in this chapter, we specifically address

the expression of recognition cues in ants,
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whereas here we give an essential, but a more

general overview of the possible mechanisms

underlying recognition, all of which might be

relevant for ants. Several different classifications

have been proposed by different authors (re-

viewed by Liebert and Starks 2004; Mateo 2004)

and there has been a long debate on what should

be defined as ‘true’ kin recognition (e.g. Grafen

1990; Sherman et al. 1997). We believe that the

distinction originally made by Waldman (1987)

has indeed some general heuristic value. Recog-

nition is defined as indirect when the evaluator

relies on some contextual cues, such as spatial

location. In some particular circumstances, any

individual encountered in a closed nest is reli-

ably a group member, and the evaluator does

not need to assess cues that are actually on the

putative cue-bearer. In contrast, recognition is

direct when it is based on phenotypic cues that

are actually borne by other individuals (cue-

bearers).

11.2 Mechanisms of recognition

The following recognition mechanisms (see also

Figure 11.1) have all found theoretical and, most

significantly, empirical support in different groups

of organisms, from amoebae to insects and verte-

brates. This is not to be viewed as a hierarchical

classification; there is no ‘best’ mechanism of recog-

nition, and the proposed ones are not necessarily

mutually exclusive. The underlying forces that

have favoured the selection of one mechanism in a

particular social species can be successfully inves-

tigated only by taking into account ecological con-

straints and life history trade-offs.

(a) Prior association: During its development

or early stage in life, the focal individual (eva-

luator) learns cues from the other individuals

that are most frequently encountered. These be-

come ‘familiar’ individuals, who are thus trea-

ted as kin (or fellows; see Section 11.3), while

individuals who are not familiar are always

Experience

(a) Prior association

(b) Phenotype matching

Cue learned from fellows

Cue learned from self
(armpit effect)

A (carrying G allele) recognizes X (carrying G allele)

A becomes familiar with its own signature

A

A

A

A B1

A1

X

A

B

BB

A

A

A familiarizes with B

A familiarizes with B A and B recognize each other

A recognizes B1 (fellow of B)

A recognizes A1 (fellow of A)

(c) Recognition alleles
(green beard)

Later recognition

Figure 11.1 There are a range of possible mechanisms of direct recognition (see text Section 11.2). Inspired by Wyatt
(2003).
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treated as non-kin, independently of their relat-

edness with the evaluator.

(b) Phenotype matching: The focal individual learns

cues to construct an internal, neural template.

Once the template is in place, every encountered

cue-bearer is comparedwith the evaluator’s tem-

plate, and recognition is based on the degree of

similarity between label and template. The

source of cues to be learned in order to form the

template could come from other individuals (e.g.

nestmates) or from the focal individual itself. The

latter case is called self-referent phenotype

matching (or armpit effect; cf. Dawkins 1982).

The difference between ‘prior association’ and

‘phenotype matching’ is that with the first mecha-

nism only individuals that have been already en-

countered (familiar) can be recognized as kin (or

fellow), whereas the second mechanism allows rec-

ognition of never-encountered individuals as kin, if

they match the evaluator’s Gestalt template (see

Section 11.3.3).

(c) Recognition alleles (green beard): This is a con-

cept proposed by Hamilton (1964) and then

named by Dawkins (1976), the ‘green-beard ef-

fect’. An allele at a single locus – or closely

linked genes – could cause the expression of

(a) a detectable phenotypic cue (a green beard),

(b) the ability to recognize this same cue in other

individuals independently of relatedness and

(c) the preferential treatment of individuals ex-

pressing the cue. The same gene should encode

all three functions (cue, recognition, and altru-

ism), and thus this mechanism is not expected to

occur frequently (see Grafen 1998). However,

the green-beard effect has been shown in the

red imported fire ant, Solenopsis invicta (Keller

and Ross 1998) and has recently found addition-

al theoretical support (Jansen and van Baalen

2006).

This recognition mechanism does not require any

form of learning, contrary to the previous other

mechanisms, which are based on cue-learning.

However, it is very difficult to experimentally dis-

tinguish between self-referent phenotype matching

and recognition alleles (cf. Crozier 1987; Mateo

2004).

11.3 Kin and nestmate recognition

When studying ants and social insects in general, a

clear distinction should be made between kin and

nestmate recognition. These two phenomena are

essentially different. Efficient discrimination be-

tween colony members and aliens (nestmate recog-

nition) is crucial for the organization of insect

societies, since it prevents robbery and parasitism

from outside (cf. Hölldobler and Wilson 1990).

Nestmate recognition is typically manifested by

rejecting alien intruders, thus it occurs between

colonies and among unrelated individuals. Kin rec-

ognition, in contrast, could take place at a different

level, within the colony. Whilst insect societies are

usually composed of related individuals, the de-

grees of relatedness among nestmates within the

same colony can vary. If the queen mates with

more than one male (polyandry), the colony will

contain workers from different patrilines, a mixture

of full-sisters and half-sisters; the obvious example

being the honeybee (cf. Tarpy et al. 2004). Obligate

multiple mating is also the rule in some ant species,

such as army ants (Kronauer et al. 2007a), leaf-

cutting ants (Villesen et al. 2002), harvester ants

Pogonomyrmex badius (Rheindt et al. 2004) and Cat-

aglyphis cursor (Pearcy et al. 2004). Another possible

complex scenario is the presence of multiple queens

in the same colony (polygyny), which gives rise to

the coexistence of several matrilines. Multiple

queens with multiple matings (e.g. Kellner et al.

2007) can yield several patrilines and matrilines in

the same colony.

11.3.1 Is kin recognition expected
in social insects?

Kin and nestmate recognition coincide in ants only

when colonies are headed by a singly mated single

queen, and there is no queen turnover. In this case,

workers are all full-sisters and there is no need to

discriminate among different kinds of kin. By con-

trast, when different patrilines or matrilines coexist

in the same colony, discriminating full-sisters ver-

sus half sisters could be advantageous for the single

worker, which would benefit from favouring its

full-sisters. However, kin recognition leading to

nepotistic behaviour is expected to be selected
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Box 11.1 Recognition between different species: natural and artificial mixed
colonies of ants
Christine Errard

Social parasitism is the coexistence in the same
nest of two species of social insects, one of
which profits (the parasite), and the other of
which generally suffers (the host). Many ant
species are known to be engaged in some form
of parasitic association with other ants (xeno-
biosis, temporary parasitism, dulosis or slavery,
permanent parasitism, or inquilinism). Social
parasitism in ants is a relatively rare form of
parasitism, with about 220 cases described
(~2% of all described ant species), though new
parasitic species continue to be discovered.
Social parasitism is not equally spread among
the subfamilies; it is absent in the primitive
subfamilies Ponerinae (with one exception)
and Nothomyrmeciinae, and it is concentrated
in certain genera in the Myrmicinae and For-
micinae (Hölldobler and Wilson, 1990).
Social parasites have evolved to overcome

the host nestmate recognition code, penetrate
the host colony, and achieve social integration
with their new colony. Newly eclosed social
parasites, like all callow ants, are characterized
by cuticular ‘chemical insignificance’ (odour-
lessness), which allows them to bypass the col-
ony odour barrier (Schmid-Hempel 1998) at the
time of usurpation of the host’s nest. This is
followed by a ‘chemical integration’ period
when they acquire the specific chemical cues
(‘labels’) of the host colony and incorporate
them into their ‘template’ (internal represen-
tation of the environment chemical cues) by a
learning process. Chemical integration is
achieved by camouflage, in which the parasite
gets cues from the host via contact with nest
material and via allogrooming, and trophal-
laxis with the host (for reviews, see Dettner
and Liepert 1994; Lenoir et al. 2001). For ex-
ample, the xenobiotic ant Formicoxenus pro-
vancheri acquires the odour of its host,
Myrmica incompleta, in the first days of its
adult life and maintains the camouflage by
intense host grooming (Lenoir et al. 1997). The
slave-making ant Polyergus rufescens has not
only evolved a species odour (chemical profile)
that matches closely that of its most important
and usual host species, Formica cunicularia, but

it has also evolved the ability to modify its
chemical profile should it penetrate any other
Formica host species (e.g. F. gagates, rare host;
F. selysi, non-natural host) to obtain social in-
tegration into host colonies. This chemical
flexibility, possible only with the young para-
site (newly emerged callows), could facilitate
the change to different host species, if the
main host species becomes rare (d’Ettorre et al.
2002a).
Artificially mixed-species groups composed

of two non-chemically related ant species
(Figure 11.1.1) provide a good tool for testing
the chemical insignificance and chemical inte-
gration phases of alien-ant adoption and iso-
lating the different parameters affecting
recognition (e.g. label and template formation
and plasticity). To achieve mixing, callow
workers of each species are selected and
removed from their mother colonies within
5 h of emergence and before they can interact
with other colony members. Ten to fifteen
workers of each species are combined and kept
queenless andwithout brood, for at least three
months before conducting the bioassays
(dyadic encounters).

Figure 11.1.1 Food exchange between workers of
Manica rubida (Myrmicinae) (left) and Formica
selysi (Formicinae) (right) reared in an artificial mixed-
species group created five hours after their emergence.
(Photo: Y. Leclerc)

In mixed groups of F. selysi and Manica ru-
bida callow ants, individuals acquire chemical
cues characteristic of their allospecific nest-
mates via social interactions, thus progressively

continues
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against at the colony level (Keller 1997; Boomsma

et al. 2003).

Indeed, there is very limited – and controversial –

evidence for nepotism in social insects (cf. Wensel-

eers 2007). In honeybees, several studies investi-

gated the possible occurrence of nepotistic queen-

rearing, but results have been equivocal or negative

(review in Breed et al. 1994; see also Tilley and

Oldroyd 1997; Moritz et al. 2005). In ants, only one

study, conducted on the polygynous species Formi-

ca fusca, clearly suggested that workers indeed fa-

vour their own close kin when rearing eggs and

larvae (Hannonen and Sundström 2003). However,

a different study on another polygynous species,

Formica exsecta, showed that workers do not dis-

criminate between highly related and unrelated

brood, but that brood viability differs between

queens and this difference in viability could be

sufficient to explain a relatedness pattern that

could be interpreted as evidence for nepotism (Hol-

zer et al. 2006b). This is in accordance with other

studies that also failed to demonstrate nepotism in

multiple queen colonies (e.g. De Heer and Ross

1997; Clémencet et al. 2007). Thus, the occurrence

of nepotism remains controversial in ants, and we

agree with previous authors who have suggested

that recognition studies in ants usually deal with

nestmate rather than kin recognition (e.g. Vander

Meer and Morel 1998).

This does not mean that kin selection has to be

discharged as one of the crucial forces for develop-

ing recognition systems in social insects. Kin selec-

tion has likely been very important for the

evolution of eusociality in insects, but ecological

pressures have contributed in shaping more com-

plex societies where nestmate recognition conveyed

higher advantages, and therefore kinship has been

largely replaced by ‘nestmateship’ (cf. Lenoir et al.

1999). Thus, in social insect colonies, especially in

the complex ant societies, individuals cooperate on

the basis of familiarity and not necessarily on the

basis of genetic relatedness. This familiarity has

been termed ‘fellowship’ by Jaisson (1991, and re-

ferences therein), and its strength has been elegant-

ly shown by forming experimentally mixed

colonies of phylogenetically distant ant species

achieving a unified chemical profile (Gestalt
i.e. mixture of the odours of the two associated
species), that permits the two species to in-
habit the same nest without displaying ag-
gression (Errard 1994a). The reference cues are
learned by the young imago shortly after
emergence, the first interactions with their
nurses (homospecific as well as heterospecific)
being decisive. So, during their sensitive or
critical period, the young ants are able to learn
the odour of their nearest social environment,
which strongly influences the recognition of
colonial memberships during all their adult life
(Errard 1994b). However, experimental mixed-
species groups of Manica rubida with either
Myrmica rubra, Tetramorium bicarinatum, or
F. selysi show that the process of cue learning
(see Chapter 11) during the sensitive period
varies according to the specific chemical cues
of the associated species. The post-imaginal
learning, template reforming, and decision-

making seem to be more precisely tuned
(higher potential to discriminate between
profiles) when the two species’ chemical com-
plexes are similar (Errard et al. 2006). The use of
mixed-species groups of F. selysi and Ma. ru-
bida also enables the exploration of the possi-
ble role of the volatile chemical cues within the
nest that may affect the template formation
during the early social experience of the ants.
For example, Ma. rubida workers that were
imprinted on F. selysi Dufour’s gland constitu-
ents were always amicable towards the non-
familiar F. selysi workers, indicating that un-
decane, the major product of F. selysi Dufour’s
gland, affects template formation in Ma. ru-
bida workers. These results support the hy-
pothesis that the perception of learned
volatile cues permits a general recognition
process that precedes the identification of cu-
ticular chemical cues by contacts (Errard et al.
2008).

Box 11.1 continued
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(e.g. Errard et al. 2006; Box 11.1). This is not a mere

laboratory artefact, since natural mixed colonies do

occur in the case of social parasitism (Lenoir et al.

2001).

11.3.2 How can recognition systems
be stable?

For recognition to be possible, individuals must be

somehow different: a polymorphism of labels is

required. This cue diversity is supposed to be the

expression of an underlying genetic variation: a

polymorphism of genetic markers. When there is

a high cost for being rejected, as in the case of a

conspecific alien intruder that is attacked when

attempting to enter an ant colony, individuals bear-

ing rare labels will suffer costs at high probability.

In contrast, individuals bearing common labels will

very often match the template of evaluators and

will suffer the cost of rejection only in few cases.

The expected evolutionary scenario would result in

rare labels being selected against with the conse-

quent loss of the original genetic polymorphism.

Eventually, all individuals in a population will be

carrying the same genetic markers and recognition

of friends and enemies would be impossible. Yet,

polymorphic cue systems can be continuously ob-

served. This paradox has been addressed for the

first time in mathematical terms by Ross Crozier

(review in Crozier 1987) and is known as the

Crozier paradox (Tsutsui 2004). The subsequent

debate has generated an array of verbal and mathe-

matical models (discussed by Gardner and West

2007), and it now appears that the original sugges-

tion by Crozier, that genetic marker diversity allow-

ing recognition must be maintained by selection for

something else, such as balancing selection im-

posed by host–parasite interactions, is indeed very

likely (Rousset and Roze 2007).

In ants, nestmate recognition may be important,

not only in competition between species and colo-

nies, but also in mate choice. However, the phe-

nomenon has not been extensively studied and, to

our knowledge, only the following example is

known. In Leptothorax gredleri, cuticular hydrocar-

bons of males and reproductive females are colony-

specific and might thus act as a chemical cue (or

signal) to avoid mating with sibs (Oppelt et al.

2008).

11.3.3 In search of the nestmate
recognition cues

We have seen how in the context of nestmate recog-

nition, which is vital for colony defence and is

typically expressed by the action of rejecting alien

intruders, recognition cues need not be directly

correlated with genetic relatedness, since this

would allow disruptive nepotism within the colo-

ny. One way of achieving nestmate recognition

without allowing kin recognition is simply to mix

things up by forming a cocktail of recognition cues.

Cues produced by individuals may be combined to

create a common colony odour (the Gestalt model;

Crozier and Dix 1979). We have also seen that poly-

morphic cues are needed to discriminate between

nestmates and non-nestmates. Insects live in a

world of odours, thus we expect to find chemical

cues that vary among colonies and are relatively

uniform within a colony. Cuticular hydrocarbons

appear to fit all the requirements needed to act as

labels in the process of nestmate recognition in

social insects. Insect cuticles are covered by waxy

substances (mostly long-chain hydrocarbons from

20 to 35 carbon atoms) that probably evolved origi-

nally to avoid desiccation and were later used as

recognition cues (Blomquist et al. 1998). Ants and

other social insects show a complex pattern of cu-

ticular hydrocarbons, which varies in quality

among species and quantity (relative amount) with-

in species, thus representing an ideal multi-compo-

nent signal with the level of polymorphism

required for recognition to be effective (Figure

11.2). These substances can be both genetically

and environmentally determined and are perma-

nently mixed to form a uniform blend. Trophallaxis

and allogrooming are the main ways to obtain this

uniform colony odour (Boulay et al. 2000; Chapuisat

et al. 2005). It has been confirmed that the post-

pharyngeal gland (a head gland specific to the For-

micidae) serves as a reservoir to concentrate and

mix the hydrocarbons (review in Lenoir et al. 1999)

that are transported by a lipophorin protein (Lucas

et al. 2004).
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11.4 What do we know about recognition
cues in ants?

Apart from the edited volumes on kin recognition

cited earlier (see Section 11.1), which contain im-

portant chapters on social insects, there have been a

number of comprehensive reviews more focused

on the role of cuticular hydrocarbons, especially in

ants (Lenoir et al. 1999; Singer 1998; Vander Meer

and Morel 1998). These have stimulated an impres-

sive body of research aimed at understanding the

recognition code of ants. Our review here focuses

on recent literature, and we encourage the reader to

go back to these reviews for the basic knowledge.

11.4.1 ‘Bar-coding’ and single compound
recognition

Cuticular hydrocarbon (CHC) profiles are used by

social insects to discriminate nestmates from non-

nestmates according various levels: species, colo-

nial, intra-colonial (castes, subcastes, reproductive

status), and sometimes inter-individual. Recogni-

tion could occur through a process similar to

reading a bar-code. Humans use bar-coding as a

new promising tool for species identification via

the mitochondrial gene cytochrome oxidase (COI).

In modern taxonomy, it is especially helpful to

discriminate cryptic species (Hebert et al. 2003; He-

bert and Gregory 2005). In ants, bar-coding using

cuticular hydrocarbons for species identification is

theoretically possible and cheaper, but only few

data are currently available, for instance on the

genus Cataglyphis (cf. Dahbi et al. 1996; Oldham et

al. 1999), the Pachycondyla villosa complex (Lucas et

al. 2002) and the Tetramorium caespitum/impurum

complex with six chemotypes (Steiner et al. 2002).

In a recent study, the two sympatric colour morphs

(red and black) of Camponotus rufifemur appeared to

be chemically different with almost no hydrocar-

bons in common (Menzel et al. 2008). They may be

two different species. Another study investigated

13 species of the genus Formica (Martin et al. 2008b)

and a large program of species identification using

CHCs is certainly an interesting challenge to be

pursued. In termites, chemosystematics seems to

be more advanced as phylogenetic analyses with

cytochrome oxidase or microsatellites corroborate

results obtained with chemical characterization

(Copren et al. 2005; Dronnet et al. 2006).

New techniques have been used to discriminate

between different species, colonies, and castes by
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Figure 11.2 Gas-chromatograms showing the cuticular profiles of four different ant species. Some of the identified
peaks are indicated as a reference: (1) n-C22; (2) n-C23; (3) n-C24; (4) 2-meC24; (5)C25:1; (6) n-C25; (7) 9- + 11-meC25; (8)
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measuring cuticular hydrocarbons levels with in-

frared photoacoustic spectroscopy, for example, for

Ectatomma (Antonialli et al. 2007; Antonialli et al.

2008) and for Oecophylla smaragdina (Newey et al.

2008). Using spectroscopy may be a faster and less-

expensive alternative to the analysis of cuticular

hydrocarbons with gas chromatography or mass-

spectrometry.

How many compounds are necessary for bar-

code recognition among ants? Generally, bar-code

discrimination cannot be based on one or a few

compounds, but requires a complex blend of non-

volatile compounds (Boomsma and Franks 2006).

However, single compounds might play a role in

within-colony discrimination, for example by char-

acterizing the queen or reproductive individuals.

In Pachycondyla inversa, the hydrocarbon 3,11-di-

methylheptacosane is very abundant only on the

cuticle of the queen and dominant egg-laying work-

ers in queen-less colonies (Heinze et al. 2002b).

Electro-antennography showed that workers react

preferentially to this compound, which is corre-

lated with ovarian activity and is likely to assume

the role of a fertility signal (d’Ettorre et al. 2004). In

Dinoponera quadriceps, this function is attributed to

9-hentriacontene (Monnin et al. 1998, 2002). How-

ever, evidence, although strong, remains correla-

tive, and the role of these substances has not yet

been demonstrated experimentally.

Other questions involve the respective role of the

different hydrocarbon classes. The saturated n-al-

kanes have been considered to be important mainly

for protection against desiccation, while branched

alkanes appear to play a major role in nestmate

recognition. In Pachycondyla species, internally

branched methyl- and dimethyl-alkanes are indeed

involved in recognition (Lucas et al. 2005). In Cam-

ponotus cruentatus, the colonial specificity is very

important (see later) and trimethyl-alkanes, which

are unusually abundant in this species, could play a

central role (Boulay et al. 2007a). The picture is

certainly more complex than previously thought,

since recent data reveal different – and sometimes

contrasting – results. In Linepithema humile and

Aphaenogaster cockerelli, by using inert support

such as glass beads or pieces of cotton coated with

different hydrocarbon mixtures, it has been shown

that a combination of at least two CHC classes is

necessary to elicit an aggressive response. Howev-

er, interestingly, no single class is more important

than the others in eliciting the response (Greene

and Gordon 2007b). In Formica, experiments involv-

ing glass beads and synthetic hydrocarbons

showed that alkenes may have a more important

role. In F. japonica, both n-alkanes and 9-alkenes are

necessary to discriminate nestmates from aliens

(Akino et al. 2004). But in F. exsecta, despite the

cuticular profile being composed of alkanes and

Z9-alkenes, aggression is elicited only by the al-

kenes (Martin et al. 2008b). Thus, more experiments

are necessary to elucidate the roles of the various

hydrocarbons classes, which appear to differ

among species.

11.4.2 Cuticular hydrocarbons and task
specificity

A correlation between the task an ant worker is

performing and its CHCs is well known. For in-

stance, ants modify their CHC profile when they

become older and begin to forage. The role of juve-

nile hormone (JH) in temporal polyethism was first

discovered in bees and wasps (Giray et al. 2005;

Robinson 1985) and it has been recently confirmed

in ants. The topical application of JH accelerates

CHC modifications in the transition from brood-

tender to forager inMyrmicaria eumenoides (Lengyel

et al. 2007). Juvenile hormone has also been shown

to be involved in the expression of possible fertility

signals. Topical applications of a JH analogue

(Cuvillier-Hot et al. 2004) could induce a decrease

in fertility and a change of the cuticular profile in

the monogynous queenless ant Streblognathus pee-

tersi. Thus, cuticular hydrocarbons could inform

nestmates about the hormonal state connected to

dominance and fertility in a particular individual.

Indeed, in S. peetersi, alpha workers are character-

ized by low levels of JH (Brent et al. 2006).

Despite much correlative evidence, experiments

directly testing synthetic hydrocarbons and the role

of different hydrocarbon classes are only few. The

harvester ant Pogonomyrmex barbatus provides an

interesting example. The CHCs are used for nest-

mate recognition in this species (Wagner et al. 2000),

but the relative abundance of n-alkanes is 20%

higher in foragers than in workers performing
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colony maintenance activities (Wagner et al. 1998).

This might help prevent desiccation since these

workers are foraging in a desert environment.

Moreover, a particular group of workers, called

patrollers, can stimulate foraging activity when a

new seed source is discovered. These patrollers

have a distinct CHC profile, and a series of elegant

experiments showed that dropping glass beads

coated with patroller CHC extracts inside the nest

could mimic returning patrollers and induce forag-

ing activity (Greene and Gordon 2003).

11.4.3 The genetic basis of cuticular
hydrocarbon profile

Direct genetic control over CHCs is well known in

Drosophila (Ferveur 2005). In social insects, there is

also evidence that hydrocarbon composition, and

therefore nestmate recognition cues, can be in part

genetically determined. Nestmate recognition ap-

pears to be genetically based in Formica polyctena.

Field experiments conducted on nests in pine for-

ests of Germany showed the existence of a strong

relationship between genetic distance and aggres-

sive behaviour. This can be pictured as a sort of

‘genetic gestalt’: genetically related nests tend to

show little aggressive behaviour (genetically deter-

mined recognition cues, namely CHCs), but there is

no correlation between physical nest distance and

aggression (Beye et al. 1997). Likewise, aggression

increases with genetic distance between nests in

Formica pratensis. But here dispersion often occurs

by fission (a form of ‘dependent colony founda-

tion’, see Chapter 9) and thus neighbouring nests

tend to be more closely related than distant nests

and are less aggressive to them (Beye et al. 1998).

Moreover, the relative importance of environmen-

tally and genetically determined cues in this species

can vary according to the social structure (monod-

omy or polydomy (cf. Pirk et al. 2001). Similarly, the

variation observed in the cuticular compounds of

12 populations of Petalomyrmex phylax from Camer-

oon could be explained by a combination of both

genetic and social factors (number of queens), and

by the spatial distribution of populations (Dalecky

et al. 2007).

By contrast, there is no correlation between ge-

netic distance and nestmate discrimination in Plagi-

olepis pygmaea (Thurin and Aron 2008) and in

Formica selysi (Rosset et al. 2007). It is worth noting

that in F. selysi these authors observed that there is

no difference in nestmate recognition ability be-

tween workers of single- and multiple-queen colo-

nies. Rosset et al. (2007) also suggested that workers

might be able to detect a signal that is characteristic

of the social structure (monogyny versus polygy-

ny). However, this signal is not known, and it

would be necessary to compare the odour profiles

of the two types of colonies. In the super-colonies of

Formica paralugubris, whereby individuals mix free-

ly among separated nests, the ability to discrimi-

nate between nestmates and non-nestmates is

maintained between populations, as indicated by

longer antennation bouts, and aggression increases

with geographic and genetic distance (Holzer et al.

2006a; see Plate 11 for more on antennation).

In conclusion, general patterns are difficult to

find since the relative importance of genetic and

environmental factors in shaping nestmate recogni-

tion cues seems to be linked to the particular life

history of the different species. We discuss possible

environmental factors in Section 11.5.

11.4.4 The discovery of very long chain
hydrocarbons and other compounds

The recent use of high temperature gas-chromatog-

raphy columns allowed the identification of

new hydrocarbons with longer chains on the ant

cuticle, which have remained undetected with the

commonly used columns. The discovery of these

long-chain hydrocarbons opens new avenues for

research in some fields such as host–parasite inter-

actions. Usually, social parasites mimic their host

CHCs (chemical mimicry, cf.Lenoir et al. 2001), but

Acromyrmex insinuator do not mimic their host. In-

stead, this social parasite is chemically insignificant

in the ‘normal’ C29–C35 range, where it has a very

low total amount of CHCs, but it possesses large

quantities of unsaturated C43–C45 hydrocarbons.

The role of these CHCs is not known; it has been

suggested that they are difficult to perceive, and

hence may support, the chemical insignificance hy-

pothesis. They may also function as a ‘sponge’ and

absorb traces of lighter hydrocarbons that are used

as nestmate recognition cues so to blur them
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(Lambardi et al. 2007). However, it is too early to

draw any conclusion, and this discovery calls for re-

investigating the chemical profile of all the ant spe-

cies with high temperature GC-columns. For exam-

ple, Formica truncorumwas supposed to have a very

simple CHC composition, with few compounds

and not heavier than C31 (Boomsma et al. 2003). In

fact, they have long-chain hydrocarbons, from 34 to

45 carbon atoms, accounting for 55% of the total

CHC profile (Akino 2006). Apparently, this does

not change the colonial identity, and the chemical

signature of the colony is maintained with or with-

out these long-chain hydrocarbons. Some ants will

be shown not to have long-chain CHCs anyway,

like Formica japonica (Akino 2006), whereas all the

Formica s. str. species have C25–C37 chains (Martin

et al. 2008a). Pachycondyla villosa has also very long

chains CHCs, up to C45 (Lucas et al. 2004). The

hydrocarbon profile of the tropical Camponotus ru-

fifemur consists almost exclusively of methyl-

branched alkenes from C35 up to C49 (Menzel et

al. 2008). Interestingly, Petalomyrmex phylax from

Cameroon has a long set of C32–C42 alkenes, and

there is a geographical south bias towards sub-

stances that have a higher molecular weight (Da-

lecky et al. 2007), suggesting a role of environmental

factors.

Other classes of compounds may be involved in

ant nestmate discrimination. It is long known that

free fatty acids and esters also exist on the insect

cuticle, and steroids have been recently discovered

(see parabiosis, Section 11.5.2). Cholesterol has been

found in large quantities in males of Leptothorax gre-

dleri (Oppelt et al. 2008). If these compounds have a

role in recognition, it needs to be further investigated.

11.4.5 The possible role of volatiles

Cuticular hydrocarbons, which are not very vola-

tile, have long been considered responsible for nest-

mate recognition as this occurs generally at very

short distance between individuals: a few milli-

metres or maximum 1 cm (Brandstaetter et al.

2008; Cuvillier-Hot et al. 2005). Nevertheless, more

volatile substances might also play a role, and nest-

mate recognition perhaps does not always rely only

on CHCs. In two Atta species both inter- and intra-

specific recognition seem to be mediated by alarm

pheromone constituents as well as by substances

from abdominal exocrine secretions (Hernandez

et al. 2006). Akino and Yamaoka (2000) suggested

that in Lasius fuliginosus, volatiles could act as a

transient cue at short distances, while non-volatiles

would serve as definitive signals for recognition of

nestmates. Volatiles from the Dufour’s gland are

implicated in Camponotus fellah nestmate recogni-

tion (Katzav-Gozansky et al. 2004, 2008). However,

here the chemical nature of the volatile cues still

remains uncertain. Some simple alkanes may play a

role, for example callow Manica rubida workers in

mixed-species groups with Formica selysi can im-

print on volatile alkanes (in particular undecane)

from the F. selysi Dufour’s gland and incorporate

them into their own template. Since undecane is not

present in the glandular secretion of M. rubida, it is

learned from the Formica group-mates (Errard et al.

2008). We suggest that the role of volatiles has

probably been largely underestimated, and thus

requires more attention in future studies.

11.5 The ecological context

One of the principal reasons of the ecological suc-

cess of social insects is their ability to exploit and

monopolize food sources at the colony level. For

this, they need to discriminate and exclude compe-

titors. However, nestmate recognition plays differ-

ent roles in different ecological contexts.

11.5.1 Inside the nest: role of nest material
and food

Inside the nest, ants do not need to discriminate

nestmates from non-nestmates as they are all sup-

posed to be fellows (Jaisson 1991). The nest entrance

is usually patrolled by very efficient guards, and

aliens are not admitted into the nest. Thus, it is

frequently observed that when an intruder man-

ages to enter the nest, it is accepted. This is illu-

strated by the case of alate females of Cardiocondyla

elegans, which are transported by workers into un-

related nests: outside the nest they are subject to

aggression, but aggression ceases once they are in-

side (Lenoir et al. 2006). It is generally considered

that nurses inside the nest are less aggressive than

foragers. The walls of the nest chambers are
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probably saturated with hydrocarbons and other

substances secreted by the ants, but their chemical

identity is not known. Various myrmecophile bee-

tles and crickets rub against the inner walls of the

nest to obtain the colony odour and be tolerated by

passive chemical mimicry (Lenoir et al. 2001).

The nest odour is important when the colony

needs to emigrate. Explorers use it to mark the

new nest, and when ants are given a choice, they

will prefer a nest marked with colony odour over

an unmarked one (e.g. Lasius niger; Depickère et al.

2004; Temnothorax albipennis; Franks et al. 2007a). On

the contrary, workers of Aphaenogaster araneoides,

which frequently migrate to a new nest, strongly

avoid nests marked with colony extracts. This ab-

sence of nest marking might prevent detection by

predaceous army ants (McGlynn 2007). The colony

marks laid by minor workers of Pheidole pallidula

are also used in ant clustering (Sempo et al. 2006).

The aggregative role of cuticular hydrocarbons has

also been documented in other insects, such as gre-

garious cockroaches. Recently, an elegant study

showed that cockroaches indeed aggregate with

robots impregnated with the CHCs of congeners

(Halloy et al. 2007).

In wasps and honeybees, the nest is made with

paper and/or wax that captures and retains odours

and produces some key components used in recog-

nition. Leaf-cutting ants can be compared to

wasps and honeybees because the garden fungus

is composed of degrading leaves and emits numer-

ous substances influencing the nest odour. In Acro-

myrmex, the fungus absorbs the cuticular

hydrocarbons of the ants and its odour is thus colo-

ny-specific (Bot et al. 2001b; Viana et al. 2001). Logi-

cally, the nest odour is influenced by the nature of

the leaf used as substrate for the fungus, as was

demonstrated in Acromyrmex long ago (Jutsum

et al. 1979). That the diet (privet, roses, or bramble)

can influence nestmate recognition has been con-

firmed more recently (Richard et al. 2004). The vari-

ation in chemical profiles of Acromyrmex echiniator

and A. octospinosus ants is at least partly explained

by the genetic differences in amides, aldehydes,

and methyl esters, originating probably from the

fungus. The fungus garden is therefore an impor-

tant independent source of chemicals contributing

more to the Gestalt than the innate chemicals of ants

(Richard et al. 2007). In ant–plant interactions (see

later) we do not know how the colony odour is

influenced by the host plant, thus this is a

promising field of research. Allomerus ants, for in-

stance, build in their Hirtella host plants galleries

pierced with numerous holes serving as traps to

capture insect prey. A fungus that has not yet

been identified is associated with the nest and prob-

ably produces compounds that are included in the

ant colony odour (Dejean et al. 2005b).

The colony odour appears to be particularly in-

fluenced by environmental factors, such as food, in

tramp species. For example, in Linepithema humile,

the diet can significantly modify both CHCs and

nestmate recognition (Liang and Silverman 2000).

Similar behavioural results have been obtained in

the crazy ant Paratrechina longicornis, although the

chemical profiles were not analyzed and the study

is based on laboratory observations only (Say-Piau

and Chow-Yang 2003).

11.5.2 Outside the nest: territory-marking
and foraging trails

Markings outside the nest may take different forms

depending on the ecological context and the role of

the species in the community. Workers mark the

nest entrance with colony-specific chemicals to pre-

vent intrusions. Thus, nest marking can play an

important role in nestmate recognition. In Myrmica

rubra and Pheidole pallidula, workers probably use

their legs to transfer secretions onto the ground

(Cammaerts and Cammaerts 1998; 2000b). In Mes-

sor capitatus, territorial marking near the nest en-

trance is made colony-specific by faecal spots

containing hydrocarbons identical to those of the

cuticle (Grasso et al. 2005). Wenseleers et al. (2002)

showed that the readiness to fight in the desert ant

Cataglyphis fortis was high for ants near the nest

entrance and declined at 5–20 m. This clearly indi-

cates that aggression is displayed in the context of

the nest, and thus has more to do with nestmate

recognition than with territory defence.

In some species, nestmate recognition is less

strict, as shown by low inter-colonial aggression.

Non-nestmate intruders are able to enter the nest

in 60% of trials in Myrmecia nigriceps and up to 50%

in Cataglyphis cursor (Lenoir et al. 1988; van
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Wilgenburg et al. 2007). Here foragers can share

food sources, and tolerance is probably favoured

by high relatedness between neighbouring colonies

since C. cursor reproduces by fission (Lenoir et al.

1990; Lenoir et al. 1988; Mayade et al. 1993). Another

example is Ectatomma tuberculatum, which forms

open colonies and forages in trees that are not de-

fended as territories (Zinck et al. 2008). In confron-

tation tests between ants of different aggressive

colonies, the ‘winner’ is generally the ant that is

on its own territory (Fresneau and Errard 1994).

This ‘bourgeois strategy’ has been investigated in

Cataglyphis niger where the chemical cue advertis-

ing the ownership comes from the cloacal gland

(Wenseleers et al. 2002). Some ant species might

mark their entire home range with colony-specific

chemicals. However, various species apparently

mark their home range in a way that is not colony-

specific, as has been observed in two Tetramorium

species (Cammaerts and Cammaerts 2000a) and in

Lasius niger (Devigne and Detrain 2002). In general,

the identity of the marking substances is not

known. The differences in all these data on ‘territo-

rial pheromones’ may be explained by the different

contexts used in the studies: for example, in Myr-

mica it refers to walking speed, while in others it

refers to fighting advantages.

The famous wood-ant Formica wars with

hundreds of corpses at the frontiers of colonies in

spring and the ants’ cannibalistic behaviour have

impressed the human imagination (Mabelis 1979).

Some ant species do have a real territory, which is

actively defended and marked chemically accord-

ing to the strict definition of Hölldobler and Wilson

(1990). Territorial ants, such as Pogonomyrmex

(Hölldobler 1974), usually form large over-dis-

persed colonies where the nest distribution allows

foraging on non-overlapping areas or trunk trails

thus reducing the number of aggressive interac-

tions. Generally, these ants learn the colonial iden-

tity of their neighbours and consequently are less

aggressive towards these known neighbours than

towards complete strangers, a phenomenon called

‘dear enemy’ (see review in Knaden and Wehner

2003). On the contrary, in Camponotus cruentatus,

where colonies have very different CHC profiles,

the territories can overlap by 40%, but workers

fiercely defend food sources against neighbouring

colonies without any ‘dear enemy’ effect (Boulay

et al. 2007a).

In the tropical rainforests, many ant species have

evolved an arboreal life, some species are dominant

and form very large colonies with absolute terri-

tories defended against neighbouring colonies of

their own or other species. They are distributed in

a mosaic pattern (Blüthgen and Stork 2007; Dejean

et al. 2007a; see also Chapter 5). Weaver ants Oeco-

phylla are a typical example of territorial arboreal

ants, whichmark the leaves with rectal pheromones

that can persist for more than nine months under

the tropical rains (Dejean and Beugnon 1991). These

marks are used by other ant species to avoid the

Oecophylla territories (Offenberg 2007). Herbivo-

rous beetles are also able to detect these phero-

mones and avoid feeding on Oecophylla ant trees

(Offenberg et al. 2004). Here again, we do not

know the identity of the chemical signals.

Plant-ants are obligate associates of specialized

plants called myrmecophytes (i.e. plants offering to

their guest ants special structures called domatia;

see Chapter 6). In these ant species, one colony

generally occupies one tree for nesting and forag-

ing, the tree being a real territory (Dejean et al.

2007a). When the distribution of trees is over-dis-

persed, the colonies tend to be isolated. In two

Allomerus species in Guyana, it has been observed

that intra-specific aggressiveness is very low, while

interspecific conflicts between different species are

very violent. This does not mean that the ants have

lost nestmate recognition, but the strictly arboreal

life of these ants and the distance between trees,

which make the encounters almost impossible,

may explain the loss of intra-specific aggression

(Grangier et al. 2008).

Territorial ants are dominant in the ant commu-

nity, and defend their territory not only against

conspecific, but also against allospecific intruders

(see Chapter 5). Camponotus cruentatus is a good

example of ecologically dominant ant in the Medi-

terranean region, whereas Aphaenogaster senilis,

which is not territorial, is subordinate (Figure

11.3). Subordinate ants use several strategies to

avoid conflicts with the dominant ones, for example

foraging in a different time-window leading to tem-

poral partitioning (Cerdá et al. 1997). Are ants able

to recognize the other species? Evidence suggests
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that they do, for instance, Camponotus foreliworkers

always attack Cataglyphis iberica, whose colonies are

then eliminated, while they tolerateA. senilis (Cerdá

and Retana 1998).

Trails can contain colony-specific components

also outside the territory, on the non-defended

home range. In Lasius nipponensis (cf. L. fuliginosus)

and L. japonicus (cf L. niger) trails are used by one

colony only. The trail pheromone is not colony-

specific, but the specificity is given by footprint

hydrocarbons that are almost identical to CHCs

(Akino and Yamaoka 2005a,b). This prevents the

exploitation of trails by neighbouring colonies. A

more elaborate association is parabiosis, where two

(or more) species share the same nest and use the

same trails. This phenomenon is frequent in Neo-

tropical ant gardens (reviewed by Menzel et al.

2008). Since parabiotic species need to tolerate het-

erospecific ants as nestmates, they must have mod-

ified their recognition system. Habituation to the

others’ odour seems to be the mechanism. In the

association between Odontomachus mayi and Crema-

togaster limata, the ants have completely different

chemical profiles, and the learning is limited to the

partner colony only (Orivel et al. 1997). In the rain-

forest of Borneo, there is the interesting case of

parabiotic association between Crematogaster modi-

gliani and Camponotus rufifemur. The latter is toler-

ant towards any colony of Cr. modiglianii, but not

towards other Crematogaster species (Menzel et al.

2008). This might be explained by the unusual cu-

ticular profiles of these species, which are covered

by a set of steroids that have not yet been identified.

The composition of these steroids differs between

colonies, but is more similar for the two species of

the same parabiotic nest. Whether steroids play a

role in nestmate recognition is under investigation.

The reduced discrimination of heterospecific nest-

mates might be caused by transfer of Ca. rufifemur

hydrocarbons to the Cr. modiglianii profile.
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Figure 11.3 (a) Distribution map of Aphaenogaster senilis nests in Doñana National Park (Andalousia, South Spain, sea
level). This ant species reproduces by dependent colony foundation and inter-nest aggression is low. Nests are presented
in three groups according to their behavioural indices of aggression and chemical distances. Intra-group aggression is
low, indicating a possible common ancestor fissioning group. Nests 2–3 and 5–12 have probably recently been founded.
(Modified from Ichinose et al. 2005) (b) Map of 18 major nests of Camponotus cruentatus localised on or near the 50 x
50 studied plot in Sierra de Cazorla (South Spain, 1400 m asl). The polygons delimit the area within which 95% of the
workers of a given nest forage. The overlap between the different areas is 44%. Nevertheless, food sources are fiercely
defended against any other neighbour. Hydrocarbon profiles of the colonies are strictly different. (Modified from Boulay
et al. 2007a)
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Extremely long-chain hydrocarbons may be diffi-

cult to detect by antennal receptors, and

hence result in chemical insignificance (Menzel et

al. 2008). This species-specific, but not colony-spe-

cific tolerance contrasts with the above results, in-

dicating that recognition in parabiosis may be

due to a different learning process and different

templates.

11.6 Concluding remarks

The amazing ecological success of ants is due in

part to their ability to discriminate nestmates from

non-nestmates, not only individuals belonging to

colonies of the same species, but also to other

species. Inside the colony, ants, for example,

Pogonomyrmex barbatus, recognize individuals

performing different tasks and can also discrimi-

nate social status (Sections 11.4.1 and 11.4.2). Out-

side the colony, ants know their surroundings, their

nest entrance, and home range. The current body of

evidence suggests that nestmate recognition in ants

is mostly based on a mechanism of phenotype

matching, even if other mechanisms cannot be ex-

cluded. Early in its development, an individual

worker would learn the relevant cues from its fel-

lows and build a template representing the colony

odour profile. This is similar to the process of im-

printing, and has been shown in several ant species

(Jaisson 1991). In many cases, we have clear proof

that cuticular hydrocarbons are among the relevant

recognition cues, and that the colony odour is

formed by mixing together the cues of basically all

the colony members via social interactions (allo-

grooming and trophallaxis with the involvement

of the post-pharyngeal gland (cf. Lenoir et al. 2001;

Lenoir et al. 1999). Thus, the colony odour is not the

simple sum of cues of the different individuals, but

it is a new configuration, a pattern of elements

resulting into a unified whole (Gestalt).

Depending on the life histories and the ecological

and evolutionary constraints of the different ant

species, the proportion of cues that are genetically

and environmentally determined will vary (Sections

11.4.3 and 11.5.1). When the environmental compo-

nent of the cue-expression is significant, the internal

template of each individual needs to be flexible to

adapt constantly to the changes in the local environ-

ment. Since nestmates and non-nestmates may have

overlapping cues, the discriminating response of

ants – similarly to other social organisms – cannot

be perfect, and is likely regulated according to

an acceptance–rejection threshold. Indeed, the

acceptance threshold model (Reeve 1989) predicts

that recognition systems are not fixed, but

context-dependent, and the threshold should vary

according to the cost and benefits of accepting non-

nestmates and rejecting nestmates (recognition

errors). The model has been tested in a host–social

parasite system and has been supported by the

observation of a significant adaptive behavioural

flexibility (level of aggression) of the host species

linked to the seasonal dynamics of the social para-

site (d’Ettorre et al. 2004). According to the thresh-

old model, aggression as a result of non-nestmate

discrimination is an ‘all-or-none’ response: either

there is aggression or not, but the threshold as

well as the template can vary (Liebert and Starks

2004). Alternatively, the graded model proposes

that ants progressively vary their level of aggression

according to the difference between the template

and the pattern of cues borne by the encountered

individual (Lenoir et al. 1999). Evidence for a grad-

ed model in nestmate discrimination is given by the

observation that longer antennation time is required

when the chemical signature (cues) differs slightly

from the template (Dahbi and Lenoir 1998; Holzer

et al. 2006a). However, these two models are by no

means mutually exclusive.

In some particular circumstances, ants have been

shown to have unexpectedly sophisticated recogni-

tion abilities. This is the case of co-founding queens

of Pachycondyla villosa and P. inversa, which are

capable of individual recognition (d’Ettorre and

Heinze 2005; Dreier et al. 2007). Unrelated queens

found new colonies together, but when they first

meet they aggressively establish a dominance hier-

archy that later controls the partitioning of work

and reproduction. Individual recognition in these

small societies is advantageous because it facilitates

the maintenance of stable dominance hierarchies

and avoids the cost of repeated aggressive encoun-

ters. We know that individual recognition in Pachy-

condyla ant queens is based on the long-term

memory of chemical cues, but there is no direct

proof that these cues are indeed cuticular
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hydrocarbons, although the cuticular chemical pro-

files of queens are neither associated with domi-

nance nor with fertility, and nestmate queens do

not share a common odour.

Recent results suggest that ant workers of Cata-

glyphis niger can also discriminate different in-

dividuals. By using a habituation–discrimination

paradigm (Nowbahari 2007) showed that adult

workers learn the cues of individual ants that

they have encountered and recognize them in

subsequent encounters. Workers are less aggressive

towards familiar non-nestmates than towards unfa-

miliar ones.

Finally, ants are apparently capable of a sort of

‘latent learning’; for example they can learn what to

do or not to do when they are confronted with the

choice of a new nest using both pheromones and

landmark cues. Thus, ants are possibly able to make

plans for the future (Franks et al. 2007b).

11.7 Future directions

Despite the recent advances in analytical technolo-

gy and the flourishing of studies in the last decades,

the recognition code of ants and other social insects

is far from being ultimately deciphered. As a usual

occurrence in science – and this is one of the reasons

why it is so fascinating – while investigating old

questions, researchers find new questions instead

of clear answers. We would like to draw attention

to some issues that need to be considered and there-

fore constitute the ground for promising future

studies.

· Is there something other than cuticular hydrocar-

bons acting as recognition labels?

Cuticular hydrocarbons have long been considered

as the best candidates for recognition cues (cf.

Howse 1975); however, although their importance

has been confirmed in many cases, recent findings

beg for exploring the potential role of other com-

pounds by following new research directions. We

have already discussed the possible implication of

volatile chemicals from exocrine glands in Section

11.4.5. Here we point out a recent study that looked

at a different category of substances. Paper wasps

hibernate in particular safe locations that can be

used by subsequent generations of foundresses.

Turillazzi et al. (2006) experimentally showed that

these hibernation sites are marked with venom se-

cretions and cuticular peptides. A proteinaceous

pheromone has also been recently identified as hav-

ing a role in termite egg recognition (Matsuura et al.

2007). Thus, the unexplored world of proteins and

peptides opens its doors to social insect recognition.

With their complex tridimensional structure, cutic-

ular peptides could contain essential information

themselves, but could also somehow embed cuticu-

lar hydrocarbons and thus change their physical

and chemical properties. This might explain why

isolated hydrocarbons do not always elicit a beha-

vioural response when used alone in experimental

designs.

· Does recognition always need long-termmemory

and integrated information processing?

The label-template matching model discussed ear-

lier (Section 11.6) requires learning the recognition

cues and forming an internal neural template that

is stored somewhere in the memory and can pos-

sibly be updated. This process implies information

processing at high brain centres (e.g. mushroom

bodies). Is there any other parsimonious alterna-

tive? The idea of habituation, which is the simplest

form of learning not necessarily requiring high

brain centres, is usually dismissed (Vander Meer

andMorel 1998). However, a recent study suggests

that even a simpler process, receptor adaptation,

which does not involve any learning, could ac-

count for recognition of non-nestmates. Ozaki

et al. (2005) described a sensory sensillum on the

antennae of Camponotus japonicuswith a surprising

function. This sensillum responds specifically to

non-nestmate CHC blends and does not react to

nestmates’ CHC extracts. A peripheral recognition

mechanism in detecting colony-specific chemical

signals is thus possible (but see Leonhardt et al.

2007). Such a mechanism cannot account for with-

in-colony discrimination, and we know that ants

are able to detect different classes of nestmates, but

these results cannot be ignored, and more studies

are needed to disentangle the different mechan-

isms that might intervene at different levels of

recognition.
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· Is there an ant queen pheromone?

The ant queen pheromone is like the Metastasian

Arabian phoenix: everyone says it exists, but no one

knows where it is. Three recent reviews have ad-

dressed this enigma from different angles (Hefetz

2007; Le Conte and Hefetz 2008; Peeters and Liebig

2009), thus we hope that it will be solved soon, at

least in some ant species. There is evidence that

cuticular hydrocarbons are involved in signalling

queen fertility, but there is no direct proof so far.

In Aphaenogaster senilis, the queen signal may in-

volve the Dufour’s gland secretion more than

CHCs, and this ant is probably a good experimental

model system because a simple biological test can

be exploited: when the queen is removed, the work-

ers immediately reorient the developing of worker

larvae to produce gynes (Boulay et al. 2007b).

· Can recognition be studied in the laboratory?

Most of our current knowledge on recognition sys-

tems in ants is derived from laboratory assays. How

much do these reflect the natural situation? This

question has rarely been addressed and we believe

it is an important one. Roulston et al. (2003) used the

Argentine ant Linepithema humile as a model to

compare four different laboratory aggression bioas-

says largely used to study nestmate discrimination

in ants. The assays included interactions between

one live and one dead ant, two live ants, five against

five live ants, and one ant introduced to a foreign

colony. All assays using live ants gave comparable

results, independently of the scoring method used,

but pairing a live and a dead produced inconsistent

results and lowered aggression levels. Neverthe-

less, isolated aggressive acts did not necessarily

predict whole colony interactions, as some colonies

that fought in bioassays merged when the entire

colonies were allowed to interact. Thus, aggression

tests may give only limited information about inter-

actions between colonies. This does not mean that

we should stop working in the laboratory. Some

particular questions can only be addressed under

controlled conditions, as when trying to disentan-

gle behavioral and chemical cues underlying recog-

nition (cf. Guerrieri and d’Ettorre 2008; Lucas et al.

2005). Nevertheless, we would like to stress that

laboratory results should be interpreted with cau-

tion, and we encourage researchers to trust their

doubts and to go back to the field as much as

possible.

11.8 Summary

The ability to recognize group members is a key

characteristic of social life. Ants are typically very

efficient in recognizing non-group members, and

they aggressively reject them in order to protect

their colonies from robbery and parasitism. There

is a range of different recognition mechanisms in-

cluding prior association, phenotype matching, and

recognition alleles. The concept of kin recognition

should be considered different from that of nest-

mate recognition in ants and other social insects.

Most of the available studies address the nestmate

recognition level, namely the discrimination of

nestmates (colony members) from non-nestmates

(strangers), independently of actual relatedness. In-

direct and direct evidence identify long-chain cutic-

ular hydrocarbons as the best candidates to act as

recognition cues in ants, even if other chemical

substances could also play a role, at least in some

ant species. The relative importance of genetic and

environmental factors on the expression and varia-

tion of the cuticular hydrocarbon profile is then

analyzed in connection with ecological factors and

life history characterizing the diversity of ant spe-

cies. There are many ongoing debates and unan-

swered questions about recognition cues and

mechanisms. The recognition systems of ants are

extremely complex.
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Glossary

active constituent: A chemical in a bait matrix that
mediates ant control; includes direct toxins and
juvenile hormone analogues.

aculeate wasps: A group of wasps in which the
egg-laying ovipositor has been modified to form
a sting; most closely related group to ants.

adaptivemanagement:Anatural resource manage-
ment approach that incorporates systematic ex-
perimentation and monitoring to compare
alternative management actions and update
these actions accordingly.

agricultural intensification: generally associated
with crop specialization, increasing mechaniza-
tion, and generalized use of agrochemicals and
other external inputs in the crop field.

agroforestry: Agricultural systems incorporating
trees.

alate: Winged reproductive; can refer to either
queens or males.

allometry:Anon-linear scaling relationship between
the size of an organism and the size of any of its
body parts. For example, head width increases
more than leg length as body size increases. The
opposite is isometry, where proportions between
body parts stay constant across a range of body
sizes.

altruism: Lifetime improvement of a beneficiary’s
reproductive success at the expense of the life-
time reproductive success of the altruist.

ant garden: Ant nest consisting of epiphytic plants
that profit from the association with the ants.

ant mosaics: Spatial patchworks of two or more
dominant ant species that have non-overlapping
territories.

antennation: Investigation of an encountered ant
with the antennae; the interaction allows nest-
mate recognition at contact or at very short dis-
tance.

arboreal ants: Ants that live and forage above the
ground in trees and other vegetation.

assemblage: A taxonomic subset of a community.

bait matrix: Substance in which active constituents
are delivered to ants. Matrices can be liquid (pre-
dominantly water, but sometimes other attractive
substances such as sugar or honey) or solid (typi-
cally corn grit or fishmeal).

Bergmann’s rule: The hypothesis that size of indi-
viduals (or for social organisms, colonies) in-
creases with elevation and latitude.

biodiversity: Variation in life on Earth at all levels
of biological organization (genetic, species, eco-
system).

biodiversity hotspot: An area of significant bio-
diversity containing at least 0.5% or 1,500 spe-
cies of global vascular plants as endemics, and
having lost at least 70% of its primary vegeta-
tion (see: www.conservation.org). Recently Con-
servation International has included areas of
high irreplaceability but low vulnerability as
hotspots.

biogeography: Study of the distribution of biodi-
versity in space and time, and includes physio-
logical, morphological, and genetic perspectives.

bioregion: See ecoregion.
bivouac: Temporary nest structure formed by army
and driver ants. The structure consists of a mass
of tightly locked individuals that protects the
queen and the larvae within it.

brachypterous queen:Queen with short wings that
are ineffective for flying.

brood: Immature ant individuals, including eggs,
all larval stages and pupae.

budding: A synonym for dependent colony foun-

dation, originally meant for polygynous species
whose nests remain interconnected; often used
interchangeably with the term fission.

carton nest: Nest structures built actively by ants
from different substrates such as detritus, earth,
plant-fibres or trichomes, or silk collected from
spiders.

caste: A group of female individuals distinguished
from another group within the colony, by
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function or morphology. See also functional
caste definition and morphological caste defini-
tion.

caste determination: The process bywhich embryo-
logical development of a female ant is determined
as either worker or queen; also see genetic caste

determination, environmental caste determina-
tion, and hybridization-mediated caste determi-
nation.

central place foraging: A means of collecting food
in which the forager returns to a central place to
deliver food (e.g. in nesting birds or in most
social insects).

cheater: A species that takes advantage of one
or more benefits exchanged between two mu-
tualists at a cost to one or both of the mu-
tualists.

chemical insignificance: Absence or low quantities
of cuticular hydrocarbons that allows acceptance
in a social insect colony; characteristic of newly
emerged individuals and of some social para-
sites.

clade: A monophyletic group; a group of biological
taxa that includes a single common ancestor and
all its descendants.

claustral: A mode of independent colony founda-
tion in which the queen has sufficient metabolic
reserves to raise her first brood of workers with-
out a need to forage outside the nest.

cognitive map:Amap-like representation of spatial
locations stored in the brain.

colony: Eusocial society of cooperating individuals
of the same ant species.

colony closure: Inaccessibility of a colony to organ-
isms other than members of the colony.

colony fusion:Merging of twomature colonies into
one.

colony odour: The colony specific blend of non-
volatile substances (mostly hydrocarbons)
found on the cuticle of individuals and shared
among all colony members.

colony size: Number of individuals in a colony,
mainly depending on the number of workers in
the colony.

colony structure: The caste, demographic, genea-
logical, and spatial make-up of a colony.

community: Interacting, coexisting assemblages of
organisms.

co-occurrence analysis: A method for testing for
non-random patterns of species occurrences.

correlated random walk: A random walk (an indi-
vidual turns by a random angle after each step of

a given distance), with the added aspect that
turning angles are normally distributed around
the previous direction of the movement.

crown group ants: Clade composed of the most
recent common ancestor of all living ants and
their descendants.

cue: A trait that can be used in communication to
extract relevant information although it has not
evolved for that purpose (see also signal).

cuticular hydrocarbons: Lipids found on the cuti-
cle. In social insects, a blend of long-chain hydro-
carbons forms the specific colony odour and play
role in protecting against insects from desiccation
and in communication.

deforestation: Removal of trees (sometimes com-
plete extraction) from forested areas; usually by
logging and/or burning.

dependent colony foundation (DCF): Initiation of
a new colony by a group of nestmate queen(s)
and workers that leave the maternal nest togeth-
er; accordingly queens never go through a soli-
tary stage; dispersal is on the ground and thus
short ranged.

diaspore:A plant dispersal unit consisting of a seed
plus any additional tissues.

diploid male vortex: Reduced allelic diversity in a
population at the sex-determining locus (e.g. re-
sulting from inbreeding and population size re-
duction); reduced heterozygosity at the locus
increases production of nonviable, diploid
males which reduces population growth rate
and thus further reduces allelic diversity at the
sex determining locus in the population.

discovery–dominance trade-off: The inverse rela-
tionship between the ability of a species to dis-
cover food and its ability to dominate resources
(either behaviorally or numerically).

domain: The geometric area of interest, may be
spatial (a mountain range, the globe, a continent)
or temporal.

domatia: Plant structures including hollow thorns,
stems, and leaf pouches in which colonies of ants
reside.

dominance–impoverishment rule: A relationship
between ant species richness and dominant species
in a community. The fewer ant species in a local
community, themore likely it is to be behaviourally
dominated byone or two specieswith large, aggres-
sive colonies. In many studies, however, the direc-
tion of this causality has been reversed, and
emphasis has been placed on the effect dominants
have on species richness, not vice versa.
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ecological gradient: A pattern, usually in richness,
abundance, or body size, along an ecological axis.
Common ecological axes are temperature, eleva-
tion, latitude, and net primary productivity.

ecoregion: A large unit of land or water containing
geographically distinct communities associated
with particular combinations of environmental
conditions.

ecosystem engineers: Organisms that directly or
indirectly modify ecosystem properties (e.g. the
availability of resources for other species) by
causing physical changes in biotic or abiotic ma-
terial.

ecosystem services: Benefits humans derive from
ecosystems, including provisioning services such
as food and water, regulating services such as
regulation of floods, drought, land degradation,
and disease, supporting services such as soil for-
mation and nutrient cycling and cultural services
such as recreational, spiritual, religious, and
other non-material benefits.

elaiosome: Lipid and protein-rich fleshy structures
attached to seeds of many plants reliant upon ants
for seed dispersal, consumed bymany ant species.

endemic species: Species ecologically unique to a
specifically defined place and not found elsewhere.

environmental caste determination: Exclusively
non-genetic caste determination.

epigaeic ants: ground-active ants; forage primarily
on the ground.

epigenetic: Changes in gene expression not involv-
ing changes in the underlying nucleotide se-
quence.

eradication: The intentional extirpation of geo-
graphically discrete populations of a species, ir-
respective of whether other discrete populations
still remain within the landscape.

ergatoid queen: Under the functional caste defini-
tion, a queen with worker-like external morphol-
ogy (permanently lacking wings and with a
simplified mesosoma and fused sclerites); dis-
tinct from dealate queen, which is a winged
queen that has shed her wings. A ‘multi-purpose’
ergatoid queen can either function as reproduc-
tive or perform worker-like sterile tasks, and is
similar to workers in size. ‘Sole-purpose’ erga-
toid queens function only as reproductives and
may be similar to workers in size or extremely
dimorphic. Identical with gamergate under the
morphological caste definition.

ergatomorphic queen: see ergatoid queen.

eusociality: True sociality defined by reproductive
division of labour between female castes, cooper-
ative brood care, and the presence of workers of a
later generation to the queen(s).

exotic species: species not native to an area of in-
terest.

extent: The domain or scope of an analysis. For
example an analysis of New World terrestrial
latitudes (North and South America) has a
scope of 148� of latitude (ranging from 55�S to
~83�N) or ~16,500 km (see also grain).

extinction: The death of every member of a popu-
lation, an entire species or higher taxon from
some area of interest.

extrafloral nectary: A structure on a plant that pro-
duces nectar in a location other than within a
flower.

facultative polygyny: Polygyny that is not essential
for a colony to remain viable. Colonies that dis-
play facultative polygyny can switch between
monogyny and polygyny.

female calling: The emission, typically of phero-
mones, by a reproductive female in order to at-
tract males to her.

fission: A synonym for dependent colony founda-
tion, originally meant for monogynous species
where colonies reproduce by dividing into two
equal parts; often used interchangeably with the
term budding.

fitness: The reproductive rate of a genotype.
food bodies: Lipid and protein-rich structures
found on some species of plants; believed to
have evolved in symbiotic interactions with ants.

formicoid: A well-supported clade that includes
three widespread and species-rich ant sub-
families – Dolichoderinae, Formicinae, and
Myrmicinae – as well as army ants and relatives
(dorylomorphs), bulldog ants (Myrmeciinae),
big-eyed arboreal ants (Pseudomyrmecinae),
and a few other smaller groups.

functional caste definition: Definition of caste by
role in the colony. Under the functional caste
definition a queen is a mated individual laying
both male- and female-destined eggs, indepen-
dent of her external morphology, and a worker
is an unmated individual that may lay male-
destined eggs; compare with morphological
caste definition.

functional monogyny: Presence of more than one
mated female capable of reproduction in a colo-
ny, only one of which lays eggs.
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fungus garden: The cultivation of basidiomycete
fungi as a food source by ants of the Attini tribe.

gamergate: A mated and egg-laying individual
with worker-like external morphology; identical
with ergatomorphic queen under the functional
caste definition.

genetic caste determination: Caste determination
encoded in nucleotide sequences; possibly
modulated by environmental influences.

Gestalt model: Establishment of a common colony
odour by sharing the recognition cues (by troph-
allaxis and/or allogrooming).

Gondwana: Also called Gondwanaland; southern
hemisphere supercontinent in the Palaeozoic Era
(248 to 545 Mya), formed with the break up of
Pangaea; subsequent splitting resulted in the ori-
gins of the modern continents (Antarctica, South
America, Africa, Australia-New Guinea) as well
as Madagascar, New Zealand, the Arabian pen-
insula, and the Indian subcontinent.

grain: The resolution of an analysis, can range from
1 m2 to 100 m2 for local analyses of ant diversity
up to 100 km2 to 100,000 km2 for regional or
hemispheric scale analyses. Also see ‘extent’.

granary: A nest chamber in seed-harvesting ants in
which the ants store plant seeds they have col-
lected.

granivore: An organism that consumes seeds as a
main food source.

group selection:Natural selection that works to the
advantage of a group of not necessarily related
individuals.

gyne: Broad term for a female reproductive; queens
are functioning gynes.

habitat disturbance: Any event that removes bio-
mass from a habitat.

habitat specialist: Species that can live and repro-
duce only in a particular type of habitat.

habitat transformation: Any event that reduces
available resources or changes the microclimate
or structure of a habitat.

haplodiploid: See male haploidy.
haplometrosis: Foundation of a new colony by a
single queen.

honeydew: The carbohydrate-rich excreta of hemi-
pterans that feed on plant sap, often collected and
fed upon by ants.

hybridization-mediated caste-determination: Ge-
netic caste determination in hybrids fixed in po-
pulations, workers bear the genomes of both
parental species, but queens that of only one.

hypogaeic ants: Ants that forage and live under-
ground.

inbreeding: Mating between related individuals.
inbreeding depression: Decreased population vi-
tality in terms of growth, survival, or fecundity
following inbreeding.

inclusive fitness: The fitness of an individual, tak-
ing into account not only that individual’s own
success in passing on genes to the next genera-
tion, but also the success of all its kin, that is,
those bearing some portion of the same genotype;
see also kin selection and fitness.

independent colony foundation (ICF): Initiation of
a new colony by a solitary queen who raises her
first brood of workers without the help of work-
ers from the maternal nest, generally after dis-
persal flight and mating. See also claustral and
non-claustral.

inquilinism: Extreme parasitic state where the par-
asitic species lacks a worker caste and is thus
fully dependent on its host’s workers to complete
its life cycle.

insect growth regulator: Chemical used in ant baits
that halts normal development of insects. They
typically affect all stages of development includ-
ing eggs, larvae, pupae, and adults. In reproduc-
tive individuals ovaries are compromised and
production of eggs becomes limited or stops alto-
gether. Includes juvenile hormone analogues.

integrated pest management (IPM): Pest control
strategy that uses a rangeof complementary techni-
ques to manage pest populations. It aims to also
reduce reliance on chemicals. Techniques used in-
clude mechanical and physical devices, genetic,
biological, and cultural control, as well as chemical
control.

interspecific competition: Competition between
and among individuals of different species.

intracolonial relatedness:Degreeof average related-
ness across all individuals of the colony; extreme
values are 0.75 under monogyny–monandry and
0.0 in a spatially extensive supercolony.

intranidal: Within the nest.
intraspecific competition: Competition between in-
dividuals of the same species.

invasive: Those ant species that demonstrate eco-
logical, environmental, or economic impacts.

invasive alien species: A species that has been in-
troduced to an area and is invasive; distinct from
alien, exotic, introduced, tramp, and other terms
that only denote origin.
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IUCNRed List of Threatened Species:Alistof taxa
deemed threatened by IUCN criteria, it provides
taxonomic, conservation status, and distribution
information (http://www.iucnredlist.org).

juvenile hormone analogue: Synthetic version of a
biological juvenile hormone. These hormones
regulate many aspects of insect physiology. The
juvenile hormone analogues used in ant baits
most commonly halt development of workers
before becoming adults (at various stages).

keystone species: A species whose impact on its
community or ecosystem is disproportionately
large relative to its abundance; also a species
that regulates local species diversity in lower
trophic levels.

kin selection: Natural selection mediated by inter-
actions between relatives. Under Hamilton’s for-
mulation, an individual’s fitness is divided into
personal reproductive success and the effects of
the individual on the reproductive success of
others weighted by relatedness, a formulation
under which reproductive self-sacrifice is selected
for if the transmission of genes identical to genes in
the altruist by relatives is increased sufficiently.

leaf litter: The layer of decaying leaves, rotting
wood, and other organicmaterial that accumulates
on the ground, typically under woody vegetation.

macrogyne: The larger queen morph under queen
dimorphism.

male aggregation: Thematingarrangementwhereby
males from different nests assemble in a group for
queens to join themfor thepurposeof insemination.

male haploidy: Genetic system in which males are
haploid; in Hymenoptera this results from nor-
mal males arising from unfertilized eggs and fe-
males from fertilized ones. Males are thus a
genetic subsample of their mother which results
in a relatedness asymmetry in the colony. Gener-
ally seen as a synonym for haplodiploidy.

mesosoma: in the Apocrita, the fused thorax and
first abdominal segment

metapleural gland: Gland on the alitrunk that is
peculiar to ants, although not all ant species pos-
sess it. Produces and secretes antibiotics that can
prevent the growth of bacteria and fungi on the
ants and inside their nest.

microgyne: The smaller queen morph under queen
dimorphism.

monandry: Mating of a queen with just one male.
monodomy: The use of a single nest by a colony.
Serially monodomous colonies construct more
than one nest but live in only one of them at a time.

monogyny: Possessing a single queen. Primary
monogyny is monogyny resulting from haplome-
trosis. Secondary monogyny results from pleo-
metrosis in which only one of the founding
queens persists.

monophyletic: See clade.
morphological caste definition: Definition of caste
under which a queen is morphologically distin-
guishable from a worker; not applicable to all ant
species; to be distinguished from the Functional
caste definition.

morphospecies: Species that are distinguished sole-
ly on the basis of appearance.

multicoloniality: Colony structure characterized
by distinct colony and nest boundaries within a
population.

multi-level selection: Selection operating at several
levels including individual, patriline, matriline,
nest, colony, and population.

mutualism: An interaction between two species
that is mutually beneficial to the fitness of each.
Obligate mutualisms are required for the persis-
tence of a species, facultative mutualisms are not
required for the persistence of a species.

myrmechophile: An organism that lives in associa-
tion with ants.

myrmecochore:A plant that depends in whole or in
part upon ants for seed dispersal.

myrmecochory: Ant dispersal of seeds.
myrmecophyte: A plant that permanently hosts a
colony of ants in specialized domatia and usually
provides food in the form of food bodies or ex-
trafloral nectar.

natural enemy: A predator, parasite, parasitoid,
pathogen, or herbivore adversely affecting the
species or group of species being described.

nest: Dwelling of a colony.
nest chamber: Cavity within a nest, distinct from
tunnels.

nest odour: Mixture of all substances found inside
or at vicinity of the nest, including the colony
odour, which allows orientation to and recogni-
tion of the nest.

nestmate recognition: Recognition of individuals of
the same nest sharing a common colony odour
allowing altruistic behaviours towards nestmates
anddiscrimination and rejection of non-nestmates.

net diversification: The difference between the rate
of extinction and the rate of speciation.

net primary productivity (NPP): A measure of the
grams of carbon per unit area per unit time se-
questered.
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non-claustral: Mode of independent colony foun-
dation where the queen has limited metabolic
reserves and needs to forage outside the nest
regularly to feed her first brood of workers.

null models: Models that exclude some process of
interest in order to consider the pattern expected
in its absence. A null model of diversity along
gradients is used to examine the pattern of diver-
sity that would be expected in the absence of
climatic drivers of diversity.

nutrient balance: Ratio of nutrients (e.g. carbohy-
drate–protein balance) contained in food. Food
that is ingested that diverges from the optimum
for an organism requires the excess nutrients to
be excreted so that the balance is achieved.

nutritional upgrading: Enhancement of nutritional
value of food sources by endosymbiotic bacteria
either via recycling of excretions or production of
higher quality nutrients from lower quality ones,
e.g. production of essential amino acids from non-
essential ones.

obligate polygyny: Polygyny that is necessary or
essential for the species to ensure full viability
and reproduction success of a colony.

oligogyny: A special case of polygyny in which
colonies possess a low and limited number of
queens that are intolerant of each other and fre-
quently occupy different parts of the nest.

omnivore: A consumer feeding on both plant- and
animal-based diets; a mixture of primary and
secondary consumption.

parabiosis: Association of two or more ant species
in the same nest, involves cooperation of the two
colonies but separation of brood.

paraphyletic: A group of biological taxa that con-
tains a common ancestor, but does not contain all
descendents of that ancestor.

parataxonomist: A biodiversity collection and in-
ventory specialist, usually recruited from local
areas and trained by professional biologists,
who typically collects specimens, prepares them
and sorts them into morphospecies.

pest risk analysis (PRA): Combination of risk as-
sessment and risk management for a particular
pest threat. Pest Risk Analysis aims to directly
link the severity of the risk to management objec-
tives and priorities.

pheromone: A chemical substance (or a specific
blend of substances) that mediates communica-
tion between members of the same species. By
contrast, allelomones mediate communication
between members of different species (and are

further distinguished in allomones, kairomones,
and synomones). Pheromones are called relea-
sers if they trigger an immediate behavioural
response in the receiver; and primers if they
cause physiological changes in the receiver that
can eventually result in a behavioural response.

phragmosis: Blocking of the entrance of the nest by
a body part, usually the head; usually performed
by a morphologically specialized worker sub-
caste.

phylogenetic diversity: A measure of biodiversity
based on the length of evolutionary pathways
that connect a given set of taxa (sum of the length
of branches of a phylogeny).

phylogeny: The evolutionary development and his-
tory of a particular taxonomic group, usually a
species or higher taxonomic grouping; con-
structed using molecular sequencing data and
morphological data matrices.

physogastry: Enlargement of the gaster by stretch-
ing of the intersegmental membranes, allowing
for increased ovarian activity.

pleometrosis: Foundation of a new colony by two
or more cooperating queens.

polyandry: Mating of a queen with more than one
male.

polydomy: The use of two or more spatially sepa-
rated nests by one colony.

polyethism: Functional specialization of different
workers of the colony leading to a division of
labour among workers; may be as a function of
age (age polyethism) or permanent, involving
specializations of individuals over their entire
adult life, sometimes but not always accompa-
nied by morphological adaptation, see also caste.

polygyny: Possessing more than one queen, dis-
tinct from oligogyny in that several to very
many queens mix freely within the nest. Primary
polygyny results from pleiometrosis. Secondary
polygyny develops from a colony founded by a
single queen that later adopts other queens. Serial
polygyny is a derived strategy under monogyny
whereby after the queen’s death she is replaced
by a daughter-queen to avoid colony dissolution,
resulting in temporary coexistence of worker off-
spring of different queens.

polymorphism: Substantial differences in the size
and/or shape of non-gyne females in the same
colony; see also worker subcastes.

population viscosity: A measure of the genetic iso-
lation-by-distance effect across colonies of a pop-
ulation.
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post-pharyngeal gland: A gland positioned in the
head, mainly found in Formicinae, that produces
salivary secretions and functions as a reservoir of
hydrocarbons that are shared between indivi-
duals by trophallaxis.

propaganda pheromone: A volatile substance used
by social parasites to influence workers of a host
ant colony.

proventriculus: Valve-likemuscular and sclerotized
structure separating the crop from themidgut. The
proventriculus is important in ants feeding largely
on liquids since it dams the efflux of liquid from
the crop into themidgut and therefore allows stor-
age of large volumes of liquid in the crop.

queen: A mated female reproductively active and
able to produce offspring of both sexes; frequent-
ly queens differ in their external morphology
from workers, mainly by wings, and by larger
mesosoma size.

queen dimorphism: Existence of two distinct
queen phenotypes in a species.

Rapoport’s rule (also Rapoport pattern): The hy-
pothesis that there is a positive relationship be-
tween range size and latitude.

rare species: Species with low abundance that are
infrequently encountered; may have a wide-
spread or localized distribution.

relatedness asymmetry: The state of one individual
beingmore related to another than the other is to it,
e.g.,undermalehaploidy,a father is twiceas related
to a daughter as she is to him, and sisters are more
related to eachother than their brothers are to them.

replete: A worker with her crop full of sweet li-
quids for provision; an example of permanent
polyethism, not present in all species.

selective logging: A type of logging where only
certain, usually economically important, tree spe-
cies are removed from forests.

sex allocation: Proportion of investment in either
male or female reproductive function, generally
measured as the proportion of investment into
producing males to queens.

sex determining locus: The genetic locus that gov-
erns sex determination whereby heterozygosity
results in females but homozygosity in non-viable,
diploid males; viable males are haploid. Not yet
identified in ants.

sex ratio: Proportion of reproductive individuals of
both sexes produced.

signal: A trait that evolves in a signaller to provide
information to a receiver in a way that induces a

change in the behaviour of the receiver for the
benefit of the signaller (see also cue).

silvopastoral system: Pasture or grazing systems
that include trees.

social parasite: Ant species that live in the nest of
another genetically distinct ant species almost
exclusively producing sexual offspring while re-
maining reproductively isolated from their hosts.

soil bioturbation: Movement of soils; caused by
ants through the formation of mounds, subter-
ranean galleries and chambers, and the move-
ment of soil particles along the soil profile.

soldier:A distinct worker phenotype that is func-
tionally specialized for the role of colony de-
fence.

speciation: The evolutionary process by which one
species forms a new species.

species diversity: Species richness weighted by
some measure of abundance such as number of
individuals or biomass. Many people use the
term species diversity when they are actually
referring to species richness.

species richness: Number of different species in a
sample, location, region, habitat, ecosystem, or
other biological unit.

stable isotope: Any of the different types of atoms
of the same chemical element that differ in atomic
mass and do not decay.

stable isotope analysis: The measurement of the
ratio of two stable isotopes of an element typical-
ly to estimate the relative contributions of multi-
ple resources to a consumer or the consumer’s
trophic position.

stem group ants: All the taxa in a clade preceding a
major cladogenesis event. For ants a group con-
taining all organisms more closely related to ants
than to any other extant taxa; can refer to extinct
taxa that are outside the crown group but that are
inferred to be more closely related to ants than to
any other living aculeate wasps.

supercolony: An ant colony with multiple queens
integrated harmoniously over a large area. Indi-
viduals freely mix among nests across spatially
separate parts of the colony.

symbiosis: The close and often long-term relation-
ship between different species that is frequently,
but not always beneficial to one or both species.

systematics: Study of relationships among taxa
through time involving the systematic classifica-
tion of organisms and the evolutionary relation-
ships among them.
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taxon cycle: Sequential stages of expansion and
contraction of the ranges of species; often linked
with shifts in ecological distribution.

taxonomy (Linnaean):Amethodof classifying living
things; originally devised by Carolus Linnaeus. It
uses a combination of a genus name and a single
specific characterizing word (species name) to
uniquely identify each species.

template: Internal (neural) representation of the
colony odour believed to be learned just after
emergence (sometimes during the preimaginal
period) and constantly updated.

tending: The collective actions of ants collecting
honeydew and closely associating with honey-
dew-producing herbivorous hemipterans.

threatened species: Species that are at risk of ex-
tinction due to human activities that directly or
indirectly affect their life or their habitat.

trophallaxis: The exchange of either regurgitated or
excreted liquid food that occurs among members
of an ant colony.

trophic egg: Egg laid for later consumption by an-
other individual in the colony; frequently under-
stood as a term for eggs that also are inviable.

trophic level: A quantitative description of the po-
sition a species or group of species occupies in a

food chain, with primary producers being the
first trophic level, herbivores the second, primary
predators the third, and secondary predators the
fourth.

trophobiont: see trophobiosis.
trophobiosis: A symbiotic association between or-
ganisms where food is obtained or provided. The
provider of food in the association is referred to
as a trophobiont.

umbrella taxon: A taxon for which protection also
confers protection on coexisting organisms.

unicoloniality: Colony structure characterized de-
pendent colony foundation, inbreeding, and the
lack of distinct colony boundaries within a popu-
lation.

worker: Female ant, typically incapable of produc-
ing offspring, and differing morphologically
from the queen by absence of wings and fre-
quently smaller mesosoma size.

worker policing: Destruction of an egg laid by one
worker by another worker, to avoid a reduction
of relative fitness by the egg-destroyer.

worker subcastes: Extreme case of worker poly-
morphism in that worker phenotypes differ in a
strong deviation from isometry; a morphological
adaptation to permanent polyethism.
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logie und Paläontologie) 271, 1–889.

de Bruyn, L.A.L. (1999) Ants as bioindicators of soil func-

tion in rural environments. Agriculture Ecosystems &

Environment 74, 425–41.

De Heer, C.J., and Ross, K.G. (1997) Lack of detectable

nepotism in multiple-queen colonies of the fire ant So-

lenopsis invicta (Hymenoptera: Formicidae). Behavioral

Ecology and Sociobiology 40, 27–33.

de la Fuente,M.A.S., andMarquis,R.J. (1999)The role of ant-

tendedextrafloralnectaries in theprotectionandbenefitof

aNeotropical rainforest tree.Oecologia 118, 192–202.

Debout, G., Schatz, B., Elias, M., and McKey, D. (2007)

Polydomy in ants: what we know, what we think we

know, and what remains to be done. Biological Journal of

the Linnean Society 90, 319–48.

Debuse, V.J., King, J., and House, A.P.N. (2007) Effect of

fragmentation, habitat loss and within-patch habitat

characteristics on ant assemblages in semi-arid wood-

lands of eastern Australia. Landscape Ecology 22, 731–45.
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Gómez, C., and Oliveras, J. (2003) Can the Argentine ant

(Linepithema humileMayr) replace native ants in myrme-

cochory? Acta Oecologica 24, 47–53.

——Pons, P., and Bas, J.-M. (2003) Effects of the Argentine

ant Linepithema humile on seed dispersal and seedling

emergence of Rhamnus alaternus. Ecography 26, 532–8.
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Kost, C., Lakatos, T., Böttcher, I., Arendholz, W.-R., Re-

denbach, M., and Wirth, R. (2007) Non-specific associa-

tion between filamentous bacteria and fungus-growing

ants. Naturwissenschaften 94, 821–8.

Kot, M., Lewis, M.A., and van der Driessche, P. (1996)

Dispersal data and the spread of invading organisms.

Ecology 77, 2027–42.

Krebs, C.J. (2000) Ecology: the experimental analysis of distri-

bution and abundance. Benjamin Cummings, USA.

Kreft, H., and Jetz, W. (2007) Global patterns and determi-

nants of vascular plant diversity. Proceedings of the Na-

tional Academy of Sciences USA 104, 5925–30.

Kremen, C., Cameron, A., and Moilanen, A. (2008) Align-

ing conservation priorities across taxa in Madagascar

with high-resolution planning tools. Science 320, 222–6.

Krieger, M.J.B., and Ross, K.G. (2002) Identification of a

major gene regulating complex social behavior. Science

295, 328–32.

Krombein, K.V., Norden, B.B., Rickson, M.M., and Rick-

son, F.R. (1999) Biodiversity of the domatia occupants

(ants, wasps, bees, and others) of the Sri Lankan myr-

mecophyte Humboldtia laurifolia Vahl (Fabaceae). Smith-

sonian Contributions to Zoology 0, i–iv, 1–34.

Kronauer, D.J.C. (2008) Recent advances in army ant biol-

ogy (Hymenoptera: Formicidae). Myrmecological News

12, 51–65.

——Johnson, R.A., and Boomsma, J.J. (2007a) The evolution

of multiple mating in army ants. Evolution 61, 413–22.
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Schöning, C., Kinuthia, W., and Franks, N.R. (2005) Evo-

lution of allometries in the worker caste ofDorylus army

ants. Oikos 110, 231–40.

Schooley, R.L., and Wiens, J.A. (2003) Spatial patterns,

density dependence, and demography in the harvester

ant, Pogonomyrmex rugosus in semi-arid grasslands. Jour-

nal of Arid Environments 53, 183–96.

Schrempf, A., and Heinze, J. (2006) Back to one: conse-

quences of derived monogyny in an ant with polygy-

nous ancestors. Journal of Evolutionary Biology 20, 792–9.

Schultz, T., and Brady, S.G. (2008) Major evolutionary

transitions in ant agriculture. Proceedings of the National

Academy of Sciences USA 105, 5435–40.

Schulz, A., and Wagner, T. (2002) Influence of forest type

and tree species on canopy ants (Hymenoptera: Formi-

cidae) in Budongo Forest, Uganda. Oecologia 133,

224–32.

Schwander, T., Helms Cahan, S., and Keller, L. (2007)

Characterization and distribution of Pogonomyrmex har-

vester ant lineages with genetic caste determination.

Molecular Ecology 16, 367–87.

370 REFERENCES



Seagraves, M.P., and McPherson, R.M. (2006) Monitoring

red imported fire ant (Hymenoptera: Formicidae) forag-

ing behavior and impact on foliage-dwelling arthro-

pods on soybean produced under three ant

suppression regimes. Journal of Entomological Science

41, 374–84.

————and Ruberson, J.R. (2004) Impact of Solenopsis

invicta Buren suppression on arthropod ground preda-

tors and pest species in soybean. Journal of Entomological

Science 39, 433–43.

Seal, J.N., and Tschinkel, W.R. (2007a) Co-evolution and

the superorganism: switching cultivars does not alter

the performance of fungus-gardening ant colonies.

Functional Ecology 21, 988–97.

————(2007b) Complexity in an obligate mutualism:

do fungus-gardening ants know what makes their

garden grow? Behavioral Ecology and Sociobiology 61,

1151–60.

Seaman, R.E., and Marino, P.C. (2003) Influence of mound

building and selective seed predation by the red im-

ported fire ant (Solenopsis invicta) on an old-field plant

assemblage. Journal of the Torrey Botanical Society 130,

193–201.

Seifert, B. (2000) Rapid range expansion in Lasius neglectus

(Hymenoptera: Formicidae) – an Asian invader swamps

Europe. Deutsche Entomologische Zeitschrift 47, 173–9.

——(2007) Die Ameisen Mittel- und Nordeuropas. lutra Ver-

lags- und Vertriebsgesellschaft, Tauer.

Sempo, G., Depickère, S., and Detrain, C. (2006) Spatial

organization in a dimorphic ant: caste specificity of

clustering patterns and area marking. Behavioral Ecology

17, 642–50.

Sendova-Franks, A.B., and Franks, N.R. (1995) Spatial re-

lationships within nests of the ant Leptothorax unifascia-

tus (Latr.) and their implications for the division of

labour. Animal Behaviour 50, 121–36.
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