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Foreword

Presentation of “Social Recognition in Invertebrates”

Social recognition, awareness and personality are all concepts that derive from 
human sciences and therefore are not universally accepted when applied to ani-
mals. Nevertheless, from the beginning of the study of animal psychology and 
behaviour, ethologists have used these concepts, after having re-defined them to 
avoid any anthropomorphism (Köhler 1925; Bierens De Haan 1929, 1951; Lorenz 
1932, 1988). The fear for anthropomorphism dates back to the scientific revolu-
tion, since the Cartesian mechanism separated humans and animals, being the 
latter explicable only in terms of machines (Scapini 2010). Evolutionary biology 
has reintroduced gradualism in the stream of life, stressing on the continuity of 
all the organisms, and particularly animals and humans through apes. In the light 
of Darwinism, the studies on animal behaviour do not have a-priori barriers for 
the use of the above cited concepts, and this has favoured enormous progress in 
primatology and the study of social vertebrates. The question of animal awareness 
was posed in the context of evolutionary continuity and a parsimonious explana-
tion of behaviour (Griffin 1976). However, invertebrates are apparently still rep-
resenting “another word”, where mechanical concepts are preferentially applied, 
following the Cartesian heritage, such as the theory of taxes in animal orientation 
(e.g., Fraenkel and Gunn 1961). The question is still open whether the lack of 
evidence of higher capacities in invertebrates derives from the animal apparently 
simple organisation or from a non-adequate experimentation. The late Francesca 
Gherardi, an outstanding experimental ethologist, asked questions to the animals 
selves, by ideating experiments without theoretical prejudice. So she succeeded in 
showing unexpected “cognitive” capacities in hermit crabs and crayfish, including 
individual behavioural syndromes, defined as “personality”, and individual recog-
nition that implies self-awareness (citations in Hazlett, this volume).

The contributions of the present book are focussed on the behaviour of major 
invertebrate groups, namely insects (termites, coleopterans, hymenopterans) and 
crustaceans (stomatopods, amphipods, decapods), which is a challenge in the 
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context of cognitive capacities. They provide theoretical and experimental bases 
for a new insight in this debated context. The theoretical bases have as start points 
both the phylogenesis and ecology of the analysed animal taxa, which represents 
the necessary background for further research. This is integrated by the  description 
of the state of art of experimental evidence in social recognition in each taxon. 
For the nature of experimental research, the latter part is extremely variable 
among chapters, opening more questions than solving ones, which is perfectly 
scientific. A good scientist always doubts on solved questions; science is always 
 approximation, tending to enhance insight. Driven by the revisitation of social 
 recognition by Gherardi et al. (2012) the authors of the book chapters made a 
common effort to identify the questions to which the experiments could respond.

What appears striking in the evidence provided by this book, is the fact that 
the highest cognitive capacities in social recognition were not found in insects 
with established societies, but more in solitary insects and crustaceans that strive 
to chase conspecifics from resources. The importance of behavioural flexibility in 
individual interactions is evident here: in an established society individuals have 
their roles, behaving exactly as they should, while in an hostile surrounding, both 
physically and biologically harsh, the individual animals have to continuously 
adapt to novel situations, therefore the recognition of a potential enemy or mate 
is adaptive. The capacity of learning about a new context is of extreme importance 
in any animals that live in changeable environments and behavioural plasticity is 
here a pre-requisite. Behavioural plasticity has been recognised as a key concept in 
 several contexts at all levels of organisation (e.g., Menzel and Giurfa 2001; Briffa 
et al. 2008; Scapini 2014).

The communication channel/s used in social recognition tasks is a frequently 
debated question: whether the best adaptation requires one dedicated channel 
(chemical, visual, or mechanical…) or multiple channels are used in social recog-
nition. The advantage of using visual instead of chemical clues is clear, but may 
derive from human prejudice (humans use preferentially visual clues for social 
recognition), but more experimental research in different animal groups is needed 
to clarify this point. The multiple channel strategy is apparently safer and may be 
advantageous both in interspecific and intraspecific aggressive interactions. Also 
for this question, a sound knowledge of the species ecology is necessary.

On the whole this book is very useful to encourage experiments testing new 
questions on the various sociality levels of different animal groups. The outcome 
is extremely interesting for the broad range of examples and contexts presented in 
the various book chapters, as well as for the scientific rigour together with the 
absence of any prejudice, both very important for progress in science.

Felicita Scapini
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Preface

Social Recognition in Invertebrates: An Introduction  
for the Readers

Social recognition is regarded as a key element in life of many organisms, where 
it can play an essential role in the structure and stability of a number of behav-
ioural networks, such as dominance hierarchies, territorial defence, competitive 
aggression, pair bonds, mate selection, and kin favouritism. The skill for sophis-
ticated and flexible recognition—as for cognitive abilities—has been known for a 
very long time in vertebrates, particularly in mammals, who are the most closely 
related to humans and from which there is an expectation to provide some insights 
for human evolution, being their behaviour easily recognized. However, as evi-
denced by the growing number of studies and reports, there is an increasing scien-
tific interest in the occurrence and properties of this ability in invertebrates where, 
however, it may not be so easily and clearly identified. The possible presence of 
individual recognition as well as the communication media and cues involved in 
social recognition is the prevalent topic of recent studies, indicating that inverte-
brates can possess refined recognition systems and that, regardless of their taxo-
nomic status, many animals show sophisticated recognition abilities. The present 
book offers a compendium of the most recent advances of social recognition in 
invertebrates, dealing with several behaviours involved in this recognition as coop-
erative behaviour, parental care, mating and aggressive relationships.

Among invertebrates, eusocial insects (ants, wasps, termites and bees) repre-
sent the most fascinating examples of cooperative group living and surely the most 
studied since 1950s for the evolution of cooperative behaviour and recognition sys-
tems. The incredible organization of a social insect colony is based on the ability 
to recognize and assign individual membership to a particular and relevant class, 
such as caste, dominance status and gender, and on the discrimination between 
nestmates from non-nestmates (reviewed in this volume by Bagnères and Hanus; 
Breed et al.; Cervo et al.). The ontogeny of this nestmate recognition is a still open 
and fascinating field: according to Signorotti et al. (this volume), wasps and bees 
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seem to learn the recognition cues required for template formation from their nest/
comb odour, while ants learn principally from their nestmates. To avoid errors, the 
chemical referent template is updated during life, indicating a learning and plas-
tic process, particularly useful for social parasites (Signorotti et al., this volume). 
Also burying beetles, due to their key features—the extended biparental care and 
the reproduction on dead vertebrates- evolved sophisticated recognition mecha-
nisms, as recognition of a conspecific sex, the previous mating partner, the breeding 
partner, including its reproductive state, and the offspring (Steiger, this volume). 
In insects, social recognition is generally considered to be mediated by chemicals 
(Breed et al.; Signorotti et al.; Steiger, this volume), and numerous progresses have 
been achieved in understanding the identity, origin and production of these recog-
nition cues in social hymenoptera. Nevertheless, recent discoveries indicated that 
visual signals can be relevant in some species of social wasps for several social 
behaviours (Cervo et al., this volume), and, even in termites, vibration-based sig-
nals complement the chemical cues (Bagnères and Hanus, this volume).

Besides, chemical cues are important in social communication of  crustaceans, the 
other most studied taxon among invertebrates for social recognition. Historically, 
hermit crabs (Hazlett, this volume) and stomatopds (Vetter and Caldwell, this vol-
ume) awakened the interest of individual recognition in invertebrates, showing the 
first evidences of this ability in this group, considered for long time not suitable for 
this complex phenomenon. In hermit crabs, researchers found a reliable behavioural 
essay (the explorative behaviour of a test shell in the presence of different odours) 
that allowed the investigation of this aspect, particularly in dominance interactions 
(Hazlett, this volume). In stomatopods, the presence of individual recognition was 
clearly demonstrated both in territorial defence and in reproductive contexts, being 
mantis shrimps able to recognize also current mates and young, and to avoid pre-
vious mates (Vetter and Caldwell, this volume). Individual recognition has been 
proved in lobsters, but only suggested in crayfish, widely studied for their domi-
nance relationships and mate recognition (Patullo and McMillan, this volume). All 
forms of social recognition and interspecific communication have been documented 
in shrimps, including recognition by mate, size, rank, kin and individual (Solomon 
et al., this volume). On the contrary, in amphipods, despite the great opportunities 
they have for their social life-style (dense aggregations, cohabitation with mating 
partners for long time periods, or in family groups), data on their social recogni-
tion are still scanty and up-to now limited to mate and female-offspring recognition 
(Berman et al., this volume). The matter of the multimodal communication in social 
recognition of crustaceans is emerging as an intriguing research topic: stomatopods 
have the most advanced vision in Crustacea and can use visual cues and auditory 
ones (“the click”) in aggressive interactions (Vetter and Caldwell, this volume). 
Crayfish can couple chemical and visual (and sometimes tactile) cues for the estab-
lishment of the hierarchies and the mate selection. However, the message conveyed 
by the single medium as well as the nature of chemical cues should be still clarified 
and identified (Patullo and McMillan, this volume).

New invertebrates are eliciting the scientific attention for social recognition, as 
the annelids, which behavioural interactions are mostly unexplored (Lorenzi et al., 



Preface xiii

this volume). Many annelids use chemical and visual cues to locate partners and 
classify them according to mating status, body size, oocyte ripeness or belonging 
to same or a different population, but only few pheromones for mate recognition 
and gamete release have been identified.

Surprisingly, little experimental data exist on social (and individual) recognition 
among octopuses (not present in this volume), despite their unusual cognitive abili-
ties due to the refined neuronal organization and vertebrate-like behavioural machin-
ery they have. Based on the available knowledge, Boal (2006) concludes that there 
is no robust experimental evidence for assuming the capability of recognition of spe-
cies, offspring or kin in cephalopods. However, some examples may provide insights 
for future studies. Among octopuses, individuals of Octopus bimaculoides are 
reported to be able to distinguish same- from opposite-sex on the odour as suggested 
by measures of changes in ventilation rate (Boal 2006). On the other hand, males of 
Hapalochlaena lunulata approach and attempt to mate either female or male con-
specifics (Cheng and Caldwell 2000). Several species are known to use body pat-
terning as defence systems (e.g. camouflage) but also as an intra-specific means of 
communication, mostly in the contexts of fight and mating (reviewed in Tricarico 
et al. 2014). Recently, Tricarico et al. (2011) showed that Octopus vulgaris can rec-
ognize conspecifics and can discriminate (and remember) familiar from unfamiliar 
individuals. This means that this species is able of, at least, class-level or binary indi-
vidual recognition (Tibbetts and Dale 2007), an ability never found in other cepha-
lopod species. The ability to recognize and remember ‘opponents’ and conspecifics 
may have an adaptive value for O. vulgaris, being the likely proximate mechanism 
regulating the “dear enemy phenomenon” and possibly explaining the scarcity of 
interactions between octopuses, as observed in the field. Despite the needs of more 
in depth studies needed to clarify whether O. vulgaris is able of true individual rec-
ognition, the study by Tricarico et al. (2011) is to the best of our knowledge the 
sole reporting conspecific social recognition in cephalopods (see Boal 2006 for a 
review). Finally, it is noteworthy to report that Anderson et al. (2010) noted that 
octopuses are also capable to recognize the caretakers in the laboratory. Recognition 
of humans among animals is a peculiar capability reported in a few species that, if 
confirmed in octopus, may further provide evidence of the peculiarity of these ani-
mals among other invertebrates. Concerning other molluscs, we have scanty infor-
mation: the presence of species recognition was found in the slug Limax grossui 
(an individual follows the mucus trails of conspecifis: Cook 1977), while in Aplysia 
fasciata the ink seems to be used as a social cue during intraspecific interactions 
(Fiorito and Gherardi 1990).

The Way Ahead

This volume shows that several studies have now been conducted on a wide range 
of invertebrates to investigate the different behaviours and aspects of their social 
recognition, leading to new discoveries and advances. Insects and crustaceans as 
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crayfish, hermit crabs, shrimps and stomatopods have proven themselves to be 
excellent model studies for this topic. Anellids and amphipods are emerging as 
promising taxa for future studies, while molluscs, particularly cephalopods, could 
reveal great surprises when coming out from the “grey area”. However, the num-
ber of considered invertebrates is still low, despite this group comprises the major-
ity of animal species on the earth. The adopted experimental procedures appear to 
be sometimes limited for several reasons (no reliable behavioural essay or lack of 
certainty on observed behaviours and/or used communication media and signals), 
and should be thus improved. Today, individual recognition, ontogeny of nestmate 
recognition and social multimodal communication are the great expectations of 
social recognition in invertebrates. As stated by Gherardi and colleagues in 2012 
“The way ahead may be long, but the promises of disclosing unexpected cogni-
tive abilities in this extremely vast and diversified assemblage of animals make it 
worth being followed.”
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Chapter 1
Social Recognition in Annelids  
and the Evolution of Social Recognition  
and Cognitive Abilities by Sexual Selection

Maria Cristina Lorenzi, Stefania Meconcelli and Gabriella Sella
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Abstract Social recognition has rarely received attention in the studies on annelids.  
This is not surprising since the biology of behavioral interactions in annelids  
is mostly unexplored. Only few pheromones have been identified, which function 
as cues in mate recognition and gamete release. Many annelids use chemical and 
visual cues to locate partners and classify them according to mating status, body 
size, or oocyte ripeness. In some hermaphroditic polychaete worms and leeches 
the ability to recognize the quality of potential partners seem to be very refined, 
especially in relation to the ability to assess the number of competitors over mat-
ing. These examples suggest that sexual selection might have favored individual 
ability to assess conspecific numerosity accurately and vary their male and female 
resource allocation (sex allocation) accordingly. Finally, annelids can estimate 
whether they are related to their potential partners and whether they belong to the 
same or a different population, which again result in adjustments of their repro-
ductive allocation. We suggest that sexual selection is likely to be responsible for 
the evolution of the ability to assess mate quality and social group size because sex 
allocation adjustments are favored by sexual selection.

M.C. Lorenzi (*) · S. Meconcelli · G. Sella 
Department of Life Science and System Biology, University of Turin, via Accademia 
Albertina 13, Turin, Italy
e-mail: cristina.lorenzi@leec.univ-paris13.fr

S. Meconcelli 
e-mail: stefania.meconcelli@unito.it

G. Sella 
e-mail: gabriella.sella@unito.it

M.C. Lorenzi 
LEEC-Laboratoire d’Ethologie Expérimentale et Comparée,  
Université Paris 13, Sorbonne Paris Cité, 99 avenue J.-B. Clément, Villetaneuse, France



2 M.C. Lorenzi et al.

Keywords Earthworms · Leeches · Polychaete worms · Mate choice · Mating 
group-size · Mate relatedness · Kin recognition · Sexual selection · Sperm 
competition · Numerosity

Introduction

Social recognition has rarely received attention in the studies on annelids. This is 
not surprising since the biology of behavioral interactions in annelids is mostly 
unexplored. Additionally, there may be a cultural prejudice going back to Darwin 
that annelids have limited cognitive abilities. Indeed, as Velando et al. (2008) 
pointed out, Darwin (1871) evaluated the potential for sexual selection to occur 
in this way: “All these worm-like animals apparently stand too low in the scale for 
the individuals of either sex to exert any choice in selecting a partner, or for the 
individuals of the same sex to struggle together in rivalry” (Darwin 1871).

Darwin was convinced of the limited cognitive power of the “the lower classes” 
of animals, which had “too imperfect senses and much too low mental powers to 
appreciate each other’s beauty or other attractions, or to feel rivalry.” To Darwin, sex-
ual selection could not work in worm-like organisms, including annelids. In the fol-
lowing pages we advance the opposite hypothesis: since there is evidence that sexual 
selection is at work in annelids (e.g., Sella 2006; Lorenzi and Sella 2008; Velando 
et al. 2008), here we suggest that sexual selection may have been a main selective 
force favoring the evolution of cognitive abilities including social recognition.

The Mechanisms Underlying Social Recognition 
in Annelids

The physiology underlying social recognition has been under scrutiny in verte-
brates in the last decades (e.g., Salva et al. 2012), but is more rarely studied in 
invertebrates (but see, for example, Tibbetts and Dale 2007). Especially in anne-
lids, our knowledge of the mechanisms at the basis of recognition is very poor. 
However, many annelids are equipped with an impressive array of sensory struc-
tures with which they gain information about their environment. Because the anal-
ysis of these structures would go beyond the scope of this book, we refer to the 
specialized literature for focused overviews (e.g., Purschke 2005). In general, for 
many marine organisms including annelids, chemical cues and chemoreception 
mediate many crucial behaviors including defense, reproduction, recruitment and 
feeding (reviewed by Zimmer and Butman 2000).

In polychaetes nuchal organs are primary chemoreceptive organs, but other 
complex chemosensory structures have also been described, such as dorsal and 
metameric ciliated organs and parapodial sensory structures (Lindsay 2009). There 
is also evidence of specialized visual sensory receptors. Species of the genera 
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Alciopa, Torrea and Vanadis possess image-resolving eyes (Wald and Rayport 
1977). Odontosyllis worms have four eyes, which are located two per part on the 
two sides of the head. The eyes are on lobes that have some degree of movement, 
they reside in a cavity and have a lens, photoreceptor cells and pigment granules 
(Wolken and Florida 1984).

Little is known on the proximate mechanisms involved in social recognition in 
annelids. Linsday (2009) reviewed the main aspects of chemoreception in poly-
chaetes. According to this author, only few pheromones have been identified, 
which are responsible for mate-recognition and gamete release. In the semelparous 
species Nereis succinea and Platynereis dumerilii, 5-methyl-3-heptanone induces 
the nuptial dance. The pheromone triggers its biological effect at different concen-
trations in the two species, thus ensuring reproductive isolation based on response 
threshold levels. Different threshold concentrations of the same compound con-
vey different signals in N. succinea as well. Females release cysteine-glutathione-
disulfide as a mate-recognition signal which attract males from long distances. A 
higher concentration of the same compound induces males to release sperm. Other 
identified pheromones are the egg-release pheromone inosine in N. succinea and 
the sperm-release pheromone uric acid in P. dumerilii.

Most of these substances are found in many marine invertebrates and their spe-
cific biological activity is mediated by concentrations. In this regard an interest-
ing aspect of the sexual pheromones in nereid polychaetes is their activity across 
species (Hardege 1999; Watson et al. 2003). According to these Authors, extracts 
from the body fluids of some nereid species (as well as those from other marine 
invertebrates) induce spawning in other nereid species. Spawning by one species 
can activate mass spawning events involving multiple species, similar to those 
observed in the Great Barrier Reef, while coordination of spawning between con-
specific partners is controlled by species-specific concentrations of the same com-
pounds (Hardege 1999).

To Which Extent Are These Sensory Mechanisms Involved 
in Social Recognition?

To our knowledge, most social interactions in annelids occur during mating and 
reproductive interactions. Worms are able to locate potential partners and recog-
nize each other from worms of other species, because strong prezygotic reproduc-
tive barriers impede interspecific mating in annelids. In some species, individuals 
are not only attracted to their partners, but they also discriminate between mature 
and non-mature partners or evaluate other, even more subtle, qualities of their part-
ners. Annelids are present in a great variety of ecosystems: there are earthworms, 
sea worms, abyss worms and fresh water worms. This makes it possible the diver-
sification of the sensory structures according to the environment and the life style 
of the animals.
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Mate Choice Is a Component of Social Recognition

Social recognition is a sophisticated cognitive ability, which is advantageous in 
many social interactions, from encounters between partners during mating to com-
plex social behaviors (Tibbetts and Dale 2007). Mate choice is a component of 
social recognition: it involves discriminating between classes of organisms (like 
conspecifics and non-conspecifics), between sexes (in separate sex species), and 
between potential partners according to their attractiveness, quality and/or relat-
edness (Sherman et al. 1997). In this respect mate recognition involves different 
kinds of class-level social recognition, i.e., recognition of classes of individuals 
(Gherardi et al. 2012).

Many annelids use chemical and visual cues to locate partners. For example, 
ripe females of the Odontosyllis species emit light flashes. Flashes might have 
multiple functions, but some observations suggest that females of the Bermudian 
fireworms O. enopla attract males by releasing luminescent secretions (Fischer 
and Fischer 1996).

Males of the marine polychaete worms Ophryotrocha labronica and O. pueri-
lis (the latter is a sequential hermaphrodite) are attracted by water where females 
have spent some time, suggesting that females might release attractive substances in 
the water (Berglund 1990, 1991). Some annelids use cues to classify their partners 
according to mating status, body size, or oocyte ripeness. In dense populations of 
the hermaphroditic Eisenia andrei redworms multiple mating is common (Monroy 
et al. 2003). When redworms copulate with mated partners, their sperm compete 
with those of the previous partner(s) in egg fertilization. During courtship, red-
worms recognize their partner’s mating status (i.e., whether they have already mated 
or not and whether they have/have not already received sperm from other partners). 
Indeed, redworms adjust the amount of sperm they donate to their partner according 
to the mating status of their partner (Velando et al. 2008). If partners have already 
mated and have sperm in their spermatheca, redworms transfer three times more 
ejaculate to their partners than that they do to non-mated partners, thus increasing 
the chances to fertilize eggs (Velando et al. 2008). This is not the only measure they 
take to estimate the quality of their partners. They also adjust the amount of donated 
sperm to the body size of their partner (prudent mating effort, Wedell et al. 2002; 
Anthes 2010). Large redworms usually have higher fecundity and receive twice the 
amount of ejaculate than small redworms (Velando et al. 2008).

Eisenia fetida and Lumbricus terrestris earthworms seem to be able to  classify 
partners by body size as they mate preferentially with matching partners (size-
assortative mating): variance in body weight and size within a pair is smaller 
than that between pairs (Michiels et al. 2001; Monroy et al. 2005). For example,  
L. terrestris use tactile cues during the pre-copulation phase to choose sexual part-
ners. The courtship behavior consists of repeated mutual burrow visits between 
neighbors and during these visits partners maintain close contact while moving 
back and forth between their burrow openings. Michiels et al. (2001) advanced 
the hypothesis that body size is one of the qualities that earthworms assess during 
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these visits to potential partners. Size is used in mate choice and influences the 
outcome of mating. Earthworms mate sooner with same-sized neighbors than with 
differently sized ones, and small earthworms visit large neighbors more often than 
small ones. When mates separate, one of them can be pulled out of its burrow and 
this mating outcome is more likely to occur to small individuals. Therefore, in L. 
terrestris, mate assessment is reached by assessment of body size by contact.

Overall, these findings suggest that in earthworms mating is not random and 
mate choice or ejaculate size are adjusted to partner characteristics or quality. 
Although the cues that earthworms use to assess their partner conditions (body 
size or mating status) are largely unknown, these data document that earth-
worms have an efficient recognition system that can be used for mate evaluation 
(Domínguez and Velando 2013). Additionally, because there are no processes 
other than mating which involve interactions between individuals in redworms, 
these data suggest that sperm competition (a post-copulatory component of sexual 
selection) might have favored earthworms that have the ability to recognize their 
partner’s quality, to process and to use this information appropriately. Thus, sperm 
competition favors earthworms that have some cognitive abilities.

The gonochoric nereidid polychaete Neanthes acuminata provides evidence for 
sophisticated mate choice. N. acuminata females mate only once, are semelparous 
and die soon after laying eggs, whereas males care for the developing eggs. As 
expected in semelparous organisms, females assess male quality very accurately. 
In particular, since egg survival largely depends on the male ability to care for 
eggs, paternal egg-caring is a crucial male trait. Fletcher et al. (2009) showed that 
females classify males based on their experience in egg-caring, and prefer to mate 
with experienced rather than naive males, even when naive males had low suc-
cess in male-male fights that often occur in these populations. This suggests that 
females exhibit mate choice on the basis of the good-parent model of sexual selec-
tion (Storey et al. 2013). The choice of the partner is based on transient chemical 
signals that females recognize as a ‘scent of experience’ (Storey et al. 2013).

In the polychaete worms of the genus Ophryotrocha assessment of mate quali-
ties occurs by means of tactile and/or chemical cues. The sequential hermaph-
roditic worms O. puerilis are sex-changers: they start their sexual life as males 
and turn into females when they reach a certain body length (Berglund 1986). 
Laboratory experiments have shown that females prefer small males as mates and 
reject large males, possibly to avoid prospective sexual conflicts (Berglund 1990). 
Large males may be more likely to switch to the female sex and if that happens, 
the pair will be composed of two females. According to Berglund (1990), size is 
the crucial cue behind female choice; larger individuals could be recognized as 
females and smaller ones as males. We do not know how these worms assess their 
partner body size (e.g., through tactile and/or chemical cues). However, partners 
may control (or manipulate) reciprocal sex changes (Grothe and Pfannenstiel 
1986). When the male partner turns to the female sex, one of the two females now 
forming the pair will switch back to the male sex. This form of alternating sex 
change requiring continuous recognition of the current sexual phenotype of the 
partner is present in other hermaphroditic annelids (Helobdella and Syllis).
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The ability to discriminate between the sexual phenotypes of the potential part-
ners (i.e., to perform not an individual- but a class-level social recognition) is pre-
sent also in the non-selfing, iteroparous, simultaneously hermaphroditic species O. 
diadema and O. gracilis (Fig. 1.1). In these species, the hermaphroditic phase is 
preceded by an adolescent male phase. Mature hermaphrodites identify the physi-
ological status of potential partners, and generally form pairs with simultaneous 
hermaphrodites after a time-consuming courtship, whilst adolescent males are dis-
carded as partners (Sella 1990). In isolated pairs, hermaphrodites regularly take 
turns in playing either the male or the female role during successive mating events, 
so that they trade eggs for sperm, and individuals retaliate when partners do not lay 
eggs in their turn, by stopping egg laying (Sella 1985). Reciprocal egg-exchanges 
occur only if the same two individuals interact repeatedly and, in theory, such con-
ditional reciprocity requires that partners recognize each other either individually 
or as familiar partners (Axelrod and Hamilton 1981). Indeed, conditional reciproc-
ity is an evolutionary solution to conflicts over sexual roles in simultaneous her-
maphrodites (Leonard 2005), but cheaters exist that repeatedly mate in the male 
role (Di Bona et al. 2010). In these conditions, selection should have favored recip-
rocating individuals that identify cheaters and retaliate against them, as was shown 
by Sella (1988). Reciprocating pairs usually spend most of their time in caring for 
their egg cocoons, which they often lay in a sort of nest site, where mucous trails 
are dense. However, occasionally one or both worms leave their nesting site, e.g., 
for foraging. When nesting sites are unattended, or when only one worm is there, 
cheaters could enter the nesting sites, pretend to mate in the male role and leave. 
Cheater success would be limited, and cheater strategy would not spread in evo-
lutionary times, only if partners recognize each other through individual or famil-
iar recognition. In stable pairs, familiarized partners have shorter inter-spawning 
time intervals than unfamiliar worms have, which suggest some form of partner 
recognition. Each worm could either recognize its partner through individual char-
acteristics or, more likely, could learn some individual trait of familiarized part-
ners (e.g., odor). There has been only one experimental test for such ability, but the 
experiment failed to prove that O. diadema worms recognize the individual with 
which they have previously traded eggs (Lorenzi and Sella 2000). After a period of 
familiarization between paired partners, partners were separated for a short period, 
and then pairs were formed again between either familiar or unfamiliar partners. 

Fig. 1.1  A pair of 
Ophryotrocha worms with 
cocoons containing eggs or 
larvae
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Both kinds of pairs had similar inter-spawning intervals, suggesting that there was 
no recognition of familiar partners (Lorenzi and Sella 2000). Of course, it is pos-
sible that the experimental manipulation was stressful in itself, and worms had 
to recover from the experimental manipulation before being able to spawn again, 
irrespective of any partner recognition ability.

Recognition of Social Group Size

Current evolutionary theory makes specific predictions about the abilities of organ-
isms to measure the presence and number of potential competitors over mating. 
For example, variations in the level of competition for egg fertilization (i.e., sperm 
competition) should affect the quality and/or amount of resources that males 
devote to sperm or other male traits (Parker 1998), but this requires that males  
be able to assess the number of competitors over the male role, i.e., that they 
recognize their potential rivals, such as mature males, among their conspecifics. 
Sex allocation theory makes similar predictions: hermaphrodites are expected to 
adjust their sex allocation to mating group size, i.e., to the number of potential 
mates (Charnov 1982). According to theory, when the number of mates is small, 
hermaphrodites allocate few resources to sperm production and devote their 
remaining resources to egg production. As the number of mates increases, her-
maphrodites increase the amount of resources devoted to the male function at the 
expenses of those available to the female function (Charnov 1982; Schärer 2009 
for an updated review). In other words, they adjust their male function to current 
level of mate competition, trading off resources between the two sexual functions. 
In experimental practice, mating group size is technically difficult to measure, and 
therefore social group size is often used as a proxy, under the hypothesis that the 
larger the social group, the stronger the competition for mating. We are not inter-
ested in sex allocation theory here, but in the ability of hermaphrodites to measure 
the size of their group in order to adjust their sex allocation to social group size.

To adjust sex allocation to current social conditions, hermaphrodites have to 
perceive the intensity of mate competition they are likely to encounter, i.e., they 
have to estimate their mating opportunities and change the amount of resources 
allocated to their sexual functions appropriately. Mating opportunities are likely to 
increase with increasing group size. Therefore, hermaphrodites might have been 
selected to be able to measure their group size, i.e., the numerosity of the conspe-
cifics in a population or neighborhood. We recall that in simultaneous hermaph-
rodites each individual is both a potential mate and a potential rival. Although the 
ability to assess group size may be common to hermaphrodites in other taxa, in 
annelids there are a few interesting examples. In the leech Helobdella papillor-
nata, juveniles adjust the volume of their testisac (a sac around the testis) to the 
social group size they experience during development; the testisac is larger when 
group size is larger. Here, juveniles use the size of the social group as a proxy for 
the intensity of sperm competition they will encounter in their adult life (Tan et al. 
2004). Hermaphroditic polychaetes of the genus Ophryotrocha can make even 
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more precise estimates of their social group size. Most of these worms live at low 
densities, but populations vary in size (Simonini et al. 2009). In larger or denser 
groups, multiple paternity of single egg-clutches is common, as a consequence of 
multiple matings and competition among sperm of different males (Lorenzi et al. 
2014). As adults, these worms adjust their female allocation to social group size 
(which, again, is likely to be a proxy for mating opportunities). These hermaph-
rodites estimate how many of them there are, and make this measurement irre-
spectively of the density of worms (i.e., irrespectively of the number of worms 
per units of water volume) or of metabolite accumulation (Lorenzi et al. 2005). 
Experimental evidence suggests that in a few days they can both make these 
measurements and adjust their female allocation appropriately, but they are also 
ready to re-adjust it quickly, should group size change again (Lorenzi et al. 2008, 
Lorenzi pers. obs.). Using female-allocation adjustment as a proxy for the ability 
of these worms to assess group size, we found evidence that these worms make 
a more precise estimation of group size for small than for large sizes, but preci-
sion is also likely to depend on species-specific conditions under which the differ-
ent species have evolved. For example, both O. adherens and O. diadema worms 
allocate their resources to the female function depending on whether they are in 
groups of 2, 4, or 12 hermaphrodites (Fig. 1.2a). However, the sizes of their adjust-
ments are different. O. diadema hermaphrodites respond more to changes in social 
group size from 2 to 4 than to changes from 4 to 12 hermaphrodites. In contrast, 
O. adherens hermaphrodites respond more to group-size changes from 4 to 12 
than to changes from 2 to 4 hermaphrodites (Fig. 1.2b). This suggests that worms 
make more precise assessments of group size within certain ranges of variation 
than others, either because they are more precise in their estimates of group size 
or because they are more precise in adjusting their sex allocation appropriately, or 
both. The perception of social group size is obtained by means of species-specific 
waterborne chemical cues (Schleicherová et al. 2006). Schleicherová et al. (2010) 
simulated group-size variations by varying the concentration of the chemical cues 
that function for group-size assessment. The authors highlighted that O. diadema 
worms responded to as little as 1 % concentration of the chemical cues produced 
by 400 hermaphrodites living in 60 ml of water, and noticed that these worms did 
not make precise sex-allocation adjustments at higher concentration ranges.

The ability to estimate the numerosity of conspecifics has also been shown in 
the polychaete worm Dinophilus gyrociliatus. This worm has separate sexes, with 
a marked sexual dimorphism and a peculiar mating system. Females are about 
1 mm long, whereas males are 20 times smaller (dwarf males) with no diges-
tive system and a shorter life-span than females. Eggs are laid in rigid egg-cap-
sules which typically contain large eggs (80 μm) which are destined to produce 
females and small eggs (40 μm) which are destined to produce males (Charnov 
1987) (Fig. 1.3). Males and females mate within the egg-capsules, which means 
that females mate with their brothers. Within each egg-capsule, sex ratio is female 
biased, because the large eggs destined to produce females always outnumber 
the small eggs which produce males. However, as local mate competition theory 
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(LMC; Hamilton 1967) predicts, mothers are able to adjust their offspring sex-
ratio within egg-capsules to the level of mate competition of the patch where they 
live. As the number of mothers increases in a patch, mothers increase the propor-
tion of sons among their offspring (Minetti et al. 2013). Like hermaphroditic poly-
chaete worms, these worms also estimate the numerosity of worms that are around 
in the patch but do not use worm density as a cue (Minetti et al. 2013). The adjust-
ment of offspring sex-ratio by the females of D. gyrociliatus requires the estimate 
of the numerosity of worms in the patch.

Fig. 1.2  Perception of social group size and variations in the allocation to female function in 
focal worms in two polychaete species, Ophryotrocha diadema and Ophryotrocha adherens. a O. 
diadema worms responded to differences in group size as small as 2 (group size 2 vs. 4) by alter-
ing their female allocation in a highly significant way (GZLM, Poisson distribution, identity link 
function, Wald χ2 = 302.676, P < 0.0001). They also perceived group size differences between 
4 and 12, although allocation adjustments were smaller (Wald χ2 = 118.345, P < 0.0001). b O. 
adherens worms had similar responses, but their female allocation adjustments when group size 
changed from 2 to 4 worms were smaller than when group size changed from 4 to 12 hermaph-
rodites (2 vs. 4 hermaphrodites: Wald χ2 = 20.025, P < 0.0001; 4 vs. 12 hermaphrodites; Wald 
χ2 = 158.455, P < 0.0001). Data from (Schleicherová et al. 2014)
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Recognizing Relatedness

Annelids can estimate some level of similarity to their conspecifics, such as the 
relatedness they share with their partners or whether they belong to the same or a 
different population.

Earthworms have low dispersal ability and some degree of inbreeding may 
occur in their populations. Experimental evidence suggests that non-selfing her-
maphroditic earthworms E. andrei adjust breeding effort to mate relatedness. 
Indeed, when they were forced to mate with siblings, they produced smaller 
egg cocoons than when they were paired to unrelated partners. In this way they 
reduced their investment in eggs when the likelihood of producing viable offspring 
(due to inbreeding depression) was low (Velando et al. 2006).

In the polychaete worm N. acuminata, there is evidence that worms changed 
their behavior when they were exposed to waterborne chemicals produced by con-
specifics from other populations, thus demonstrating a role of chemoreception in 
the discrimination between “home” and allopatric populations (Sutton et al. 2005). 
This result indicates that N. acuminata is able to perform a sort of chemically 
based “kin” recognition. Similarly, O. labronica worms discriminate between con-
specifics depending on their population of origin, and preferentially court partners 
from their own population (Åkesson 1972; Lanfranco and Rolando 1981).

Selective Pressures for Social Recognition in Annelids

Although the number of focused studies is low, there are a few that show that some 
form of social recognition has emerged in annelids (Table 1.1). In some cases, 
social recognition may have emerged by natural selection. However, in others, 
sophisticated cognitive abilities like the assessment of social group size (i.e., numer-
osity) have emerged because they confer mating advantages. Therefore, they are 
likely to have evolved via sexual selection. We have been made aware from the time 

Fig. 1.3  An egg-capsule of 
Dinophilus gyrociliatus with 
three large female eggs and a 
small male egg
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Table 1.1  Evidence for different kinds of class-level social recognition in Annelids and the type 
of selection which may have driven them

Species Type of 
class-level 
recognition

Sensory 
channel

Evidence from 
 experimental tests

References Selective 
pressure 
favoring 
recognition

Odontosyllis 
enopla

Mates from 
non mates

Visual Field observations Fischer and 
Fischer ( 
1996)

Sexual and/
or natural 
selection

Ophryotrocha 
labronica

Mate quality 
assessment

Tactile and/ 
or chemical

Male exposure to 
female-extracts;  
female preference for 
large males

Berglund 
(1990, 1991)

Sexual 
selection

Kin 
recognition

Unknown Courtship  behavior 
between  partners 
belonging to 
 geographically  
distant populations.

Åkesson (1972) Natural 
selectionLanfranco and 

Rolando (1981)

Ophryotrocha 
puerilis

Mates from 
non mates

Chemical Males exposure to 
female-extracts

Berglund 
(1990, 1991)

Sexual and/
or natural 
selection

Mate quality 
assessment

Tactile and/or 
chemical

Female preferences  
for small males

Berglund 
(1990)

Sexual 
selection

Helobdella 
papillornata

Group size Chemical Increase of the  
testisac volume  
in large groups

Tan et al. 
(2004)

Sexual 
selection

Ophryotrocha 
diadema

Group size Chemical Female allocation 
adjustments in  
response to different 
mating opportunities

Schleicherová 
et al. (2006, 
2014)

Sexual 
selection

Mate quality 
assessment

Tactile and/or 
chemical

Hermaphrodites 
preference for sexually 
mature partners

Sella (1990) Sexual 
selection

Ophryotrocha 
adherens

Group size Unknown Female allocation 
adjustments in  
response to different 
mating opportunities

Schleicherová 
et al. (2014)

Sexual 
selection

Ophryotrocha 
gracilis

Group size Unknown Female allocation 
adjustments in  
response to different 
mating opportunities

Schleicherová 
et al. (2014)

Sexual 
selection

Mate quality 
assessment

Tactile and/or 
chemical

Hermaphrodites 
 preference for  
sexually mature 
partners

Sella et al. 
(1997)

Sexual 
selection

Dynophilus 
gyrociliatus

Group size Unknown Females change the 
offspring sex-ratio in 
response to variations 
in population size

Minetti et al. 
(2013)

Local mate 
competition

(continued)
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Table 1.1  (continued)

Species Type of 
class-level 
recognition

Sensory 
channel

Evidence from 
 experimental tests

References Selective 
pressure 
favoring 
recognition

Eisenia fetida Conspecifics Tactile Coordination of 
 collective movements

Zirbes et al. 
(2010)

Natural 
selection

Mate quality 
assessment

Unknown Size-related mate 
choice and ejaculate 
volume adjustments 
after assessment  
of the partner status

Monroy et al. 
(2005)

Sexual 
selection

Velando et al. 
(2008)

Eisenia andrei Mate quality 
assessment

Unknown Size-related mate 
choice and ejaculate 
volume adjustments 
after assessment of the 
partner status

Velando et al. 
(2008)

Sexual 
selection

Kin 
recognition

Unknown Reduced cocoon 
production in pair with 
a sibling partner

Velando et al. 
(2006)

Natural 
selection

Lumbricus 
terrestris

Mate quality 
assessment

Tactile or 
chemical

Size-related mate 
choice and ejaculate 
volume adjustments 
after assessment of the 
partner status

Domínguez and 
Velando (2013)

Sexual 
selection

Michiels et al. 
(2001)

Neanthes 
acuminata

Male ability 
to provide 
paternal care

Chemical Mate choice for father-
hood experienced 
males

Fletcher et al. 
(2009)

Sexual 
selection

Storey et al. 
(2013)

Kin 
recognition

Chemical Aggressive behavior Sutton et al. 
(2005)

Natural 
selection

Nereis succinea Mates from 
non-mates

Chemical Finding a mate Ram et al. 
(2008)

Natural 
selection

of Darwin that sexual selection has been involved as the form of selection favoring 
a wide range of traits in males, but we now know that it is also at work in hermaph-
rodites (Lorenzi and Sella 2008; Anthes 2010; Leonard 2006). However, whether 
sexual selection has promoted the evolution of cognitive abilities has been rarely 
investigated. In this short chapter, we have shown that sexual selection is likely 
to be responsible for the evolution of social group size assessment in hermaphro-
ditic  and gonochoric polychaetes, as they respond to group size by varying the pro-
portion of resources they allocate to the male and female function appropriately.

Many animals can discriminate the number of conspecifics in their population 
or neighbourhood. For example, lionesses adjust their agonistic behaviour to the 
numerosity of their own group as well as of the opposing group in territorial con-
tests (McComb et al. 1994). Guppies and other fish reduce the risk of predation 
by aggregating in large groups of conspecifics (shoal). For each fish, predation 
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risk is diluted in larger shoals, and evidence has shown that these fish can dis-
criminate conspecifics’ numerosity and prefer joining the larger shoals (Agrillo 
et al. 2008). In these two examples, the main selective force favouring the abil-
ity to discriminate conspecifics’ numerosity is natural selection. Natural selection 
favours lionesses which make precise estimate of their group numerosity relative 
to that of the opponent group (thus making appropriate decisions on the costs and 
benefits of aggressive behaviours). Natural selection (through predation pressure) 
favours guppies which estimate conspecifics’ numerosity and join larger shoals. In 
contrast, in polychaetes, the assessment of numerosity is likely to have evolved 
by sexual selection, because there are no traits that can be crucially affected by 
the ability to estimate numerosity other than allocation of resources to male and 
female function.

Recently, Hollis and Kawecki (2014) have documented that cognitive abilities 
declined in males of Drosophila which were forced to reproduce for more than 
100 generations under monogamy. Their cognitive abilities declined more than 
those of males of polygamous populations that faced both multiple males (i.e., 
competitors for mating) and multiple females (i.e., mate choice). Potentially, 
enforced monogamy in simultaneous hermaphrodites could produce similar results 
after generations, with hermaphrodites reducing their cognitive abilities and losing 
their ability to estimate group size more than hermaphrodites reared in promiscu-
ity persistently.
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Abstract Many stomatopod species seem capable of individual recognition. This 
ability appears most often in species that face severe competition for shelter, or 
that create shelters that are costly to reproduce. Mantis shrimp identify specific 
individuals (conspecific or otherwise), and adapt their defensive or offensive strat-
egies in response to previous encounters with that opponent. Stomatopods also use 
individual recognition in reproductive contexts: to recognize current mates and 
young, and to avoid previous mates. Current thinking is that individual recogni-
tion serves to limit lethal aggression, always a risk due to the legendary strikes of 
their powerful raptorial appendages. The most aggressive species, with the most 
complex behavioral repertoires, appear to be most capable in this arena. This chap-
ter describes the well-developed visual and chemical senses and the learning that 
supports this survival strategy, and then focuses on the evidence supporting chem-
ically-mediated individual recognition. This is followed by accounts of the roles 
played by visual and auditory cues in individual recognition.

Introduction

Basic Stomatopod Biology

Members of the order Stomatopoda, also known as mantis shrimp, are the only living 
order of the subclass Hoplocarida. Stomatopods are marine carnivorous malacostracan 
crustaceans that mostly live in tropical or subtropical oceans, although a few temperate 
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species are known. Species of mantis shrimp typically obtain a maximum body length 
of 2–35 cm. Identifying features include specialized stalked eyes, tripartite antennules 
that are highly sensitive to a variety of odors, and raptorial appendages capable of 
very rapid and powerful strikes. Compared to many other crustaceans, mantis shrimp 
exhibit complex aggressive behaviors. They also are capable of relatively sophisticated 
learning. These traits set the stage for the development of individual recognition.

The Importance of Shelter and Raptorial Appendage Type

With few exceptions, most adult mantis shrimp spend much of their time in some 
kind of shelter. They often lurk at the entrance, and emerge to hunt prey with  
startling swiftness. Their raptorial appendages (enlarged second thoracopods) are 
typically either long, spiny spearing appendages, or hardened smashing appendages 
with enlarged muscle mass, although other forms exist (Schram et al. 2013). The 
designation as “smasher” or “spearer” refers to the mode of hunting prey, but these 
categories also often relate to broad differences in habitat, anatomy, and behavior 
(Mead and Caldwell 2011). Families with spearing raptorial appendages include 
Bathysquillidae, Erythrosquillidae, Eurysquillidae, Indosquillidae, Lysiosquillidea, 
Nannosquillidae, Parasquilloidea, Squilloidea, and Tetrasquillidae. Smashers 
include the Coronididae, Gonodactylidae, Odontodactylidae, Protosquillidae, and 
Takuidae. There are, of course, exceptions to this division, as detailed in Schram 
et al. (2013), and some groups, especially among the Squillidae, have not been 
studied sufficiently to determine if their life style deviates from these patterns.

Stomatopod species vary greatly in the type of refuge occupied, the time and 
effort required to secure a home, and in their vulnerability to predation when they 
leave their shelter. The type of refuge preferred is strongly, but not perfectly, cor-
related with their raptorial appendage (Caldwell and Dingle 1975, 1976). Most 
spearing species excavate burrows in soft substrata (Fig. 2.1a), while most  
smashing species occupy cavities in coral rubble (Fig. 2.1b) or other hard substrata. 
Pseudosquillidae, spearers that group functionally with smashers¸ start their post-
settlement life in coral or coral rubble and thus face many of the same constraints 
as smashers. Burrows or cavities are critical for many aspects of mantis shrimp 
ecology. They provide shelter from predators, a location for processing prey, and 
a safe haven for mating and for the guarding of eggs and larvae. Species that live 
in preexisting cavities in hard substrata such as coral, rather than burrows that they 
excavate themselves, often face strong competition for these cavities. This competi-
tion is intense due to defensive needs and reproductive constraints. Effective defense 
requires that the entrance diameter match the body diameter. Since stomatopods 
have indeterminate growth, they must modify or exchange their shelters after each 
molt. Species living in sand or mud can usually expand their burrows without aban-
doning them, but species living in rock or coral cavities cannot easily enlarge their 
dwellings and must often fight the current inhabitant to take control of a new, larger 
cavity. Furthermore, in non-monogamous species, the animals often face eviction 
from burrows during mating periods. In many species, the males, females, or both 
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leave their shelter as often as every lunar cycle to search for a mate (Caldwell 1991). 
The scenario is especially grim for a male: he leaves his cavity to search for a mate, 
risking that it will be occupied during his absence. If he finds a mate and guards her 
in her burrow, he must still leave once she lays her egg mass, and hunt for a new 
cavity. Either the resident mating partner is evicted, or the visitor returns to find its 
burrow occupied and must fight for it. This frequent exposure to predation and to 
competition over cavities exerts a heavy toll (Caldwell 1991).

Coral-dwelling mantis shrimp face limited availability of crevices suitable for 
shelter. Large cavities are scarcer than small ones (Reaka and Manning 1981). 
This situation leads to increased aggression with an increase in body size, both 
within and among species (Reaka and Manning 1981). For example, the larg-
est cavity-living Costa Rican stomatopod, Gonodactylus festae, shows the most 
intense aggression, and has the highest incidence of wounds of the five species 
studied (Reaka and Manning 1980).

Even though the smashing species usually face greater competition for suitable 
cavities than spearers, both groups experience aggression, and animals with either 
type of raptorial appendages are capable of dealing lethal blues to conspecifics as 
well as to prey.

This fierce competition for burrow space, combined with the potentially lethal 
weapons at their disposal, places a premium on rapid, accurate information that can 
reduce the risk involved in assessing and fighting other stomatopods and other dan-
gerous competitors. As a consequence, the visual and olfactory systems of stomato-
pods, particularly smashing species living in hard cavities, are very well developed. 
Complex behaviors, involving displays, assessment of aggression, learning, and 
individual recognition are well established. These features of stomatopod biology 
serve to mitigate the risk that competitive encounters will become lethal.

Fig. 2.1  Stomatopod shelters. a Lysiosquilla maculata in burrow in consolidated sand. b Gonod-
actylus affinis in coral cavity
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Patterns of Individual Recognition in Mantis Shrimp

Although this book is on the wider topic of social recognition, this chapter focuses 
on the subset of interactions governed by individual recognition. Individual recog-
nition is defined here as the ability to identify and remember (at least for a period 
of time) specific individuals, based on previous experience. The idea, as expressed 
in Caldwell (1985), is that animals “use knowledge of their opponents gained 
during previous encounters [to choose] the aggressive strategies and tactics to be 
employed during subsequent interactions.” This is in contrast to some forms of 
social recognition, where identification is to group, such as members of a species, 
males versus females, previously encountered animals versus strangers, or juve-
niles versus sexually mature animals, rather than to a specific individual.

Individual recognition in stomatopods was first studied in the context of aggressive 
interactions, specifically in regards to contests over shelter. This focus still represents 
the majority of the studies of individual recognition in mantis shrimp, but subsequent 
research has included the roles of individual recognition in reproduction. Here, too, 
the threat of violence is ever present, since a potential mate could also be a combatant.

It should be noted, however, that there is a continuum between social recog-
nition (i.e., members of a group) and individual recognition. Individual recogni-
tion occurs when animals classify other creatures by a sufficient number of criteria 
so that the probability of confounding one individual with another becomes van-
ishingly small. What constitutes sufficient criteria will most likely vary with the 
type of sensory cues being used, the precision of the signal and the acuity of the 
receptor, the number of individuals that must be distinguished, and a variety of 
other factors that we can only guess at, especially since we do not know the exact 
natures of the cues involved. Given their sensory acuity and the large number of 
available cues, it is likely that most or all stomatopods practice at least some form 
of social recognition. For example, all mantis shrimp can probably recognize con-
specifics and sex. In some, as described below, this ability has been honed to the 
level of identifying and remembering specific individuals.

Individual recognition occurs in a subset of mantis shrimp species (Table 2.1), 
and plays a variety of different roles, although many of them are related to the 

Table 2.1  Individual recognition in mantis shrimp families

Superfamily and 
family

Raptorial 
appendage

Habitat  
and burrow

Contact, 
mating

Aggression Individual 
recognition

Bathysquilloidea

Bathysquillidae Spearer Burrow in 
mud, sand

Mate search Low Probably not

Indosquillidae Spearer Burrow in 
mud, sand

Mate search Low Probably not

Erythrosquilloidea

Erythrosquillidae Spearer Burrow in 
mud, sand

Mate search Low Probably not

(continued)
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Columns are explained as follows: Many features of a group’s ecology and behavior correlate 
with the type of raptorial appendage. Species that find refuge in preexisting cavities or that create 
extensive burrows are more likely to have some form of individual or social recognition. Species 
that come into frequent contact with a limited number of individuals on a long-term basis, 
engage in monogamy or mate-guarding, or are more aggressive, are more likely to use individual 
recognition. Some characteristics show too much variability within a family to describe. Notes 
aThe Hemisquillidae possess raptorial appendages that are blunt, and fit neither the smasher nor 
the spearer category. They may be basal. bWhile morphologically a spearer, with two spines, the 
Pseudosquillidae are often grouped with the smashers because of habitat and behavioral reasons. 
cThese burrows in sand and rubble are extensive and mucus-lined, and thus very expensive to 
build. dMeiosquilla is thought to have a mating system similar to that of N. bredini. Information 
for this table comes from Caldwell (1991), Caldwell and Dingle (1975), Reaka and Manning 
(1981), Schram et al. (2013)

Superfamily and 
family

Raptorial 
appendage

Habitat  
and burrow

Contact, 
mating

Aggression Individual 
recognition

Eurysquilloidea

Eurysquillidae Spearer Burrow in 
mud, sand

Mate search Low Probably not

Gonodactyloidea

Alainosquillidae Smasher Cavity in 
rock, coral

Many new 
partners

Moderate Unknown

Gonodactylidae Smasher Cavity in 
rock, coral

Frequent 
contact

Very high Yes, odor

Hemisquillidae Blunta Burrow in 
firm sand

Some contact Can be high Probably

Odontodactylidae Smasher Burrow in 
sand, gravel

Many new 
partners

Moderate Probably

Protosquillidae Smasher Cavity in 
rock, coral

Mate guard High Yes, visual 
cues

Pseudosquillidae Spearerb Cavity or 
burrow

Many new 
partners

High Yes, odor 
and visual?

Takuidae Smasher Cavity in 
rock, coral

Mate guard High Unknown

Lysiosquilloidea

Coronididae Smasher Cavity in 
rock

Low Unknown

Lysiosquillidae Spearer Extensive 
burrowc

Mono-gamy Low Yes

Nannosquillidae Spearer Extensive 
burrowc

Some in pairs Low Probably

Tetrasquillidae Spearer Extensive 
burrowc

May pair Low Probably

Parasquilloidea

Parasquillidae Spearer Burrow in 
mud, sand

Mate search Low Probably not

Squilloidea

Squillidae Spearer Burrow in 
mud, sand

Some 
guardingd

Low Likely in 
Meiosquilla

Table 2.1  (continued)
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need to modulate aggression. There are several conditions that must be met, before 
individual recognition is likely to be established. First, there must be variation in 
individual presentation, via the sensory modality utilized (visual, chemical, audio 
cues, or a combination thereof). Second, the sensory apparatus must be sufficiently 
sophisticated to detect individual differences. Third, there must be an element of 
learning and memory so that the initial encounter is remembered and can affect 
subsequent meetings. Lastly, (at least for us to recognize the event!) the animal 
must have a flexible behavioral repertoire, so that distinct behavioral outcomes can 
result from the encounter and recognition of different particular individuals.

As will be described below, smashers generally have more sophisticated vis-
ual senses than spearers (except for pseudosquillids). Smashers often live in clear, 
well-lit habitats, and make the most of these signaling opportunities. The stom-
atopod families exhibiting the greatest aggression, behavioral complexity and 
flexibility are the Gonodactylidae, Protosquillidae, Takuidae, Odontodactylidae 
(all smashers), and Pseudosquillidae (functionally grouped with smashers). We 
can thus expect a greater reliance on individual recognition among these groups 
(Table 2.1), although there are exceptions.

Learning and Memory in Mantis Shrimp

Learning is an important part of the visual, olfactory, and vibrational communi-
cation between mates, competitors, and even among species (Cronin et al. 2006), 
and is essential to the rapid decision making attending courtship and mating. The 
facility with which mantis shrimp learn accurately and quickly is probably a prod-
uct of numerous factors, including the probability of damage from aggressive  
contests, predation pressure, the strong need and capacity for behavioral flexibil-
ity, the complexity of their visual system, and the ecology of their environment 
(Cronin et al. 2006). Mantis shrimp are one of the few animals able to disable or 
kill a conspecific opponent with a single strike of their raptorial appendages. Use 
of such a fearsome appendage requires care, especially since a misaimed or poorly 
timed blow can damage the perpetrator. Since the attacker itself is vulnerable, it 
must be able to size up opponents and make quick decisions about whether or 
not to engage (Cronin et al. 2006). This careful, but rapid evaluation is especially 
important since an animal that is a prospective mate one day may be an unwelcome 
intruder on the next day. Given that the smashers generally have the most compli-
cated behavior and probably benefit the most from behavioral flexibility, learning is 
probably most developed in these groups (Cronin et al. 2006).

Social conditions are also important, because there is a finite limit to how many 
other animals an individual can “remember”, or the time over which this learning per-
sists. For instance, if a mantis shrimp lives in a solitary manner, or if it encounters 
many tens of individuals a day with no repeats, then individual recognition is unlikely 
to play a pivotal role for that animal. In contrast, social and environmental factors 
leading to repeat interactions increase the likelihood of individual recognition playing 
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a role. Examples include multiple Neogonodactylids occupying individual cavities in 
the same rock, or a monogamous pair of Lysiosquillina inhabiting the same burrow. R. 
L. Caldwell (pers. obs) has seen up to 22 Neogonodactylus bredini inhabiting cavities 
in the same rock over at least several consecutive days. By comparison, Hemisquilla 
californiensis and Squilla empusa live at a much lower density, with distances on the 
order of meters separating their burrows in the sand and mud (Reaka and Manning 
1981; Staaterman et al. 2011; Mead and Minshall 2012). The lower concentration 
of shelters and the less stringent competition for space may imply fewer aggressive 
encounters with other individuals. However, at least some H. californiensis routinely 
forage tens of meters away from their burrows (Caldwell, pers. obs.) and thus have a 
greater change of encountering conspecifics, so this calculus is not clear.

The moderate permanence exhibited by the N. bredini sharing a rock is prob-
ably another requirement for individual recognition. In the laboratory, the behav-
ioral changes that indicate individual recognition seem to persist about four weeks 
after the initial exposure (Caldwell 1991). In N. bredini, at least, this timing cor-
relates with their reproductive periodicity: female receptivity and male-female 
pairing is timed with the full moon, and brooding lasts nearly the whole of the 
following month. Although it hasn’t been formally tested, the permanence of the 
individual recognition is likely to vary with mating pattern. Lysiosquillina, for 
example, pair for decades. If separated after several years of sharing a burrow, the 
recognition would be predicted to continue for much longer than in N. bredini.

Behavioral Complexity and Flexibility

One of the hallmarks of the Stomatopoda is their complex array of behaviors, espe-
cially regarding aggressive contests over habitat and mating rituals. The behaviors 
are simultaneously complex and flexible, enabling them to adapt to the particular 
social and environmental context of the current manifestation of the behavior. This 
flexibility is relevant to individual recognition, because it enables them to respond 
differently to different individuals and context combinations. This plasticity of 
response is probably due in part to the incredible “dexterity” of their appendages, 
especially their maxillipeds. These appendages allow for an almost infinite variety 
of behaviors involved in grooming, burrow excavation and maintenance, current 
production, food searching and manipulation, displays, courtship, egg mass han-
dling, and other essential functions.

Other appendages used in signaling displays include the antennules, antennal 
scales, and the raptorial appendages. One common behavioral display with a variety  
of functions is the meral spread. In this posture, all maxillipeds, antennules, and 
antennule scales are extended laterally and held statically. Meral spreads can play at 
least three roles including antipredator defense, intraspecific defense (such as cavity  
defense), and courtship. The extent and intent of the meral spread varies among 
groups. The antipredator meral spread, shown by all stomatopods, tends to be the 
most dramatic. Meral spreads used during conspecific fights are smaller and are 
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directed specifically at the opponent. Meral spreads used during courtship tend to 
include maxilliped whirling, which probably acts to conduct chemical information 
as well as serving as an additional facet of the display (Caldwell and Dingle 1976). 
Because these displays are used as a measure of aggressiveness, their mode of use 
in an animal’s behavior during an encounter is an important indicator of recognition. 
Other aspects of the meral spread, especially the meral spots on the raptorial append-
ages, may be important in species recognition, territoriality, and other aspects of social 
recognition (Caldwell and Dingle 1975). For example, nearly all stomatopods exhibit 
the same color of meral spots in males and females of a species (Neogonodactylus 
oerstedii is an exception), and different species tend to have different color spots.

Additional factors leading to behavioral flexibility include the fine sensory  
acuity experienced by many mantis shrimp, and of course the constant threat of 
damage if signals are misinterpreted.

While most mantis shrimp are inquisitive and adept at manipulating their envi-
ronment, the pattern differentiating smashers and spearers is evident. Smashers 
consistently show more complex types of agonistic interactions than spearers. For 
example, smashers show 12–15 different categories of acts, with more frequent 
displays, while spearers show 6–10 categories of acts, with less frequent displays 
(Caldwell and Dingle 1975).

The next section of this chapter deals with individual recognition using  
chemical cues, which is the best-studied form of individual recognition among 
mantis shrimp. This will be followed by a brief treatment of the role of visual cues 
in individual recognition, and a short section on the potential for individual recog-
nition using audial cues among mantis shrimp. We will then discuss multimodality 
and the dominant role of chemical cues.

Individual Recognition Using Chemical Cues

Chemical Senses and Olfactory Apparatus

Chemical sensing can be separated into olfaction (“smell”) and distributed chem-
oreception (Schmidt and Mellon 2011). Olfaction tends to refer to a distant source, 
while the distributed chemoreceptive sensilla are in physical contact with the stim-
ulus, but the functions can overlap.

Any chemical component to individual recognition is likely to rely on odors 
from distant sources, and thus would be considered an aspect of olfaction. 
Ablation experiments suggest that the portions of the mantis shrimp olfactory 
apparatus responsible for individual recognition are the unimodal chemosensory 
sensilla (aesthetascs) located on their antennules (Fig. 2.2a) (Mead and Caldwell 
2011). These aethetascs are located on the distal portion of the dorsolateral fla-
gellum (Fig. 2.2b) (Hallberg et al. 1992; Mead and Weatherby 2002; Derby et al. 
2003). Aesthetascs are long, slender, thinly cuticularized structures inserted into 
the flagellum at an angle of 40–60° in rows of three (Mead et al. 1999; Mead and 
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Weatherby 2002). Their length and diameter depend on size and species, varying 
from 10 μm in diameter and 200 μm length in an 8 mm telson-rostrum length 
Gonodactylaceus falcatus to 32 μm in diameter and 550 μm length in a 157 mm 
telson-rostrum length H. californiensis (Mead and Caldwell 2011). They are inner-
vated by bipolar olfactory receptor neurons (ORNs); there are 12–20 ORNs per 
aesthetasc in G. falcatus (Mead and Weatherby 2002). These chemosensory neu-
rons project proximally to the ipsilateral olfactory lobe, which is organized into 
spherical glomeruli (Derby et al. 2003).

Chemically Mediated Individual Recognition

Mantis shrimp use chemically mediated individual recognition in a variety of cir-
cumstances, including contests over burrows, and in various reproductive behav-
iors. In no case is the identity of the chemical cues is known, or is the exact 
mode of delivery. However, there are some likely candidates. When Haptosquilla 
females defend their burrows, they position their telson in the entrance of the 
cavity and fan their pleopods to push jets of water out of the entrance. Caldwell 
(pers. obs.) has seen fecal pellets included in these jets. S. empusa also create cur-
rents using their pleopods when disturbed (Mead and Minshall 2012), but no fecal 
material was observed in this species. Dye studies indicated that female N. bredini 
defending their cavities against approaching males generated currents by whirling 
their maxillipeds (Caldwell 1992). These currents are thought to carry chemical 
cues, perhaps in the form of urine as in crayfish (Breithaupt 2001) and lobsters 
(Aggio and Derby 2011).

Fig. 2.2  Olfaction. a Antennules from Haptosquilla bangai. b Close-up of an antennule from a 
male Odontodactylus scyllarus, showing aesthetascs
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Individual Recognition in Aggressive Contests Over Burrows

The first experiments investigating individual recognition in stomatopods were 
performed using paired aggressive contests over artificial shelter cavities, in the 
small tropical mantis shrimp species Neogonodactylus festae. In the initial study, 
Caldwell (1979) placed N. festae into artificial cavities. After fifteen minutes, a 
second stomatopod matched for size and sex was introduced into the test arena. 
The resident and intruder fought for ownership of the cavity, with the resident 
almost always winning due to positional advantage. The fight was stopped once 
dominance was established (usually within five minutes). Fifteen minutes later, the 
intruder was replaced in the test apparatus, which had been cleaned and refilled 
with seawater, with an artificial cavity that had been filled with one of three types 
of water. The three test fluids were: “clean” water that had never contained a 
stomatopod, “stranger” water from the container of a stomatopod of the same size 
and sex that the intruder had never encountered, or “known victorious resident” 
water taken from the previously victorious resident’s container removed prior to 
the encounter between them. This testing procedure was repeated over three days, 
each intruder encountering all three odors, with a randomized order of presenta-
tion. While intruders all quickly approached the empty cavities, their behavior was 
markedly different depending on the source of the water. If there was no odor of 
another stomatopod, the intruders took no defensive action and entered the cav-
ity within a minute or two. If the cavity contained the odor of another stomato-
pod with which the intruder had no experience, the intruders entered cautiously, 
often inserting their armored telson into the entrance as if expecting an attack from 
the phantom resident. If the cavity contained the odor of the previously encoun-
tered resident that had defeated the intruder earlier, most approached the entrance, 
sampled the odor diffusing from the cavity with their antennules, and immediately 
fled the area. When exposed to the water containing the odor of a stranger, 50 % 
entered within 4 min, and all entered by 13 min. However, only 41 % ever entered 
the cavity containing the odor of the animal that had previously defeated them dur-
ing the course of the 15 min test.

This experiment opened a new avenue of research for Caldwell and colleagues, 
but there were some concerns that the results represented intruders responding dif-
ferently to broader classes of animals such as “known” versus “unknown” oppo-
nents, rather than recognizing individuals. To test for this possibility, a different 
design was needed where the intruder encountered at least two opponents over 
a short period of time and then reacted differently to them. In this new scenario 
(Caldwell 1985), intruders were first matched against either a resident that was 
5 % longer and could successfully defend its cavity or against a 20 % shorter resi-
dent that the intruder could evict. Thirty minutes later, the intruder was matched 
against the other type of resident. The residents were the same sex as the intruder 
and the order of presentation was randomized. Thirty minutes later, the intruder 
was tested using the odor of one of the residents it had just fought and 30 min 
after that it was tested against the odor of the other resident. The results of these 
rematches were that intruders quickly entered cavities spiked with the odor of an 
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animal that they had evicted (median time = 19 s), but delayed entering cavities 
with odor from animals that had successfully defended the cavity in an earlier bout 
(median time = 324 s; Caldwell 1985). Since the same intruders failed to respond 
differentially to odors of larger and smaller unfamiliar conspecifics, it is unlikely 
that odors providing information on size alone served as the basis for the differ-
ence in time to enter the cavity. The response to odor was based on previous expe-
rience, suggesting individual recognition.

In addition to conspecific individual recognition, experiments with the stoma-
topod species Neogonodactylus zacae and N. bahiahondensis suggest that mantis 
shrimp are able to use chemical cues to discriminate between different individuals 
of sympatric species as well (Caldwell 1982). In the competition for cavities, what 
is important is the fighting ability of resident, not its species.

Chemically mediated recognition can even occur across distantly related spe-
cies that compete for cavities. N. bredini and the octopus Octopus joubini fight 
viciously over quality living quarters. N. bredini previously exposed to O. joubini 
show greater delay when approaching test cavities containing octopus odor than 
odor-free cavities (Caldwell and Lamp 1981). Naïve N. bredini do not show this 
response. There is no evidence that the stomatopods are recognizing individual 
octopus, so this appears to be a form of social recognition rather than individual 
recognition.

Chemically Mediated Individual Recognition and Reproduction

Since cavities and burrows are as essential for reproduction as for shelter from 
predation, the potential for aggressive contests over mating space and mating part-
ners is high. Reproductive pressure can add impetus to the already strong impulse 
to defend space. One can imagine the extra selective pressure to develop individ-
ual recognition and thus avoid unnecessary damage.

Individual recognition can have different purposes, depending on the reproduc-
tive mode of the species. Mating systems range from life-long monogamy in some 
lysiosquillids to multiple sequential matings in many neogonodactylids to rampant 
promiscuity in Pseudosquilla ciliata (Caldwell 1987). The following examples 
detail species with three different mating habits. In each case, the role of individ-
ual recognition via odor seems critical, but for different reasons.

All known species of Lysiosquillina are spearers that make large (up to 10 m) 
burrows in soft sediment (Christy and Salmon 1991). Adults are nearly always 
found in pairs. They have reduced armor and are thus very vulnerable outside of 
their burrow. Although there is typically plenty of the sandy substrate preferred for 
excavating burrows, so that there is little of the competition for space experienced 
by gonodactylids, burrow construction represents a large investment. One of the 
most costly components is the considerable amount of mucus required to stabi-
lize the burrow walls. The biological cost of the mucus prevents adult L. sulcata 
from being able to construct a new burrow if evicted from their old one (Caldwell 
1991). Together, the large investment in burrow construction and the vulnerability 
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to predation are thought to have led to long-term monogamy (Christy and Salmon 
1991). Their nocturnal nature, coupled with their dull body color, greater turbidity, 
and lower light levels of their preferred habitats may have created an additional 
evolutionary pressure for individual recognition mediated by chemical cues. The 
use of chemical cues to support mate recognition and monogamy is often seen in 
crustaceans (e.g. Hymenocera picta, Wickler 1973; Wickler and Seibt 1981). Thus, 
in Lysiosquillina, individual recognition facilitates the pair bond.

Individual chemical recognition acts to facilitate reproduction in the oppo-
site way in P. ciliata, widely distributed stomatopods found in a variety of habi-
tats. Females will copulate at any stage in their reproductive cycle and have been 
observed to mate with several different males in one day. Females are extremely 
aggressive when pursuing mates, often harassing males until they copulate. Mating 
occurs in the open and the participants separate immediately after coupling. 
Interestingly, animals that have mated with each other will not remate within the 
same pair for several hours but they will copulate with a new partner within a few 
minutes (Hatziolos and Caldwell 1983). This reluctance to pair with a previous 
mate may be because males are thought to be sperm-limited, and a single copu-
lation is sufficient to fertilize a brood of eggs (Hatziolos and Caldwell 1983). It 
appears that some form of individual recognition is occurring, this time to avoid 
the original mate.

Individual chemical recognition plays a different role in N. bredini. In this spe-
cies, males and females are solitary and defend their own cavities except for when 
they are reproductively active (Shuster and Caldwell 1989). A few days before 
each full moon, mating pairs form in cavities, which the males guard (Caldwell 
1991). Once the female spawns, the male leaves. Caldwell (1992) studied twenty-
five mated pairs that produced egg masses. Fourteen days after the male left the 
breeding cavity, Caldwell (1992) compared the interaction between the female 
(placed in a new cavity) to the original male and to a stranger male. The males 
were also tested as intruders against brooding females that they had not previously 
encountered. Aggressive acts (meral spread threat, lunge, strike; see Caldwell 
1979 for precise definition) occurred only 12 % of the time when the original male 
was introduced to his brooding mate, but 76 % of the time when a stranger male 
was introduced. Contests between animals that had not previously been paired 
escalated more rapidly. The reduced aggression displayed by previously paired 
males was not due to a general holding back in the presence of brooding females 
or eggs: they attempted to evict “stranger” brooding females. Also, males did not 
escalate contests when encountering former mates whose eggs had been removed, 
perhaps because she could be storing his sperm. Thus individual recognition keeps 
a male from threatening his own current or future offspring (Caldwell 1992).

Other species that experience competition for cavities, high search costs, and 
guarding of females by males, such as other neogonodactylids and the squillid 
Meiosquilla, are thought to have similar mating systems, and thus perhaps may 
also rely on individual recognition to modulate aggression.

In an interesting twist, N. bredini are able to distinguish males from females  
by odor, but can’t decode the reproductive status of females (Caldwell 1986a).  
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The females use this to their advantage. Females with ripe ovaries not currently in 
a pair may go looking for a male. If the moon is full, the male usually admits the 
female without hesitation. She evicts the male 15 % of the time if she is reproductive, 
but 33 % of the time if she is non-reproductive (Caldwell 1986a). The males appear to 
be trading their cavity for the chance to mate. By broadcasting her sex but not signal-
ing her reproductive status, a female increases her overall chances (i.e. not just when 
she is receptive, but throughout her reproductive cycle) of gaining access to a cavity.

To summarize, individual recognition may serve to promote a variety of func-
tions, but appears to be most common in species that experience high competi-
tion for burrows, have costly burrows, or rely on individual recognition to promote 
reproduction, either by maintaining pair bonding, by facilitating the identification 
of new partners, or by protecting a reproductive investment.

The Role of Visual Cues in Individual Recognition

Visual System

Mantis shrimp possess appositional compound eyes segmented into three lobes 
consisting of two peripheral hemispheres separated by a midband of specialized 
ommatidia (Marshall and Land 1993). This arrangement enables each eye to act as 
an independent, trinocular rangefinder, since the stomatopod can image the same 
location in space with three spatially separate areas of the eye (Marshall 1988). 
They possess a diverse and complex array of photoreceptors capable of perceiving 
light intensity, color, and polarization (Marshall et al. 2007). They have at least 16 
types of visual pigments that are sensitive to wavelengths of light from UV to the 
near infrared (Marshall et al. 2007). The opsins that respond to UV in N. oerste-
dii appear to interact with four optical filters that extend and diversify the wave-
lengths to which the animal can respond (Bok et al. 2014). Because the receptors 
that mediate color vision are arranged linearly, stomatopods have to scan objects 
of interest (Cronin et al. 2006). Recent discoveries suggest that mantis shrimp use 
a novel temporal scanning pattern across the photoreceptors, rather than using the 
color channels comparatively, as in humans and many other animals (Thoen et al. 
2014). This approach may allow for particularly rapid decision-making based on 
visual input, facilitating behavioral flexibility.

An abundance of visual pigments is probably very useful in underwater envi-
ronments, which tend to be low contrast (Cronin et al. 2006). Even if the origi-
nal function was probably related to orientation and predation, color vision is 
extremely important in mantis shrimp behavioral displays (Cronin et al. 2006). 
As evidence, many of the coral-dwelling gonodactylids show bright, contrasting, 
species-specific color markings on raptorial appendages, walking legs, anten-
nal scales, antennules, maxillipeds, pleopods, and uropods. Often the long setae 
framing the antennal scales, pleopods, and uropods are a different bright color 
than the supporting appendage (Reaka and Manning 1981). In addition to bright 
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colors on appendages, some smashers reveal contrasting meral spots on the rap-
torial appendages (Reaka and Manning 1981). Contrasting colors on appendages 
are important in transmitting agonistic intent, and may signal species and sex 
(Cheroske and Cronin 2005).

Some stomatopods have patches on their antennal scales, maxillipeds or uropod 
scales that structurally polarize light (Cronin et al. 2003). Stomatopods appear to 
recognize polarized-light features of a visual stimulus (Marshall et al. 1999) sug-
gesting that mantis shrimps use light polarization analogously to color. Among the 
taxa that have the ability to polarize light, potential polarized light signals appear 
to become more common with increased habitat depth (Cronin et al. 2003). These 
signals, in addition to augmenting color patterns, may provide a private line of 
communication. The use of polarized signals is more prevalent among the smash-
ers than among the spearers. A few species, such as Haptosquilla trispinosa, show 
dimorphic polarization, promoting sex recognition (Chiou et al. 2011). These sig-
nals are usually on the antennal scales and uropods (Fig. 2.3).

Smashers tend to be diurnal and to live in clear water, while spearers are more 
commonly nocturnal, or live in turbid environments with soft substrates. While 
coral-dwelling smashers have the acute vision described above, spearer eyes are 
better adapted for the detection of prey at short distances in dim light.

Individual Recognition Using Visual Cues

Individual recognition can rely on visual cues. Experiments were performed in 
which a focal Haptosquilla glyptocercus was allowed to observe one of two other 
conspecifics matched by sex and size but with different coloration (Cronin et al. 
2006). This initial observation lasted an hour. The animal was then allowed to 
view either the originally observed conspecific again, or the other, novel size and 

Fig. 2.3  Vision. a Eye of a Hemisquilla californiensis juvenile male. b Male and female  
Odontodactylus latirostris. The photo was taken with a polarizing filter showing that the male 
antennal scales are polarized, the female scales are not
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sex matched but differently colored, conspecific. These tests showed that 83 % 
were more attentive to novel animals, measured as percent time poised with eye-
stalks beyond the entrance of its burrow. Since the focal animal was isolated from 
all but visual cues, this suggests the important of visual cues in differentiating ani-
mals. This type of visual identification of individuals would be expected to occur 
in species, like H. glyptocercus, that exist in many color morphs and occur in high 
densities with many burrows in close proximity in open habitat. P. ciliata would be 
another candidate.

Another piece of evidence suggesting the importance of visual cues is the role 
of bluffing. Bluffing is when stomatopods engage in an aggressive display with-
out being willing and/or able to fight. For example, molting or newly molted N. 
bredini will continue to produce intense meral spread threat displays during cavity 
defense, even though their soft exoskeleton makes striking impossible. N. bredini 
bluff when facing smaller intruders, who are likely to be deterred by the (false) 
threat (Adams and Caldwell 1990). The newly molted residents tend to flee when 
the intruder is larger than they are, or if the bluffing leads to escalation rather than 
deterrence. The strategy appears to work: residents that do bluff were more likely 
to retain their cavities and less likely to sustain injury than animals that neither 
fled nor threatened (Adams and Caldwell 1990). Mantis shrimp appear to pave the 
way for future bluffing success by performing extra meral spread threat displays 
in the days leading up to their molt (Caldwell 1986b). This strategy only works if 
animals learn to recognize their neighbors, and are attentive to visual (as well as to 
chemical) displays.

The Social Roles of Auditory Cues

Auditory Sensory System

No true pressure-sensitive ear-like structures have been found in any crustaceans  
yet studied, and crustaceans have no air-filled cavities. As a result, crustaceans 
are not thought to be able to detect far-field, or pressure, component of sound 
(Breithaupt and Tautz 1990; Popper et al. 2001). Therefore, any response to 
sound has to be to the near-field, or particle displacement, component of sound 
(Breithaupt and Tautz 1990). Stomatopods do not appear to have any specialized 
structures, but they do have distributed surface setae and internal proprioceptors 
that are likely to respond to vibrational displacements in the water (Staaterman 
et al. 2011). In mantis shrimp, these mechanoreceptors are mostly simple, smooth, 
tapered setae varying from 50 to 2000 µm long (Schram et al. 2013). Experiments 
in copepods indicate that the smaller setae are more sensitive to higher frequency 
signals while the longer setae respond more to low frequency stimuli (Fields et al. 
2002). Mantis shrimp setae appear to be in an appropriate size range for the detec-
tion of environmentally and socially relevant acoustic and hydrodynamic signals 
(Schram et al. 2013).
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Auditory Cues and Behavior

Two sounds known to be made my mantis shrimp include the rumble made by  
H. californiensis, and the click made when stomatopods strike their raptorial 
appendages against another animal’s carapace or against a hard surface.

H. californiensis males (and possibly females) produce a low-frequency rum-
ble by vibrating their posterior mandibular remoter muscles (Patek and Caldwell 
2006). The vibration may mark territory or attract females (Staaterman et al. 
2011). These sounds may contain information about size and sex (Caldwell, 
pers. obs.). These rumbles have a dominant frequency of 167 Hz, with a range 
of 53–257 Hz (Staaterman et al. 2011). The near-field vibrational component of 
sound travels five times farther in sea water than in air. Therefore, the Hemisquilla 
rumble is probably perceptible at least nine meters from the source, making it 
likely that other mantis shrimp living in nearby burrows can detect these stimuli 
(Staaterman et al. 2011). Lysiosquillina make a similar rumble, but it has not been 
investigated. There is no evidence that rumbles are used in individual recognition.

Clicks can occur at various points during aggressive contests over shelters. 
A resident may strike the lip or wall of the cavity, producing a loud warning 
click. Or, a resident may strike the intruder, or vice versa. Sometimes, the win-
ner of a contest will strike the substrate in a “victory display,” reinforcing the win 
(Caldwell 1987). Researchers collecting data can hear the click, even if it occurs 
within the burrow. Both smashers and spearers use clicks. There is no evidence 
that clicks are used in individual recognition, but it is possible that clicks convey 
information about animal size in addition to serving as a general warning (Taylor 
and Patek 2010). Although not explicitly tested, it seems likely that molt stage 
might affect some of the properties of the strike signal as well.

Multimodal Signals Enhance Communication

The fierce competition for burrow space experienced by many mantis shrimp, 
combined with the potentially lethal weapons at their disposal, places a premium  
on rapid, accurate information that can reduce the risk involved in assessing and  
fighting other stomatopods and other dangerous competitors. Multimodal  
communication may enhance the information content or signal accuracy (Hebets 
and Rundus 2011).

One example of the importance of two sensory modalities is in the intersection 
of stomatopod visual and olfactory systems. Visual signaling plays a large role in 
gonodactylids, which are active in the daytime, are brightly colored, live in clear 
water in fairly high light areas, and have excellent vision. Even so, their sense of 
smell is likely to provide cues that may contain more (and possibly more reliable) 
information than visual cues (Christy and Rittshof 2011). Furthermore, for an ani-
mal anxious to probe the unseen occupant of a cavity, odor provides a channel 
of reliable information without requiring potentially dangerous intimate contact.  
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This is important because the hidden cavity resident can easily see intruders in the 
open and can at least assess the size and vigor of their opponent, and because pos-
session of a shelter poses a distinct positional advantage. Thus, olfactory informa-
tion can help to assuage the often asymmetrical transfer of information inherent in 
the visual system of cavity-dwellers.

The integration of sensory systems may be especially critical when environ-
mental conditions favor one modality over another. For example, visual informa-
tion can be compromised by low light levels (at night or in turbid environments), 
extraneous light in the environment, or the animal’s position in its cavity or bur-
row. Recent work indicates that stomatopods increase their antennular flicking 
under low light conditions, presumably relying more on olfactory cues and less on 
visual cues under these circumstances (Cheroske et al. 2009).

In a potentially synergistic interweaving of vision and sound, H. californiensis 
may be able to see a visual analog of the carapace vibration created during rum-
bling. As described above, H. californiensis produce a low-frequency rumble by 
vibrating their posterior mandibular remoter muscles (Patek and Caldwell 2006). 
The males also have linearly polarized red patches along the sides of their cara-
pace, merus, and proximal portions of their antennules. The muscles thought to 
drive the acoustic signaling are very near the carapace color patches. The flexing 
and relaxing of the carapace at 20–60 Hz could lead to a rapidly alternating pattern 
of polarization. Gonodactylids, including H. californiensis, are capable of detect-
ing polarization (Cronin et al. 2000). If the flicker fusion frequency of ommatidia 
of H. californiensis is faster than 20–60 Hz, then H. californiensis should be able 
to detect changes in the patch polarization, reinforcing and possibly extending the 
acoustic signal. If individual males vibrate at characteristic frequencies, this could 
serve to assist individual recognition.

As indicated by the “victory display” strike of N. bredini’s raptorial appendage 
on the substrate after evicting an opponent, sound cues can reinforce the chemi-
cal signals also being sent. Obviously, there are many ways that signals can be 
combined to increase signal fidelity and avoid potentially lethal combat, and this is 
likely to be a fruitful area for future research.

Summary

Individual recognition occurs in only a subset of stomatopods, but for them, it 
plays several important roles. Often, these roles revolve around control of shel-
ters. Contests over shelters can be critical for survival, as defensible cavities of 
the appropriate size are limited, are almost always already occupied, and predation 
risks outside shelters are high. By identifying and remembering specific individu-
als, and adjusting their behavior in consequence, mantis shrimp can more accu-
rately decide whether or not to engage in a particular aggressive contest over a 
shelter. Through rapid identification of specific cavity residents who lost in pre-
vious contests, would-be intruders can choose their battles and increase their 
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chances of success while minimizing injury. By recognizing their pair-bonded 
mate, Lysiosquillina avoid fighting every time they return to their shared burrow. 
In general, avoiding aggressive contests with previous mates (at least during the 
current breeding cycle) keeps would-be intruders from destroying their genetic 
legacy. Alternatively, avoiding previous mates altogether and constantly seeking 
new ones is another approach to reproductive success!

The pressure to develop individual recognition, and the resultant ability, varies  
among stomatopod groups. Species facing the greatest competition for cavities, 
the greatest replacement cost, and/or the most vulnerability outside the shelter are 
most likely to improve their lot via individual recognition. The amount of repeated 
contact with a limited number of individuals over a period of time is also a factor. 
The capacity for individual recognition relies on the ability to differentiate individ-
uals via multiple sensory cues, learning and memory, and behavioral flexibility. As 
these capabilities vary among stomatopod groups, so does the ability to recognize 
individuals.
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The ability for sophisticated and flexible recognition by vertebrates has been 
known for a very long time, probably because it features so strongly in human 
social behaviour and is therefore easily recognised in other species. As evi-
denced by the increasing number of studies and reports (Tibbets and Dale 2007), 
recent years have seen increased interest in the occurrence and properties of this 
response in non-vertebrates where it may not be so easily identified. Studies have 
now been undertaken on a wide range of organisms exemplified by the chapters 
of this review collection but our understanding of this phenomenon is still at an 
early stage and we can make few generalisations beyond its wide occurrence. In 
retrospect, its incidence should not be surprising. The advantages that it confers 
are apparent so that, all things being equal, it should be selected for. What char-
acteristics of life history and interaction with con-specifics are likely to predict its 
presence and what factors predict the level of sophistication and flexibility? These 
questions remain to be answered but, based on what has already been discovered, 
we postulate here that it will evolve wherever there is a capacity for analysis of 
sensory signals that carry identifying information.

The focus of our chapter is to summarise the present state of knowledge con-
cerning recognition in freshwater crayfish. When discussing this topic, it is not 
possible to consider crayfish alone because, at this stage, only limited data are 
available from crayfish species. So here we will refer to some findings from lob-
sters and other decapod species to provide a context for linking the known ele-
ments for crayfish. In the text we use the various degrees of “recognition” 
according to the definitions developed by Gherardi et al. (2005). We will deal with 
chemical recognition first, then with visual recognition and, even though there is a 
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dearth of information, the intriguing matter of the relationship between the two—
multimodal recognition. Along the way we will briefly mention some of the simi-
larities to and differences from other invertebrates (reviewed more fully elsewhere 
e.g. Tibbetts and Dale 2007; Breithaupt and Thiel 2011) and will finish with some 
speculation about the evolution of recognition in crayfish and strategies for testing 
such hypotheses.

Social Behaviour and Hierarchies—A Valuable Paradigm 
for Crayfish Recognition Research

Investigations of recognition between crayfish conspecifics has predominantly 
involved dominance pairs or hierarchies established during competition for mates, 
shelter and food. It is by experimental manipulation of these encounters that the 
mechanisms and quality of recognition can be elucidated. The literature on staged 
encounters is extensive and has spanned more than half a century so we only con-
sider here the key elements for recognition in the present context. It has been used, 
for example, to investigate the separation of class recognition (e.g. gender and 
dominance) from individual recognition (Gherardi et al. 2005).

Like many decapods, social crayfish establish dominance hierarchies of some 
complexity (e.g. Bovbjerg 1953, 1956; Daws et al. 2011) but the durability of 
these are not as well understood as those in lobsters, although there is some evi-
dence that they are not as long-lasting (Bergman et al. 2003). The hierarchies are 
established on the basis of success in physical encounters—contest encounters—
apparently made up of relatively common, stereotyped sequences across species 
(Moore 2007). These typically involve meral-expansion threat displays which, if 
they do not deter the contest partner, may be followed by claw grasping, wrestling 
and claw ripping leading to damage to the body and limbs. Eventually one contest-
ant, the loser, retreats. None of this requires recognition by the contestants. The 
evidence for recognition comes from the interaction between individuals when 
they meet subsequently (e.g. Fig. 3.1). It would, in principle, be possible for con-
testants to test their standing against other crayfish by engaging in a series of short 
fights. As in most animal social systems, however, the value of avoiding poten-
tially damaging physical encounters by both winners and losers is such that mech-
anisms evolve to render a rematch unnecessary or of reduced intensity to avoid 
physical harm to the protagonists.

Research with staged encounters has provided the foundation for the major-
ity of recognition studies because it relates critical factors to controls for testing 
when recognition is occurring. Winner-loser effects, for example, aggression, iso-
lation and hierarchy formation are known to alter crayfish behaviour and need to 
be considered in good experimental design (e.g. Bovbjerg 1953; Issa et al. 1999; 
Goessmann et al. 2000; Daws et al. 2002; Bergman et al. 2003; Baird et al. 2006; 
Hemsworth et al. 2007; Patullo et al. 2009). Most of our discussion here comes 
from research that considered these factors.
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Chemical Communication and Recognition in Crayfish

Like all aquatic crustaceans, crayfish possess many chemoreceptors (Bullock and 
Horridge 1965; Atwood and Sandeman 1982; Breithaupt and Thiel 2011). These may 
be found on all areas of the body but are concentrated on the antennules, antennae, 
mouthparts and at the tips of the pereiopods. Numerous studies indicate that they are 
used in social communication and are responsible, although not necessarily exclu-
sively, for recognition (e.g. Breithaupt 2011, research summarised in Hemsworth 
et al. 2007 and more widely in other crustaceans Breithaupt and Thiel 2011).

The most effective systems permit recognition to occur at a distance without 
need for physical contact. The main source of chemical information available 
between conspecifics is broadcast in urine expelled from a small, anterior nephro-
pore opening near the base of the antennae. Lobsters and other decapods can 
control the timing and direction of the urine stream (Aggio and Derby 2011) and 
there is increasing evidence that crayfish do the same, from incidental behavioural 
observations and the anatomical structures to facilitate it (Breithaupt and Eger 
2002; Berry and Breithaupt 2010 and others cited in Breithaupt 2011). Information 
on the nature of the substances within the urine that are responsible for the com-
munication between decapods is fragmentary and almost non-existent for crayfish. 
Discovering how species- and function-specific these are is an important objective 
for future research.

Fig. 3.1  Social encounters can be combined in test paradigms to demonstrate recognition. In 
this example, pairs of crayfish (top) meet and establish social rank or winning ability. A focal 
animal is placed in a test arena (bottom), in this case the losing crayfish from one of the previous 
encounters. Recognition is then tested by offering a choice between crayfish at either ends of the 
arena, which are visible to the focal crayfish through transparent windows. Status is controlled in 
the process by careful selection of the right combinations of crayfish in the ends, between win-
ners and losers and familiar versus unfamiliar animals from the first encounter. Further detail Van 
der Velden et al. (2008)
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In clawed lobsters, where the most extensive studies have taken place, the most 
important receivers of urine signals are the aesthetasc hairs on the antennules 
(Hallberg and Skog 2011), although similar receptors are found elsewhere, par-
ticularly on the mouthparts and periopods (Johnson et al. 1984). Interference by 
amputation or mechanical blocking of the hairs to reduce or remove the signals 
appear to reduce or even abolish transfer of sexual information (Homarus ameri-
canus, Bushman and Atema 1997) although there may be some gender differences 
in the other homarid species (H. gammarus—Skog 2009a, b). Dominance infor-
mation is also eliminated by similar experiments (Karavanich and Atema 1998a, b; 
Johnson and Atema 2005).

Those social crayfish studied thus far most commonly establish dominance 
hierarchies, but there is evidence of differences in the way the information for 
them is received and the way they are established and maintained. The situa-
tion in crayfish is similar to that found in lobsters in some aspects. Procambarus 
clarkii formed enduring hierarchical structures which ensure that fights with 
former winning opponents were either avoided or were shorter in duration than 
those between previously known animals (Horner et al. 2008). Shorter duration 
of subsequent encounters also occurred in Astacus leptodactylus (Breithaupt 
and Eger 2002). Furthermore, interference with the aesthetascs after an initial 
encounter resulted in behaviour more similar in duration and intensity to initial 
encounters than if the aesthetascs were not manipulated. A similar outcome was 
observed in fights between Orconectes rusticus with the important exception that 
the memory of opponents appeared to last for only about 60 min (Bergman et al. 
2003). Recognition in this species is probably less sensitive or situation-specific 
than in P. clarkii because “winner” odour in the surrounding water influenced the 
outcome of encounters even if it was not from a former opponent and the out-
come of choices in Y-mazes (Zulandt Schneider et al. 1999, 2001; Bergman and 
Moore 2005). This type of “status” recognition mechanism appears to be even 
more evident in A. leptodactylus and Procambarus acutus which show clear “for-
mer winner” and “former loser” behaviour whether or not they have previously 
encountered the opponent (Breithaupt and Eger 2002; Gherardi and Daniels 2003).

Examples mentioned throughout the reviews in this collection and in that of 
Breithaupt and Thiel (2011) reveal many more details of a rich diversity in signal-
ling mechanisms and outcomes. We have barely scratched the surface of this varia-
tion in crayfish but, given the range of ecological situations in which crayfish live, 
diversity rather than conformity must be expected. Following a study of communi-
cation in A. pallipes which did not appear to match the then known commonalities 
of sexual communication in crayfish, Acquistapace and colleagues proposed that 
the diverse natural history of crayfish species would be found to mediate multiple 
variations in communication systems (Acquistapace et al. 2002).

Individual recognition is more difficult, and quite laborious to establish experi-
mentally than class or group recognition. To date, the only convincing method for 
establishing the presence of individual recognition is to test for evidence follow-
ing staged encounters using devices such as choice experiments or a second round 
of fighting. Examples of assessment in choice experiments include those in which 
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losers of contests are given options between the winner of one of their earlier con-
tests and a matched (size, colour, gender etc.) unfamiliar winner of a contest in 
which the focal loser was not involved. The focal animal then demonstrates that 
it can recognise the familiar animal by a non-random preference for the winner 
or loser (e.g. Crook et al. 2004, Fig. 3.1). Paradigms to test individual recognition 
by successive fights were applied to chemical recognition of urine in the lobsters 
before crayfish (Karavanich and Atema 1998a, b). A number of studies suggest 
that the ability for individual chemical recognition is also present in some cray-
fish species but it has not yet been definitively demonstrated. There is evidence 
that C. destructor, which can use visual information for individual recognition of 
previous opponents (see below and Fig. 3.1), can also use chemical information 
for this purpose but the design of the experiment did not entirely preclude famil-
iar recognition (Crook et al. 2004). Similarly, conclusions from outcomes of sec-
ond rounds of fights between C. dispar (Seebacher and Wilson 2007) and those 
following observation of contests in P. clarkii (Aquiloni et al. 2012) suggest that 
individual recognition could exist, although the experiments do not preclude the 
possibility of explaining the result by status recognition or experience. Given the 
intensity of research across several genera of crayfish we predict that this will be 
confirmed experimentally for additional species shortly.

Visual Communication and Recognition in Crayfish

Studies of crustacean eyesight reveal that stomatopods have the most advanced 
vision in the Class Crustacea (e.g. Marshall et al. 1996; Chiao et al. 2000; Cronin 
et al. 2001). Crayfish vision is not thought to be as advanced, but vision is 
 important in many behavioural situations. Crayfish change behaviour in response 
to visual cues of various shape, size and colour (wavelength) indicating that sight 
is a valuable sense in their world.

Crayfish have at least one photosensitive pigment and receptor system 
(Kennedy and Bruno 1961). There is also conflicting evidence that supports the 
presence of a second pigment and receptor system (Wald 1967). In agreement, is 
that crayfish can detect different wavelengths of light throughout most of the col-
our spectrum that is visible to humans. The peak sensitivity of the main system is 
at about 570 nm, yellow, and this decreases as wavelengths approach 650 nm, red 
(Kennedy and Bruno 1961).

What does this visual ability mean to a crayfish? At the simplest level, objects 
and shadows will cause behavioural change. Waving a human hand over the body 
can cause the animal to react and adopt a posture known as the defence response 
where the abdomen extends, the animal arches its back and spreads its chelae 
(Kelly and Chapple 1990). Other threatening shadows and looming objects also 
induce defensive reactions in P. clarkii (Glantz 1974a, b, 1978; Beall et al. 1990). 
Further to this, fights between individuals of the crayfish O. rusticus last longer 
and occur at a more intense level in dim light compared with the same behaviour 
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observed in bright light (Bruski and Dunham 1987). Female P. clarkii also need 
visual cues before they can distinguish a male mate (Aquiloni et al. 2009). The last 
two examples indicate that crayfish pay attention to visual cues beyond shadows 
so that recognising another crayfish may reveal the importance of this sense.

From shadows to shapes, greebles were the main method used to demonstrate 
that this visual acuity was sophisticated enough to recognise body parts and thus 
vision could be a modality used to recognise another individual. The art of gree-
bling involved modifying the appearance of an animal with controlled artificial 
forms to test hypotheses (Gauthier and Tarr 1997, Fig. 3.2). So just as a human 
could distinguish two similar people by looking at hats on their heads, for exam-
ple a magician’s cylindrical top hat from a Mexican’s conical wide-brimmed 
sombrero, research showed crabs could distinguish one another based on objects 
attached to their backs (Hazlett 1972). The addition of other greebles, such as 
artificial markings, has demonstrated similar results in a range of invertebrates 
(Dunham 1978; Vannini and Gherardi 1981; Detto et al. 2006). This raises the 
question of whether or not crayfish can also analyse body features of an individual 
to recognise it later and, if so, what parts of the body are important to remember. 
Evidence in two species suggests crayfish can do this.

Cherax destructor prefers to spend more time closer to an individual it has met 
during a previous fight rather than with an unfamiliar crayfish when only visual 
cues of the opponent are available to make judgment (Crook et al. 2004). This 
confirms that C. destructor is capable of binary recognition between the famil-
iar and the unfamiliar. This response is consistent with dear enemy theory where 
animals prefer to spend time with familiar individuals, even if they are stronger, 
rather than battle with the unknown and risk higher energetic cost (Fisher 1954).

In addition, P. clarkii is attracted to it’s reflection in mirrors (Drozdz et al. 
2006; May and Mercier 2006). This discovery could be evidence of a form of vis-
ual self-recognition similar to that of humans recognising their own reflection. It 
needs further testing, however, because the outcome was different depending on 
the social status of the crayfish (May and Mercier 2006). That is, P. clarkii may 
only recognise its reflection as a “crayfish”, not as itself, or only be responding to 
movement of an object.

The familiar recognition and potential self-recognition experiments with 
C. destructor and P. clarkii demonstrate that a focal crayfish can recognise up to 
two individuals. Aquiloni and Gherardi (2010), Aquiloni et al. (2010) suggest the 

Fig. 3.2  Greebling on a crayfish. Different coloured patches added to a crayfish body are used to 
determine focus areas of visual recognition in Cherax destructor. Further detail in Van der Velden 
et al. (2008)
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ability is more advanced because they demonstrated that P. clarkii can  distinguish 
between three crayfish. They allowed a female to watch two males fight and then 
gave the female a visual choice between one of those males and a third,  unfamiliar 
male. The female spent more time in the vicinity of the familiar male. This 
 outcome suggests that true individual recognition is present in some crayfish and 
provides another possible reason why crayfish might recognise one another—in 
sexual selection to identify optimal mates.

A combination of visual clues must be analysed for successful recognition 
of multiple individuals. Markings on the anterior carapace, natural colour of the 
carapace and facial width are three features that C. destructor can recognise (Van 
der Velden et al. 2008, Figs. 3.2 and 3.3). It is not possible to determine the exact 
physical features being analysed in the Van der Velden et al. (2008) study because 
facial width may, for example, be correlated to other physical attributes such as 
body size. Nonetheless, colour and facial width were not correlated so this species 
must be using at least a small matrix of cues to remember each animal it meets 
(Fig. 3.3).

Fig. 3.3  Variation in visual features of Cherax destructor: facial width (top) and colour (middle 
and bottom). Further detail in Van der Velden et al. (2008)
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The extent of the matrix of important visual clues to identity and the number 
of unique individuals able to be remembered may be increase by future investi-
gation. To date however, crayfish recognition research has been limited to para-
digms where opponents fight, whether it is to monitor behavior in that fight or a 
fight prior to an experimental test. This approach may not easily lend itself to test-
ing interactions beyond those currently known and may require a new strategy to 
reveal the full complexity of crayfish visual recognition.

Multimodal Communication and Recognition in Crayfish

Crayfish are likely to benefit if they can use more than one sense to communicate 
because in the wild conditions vary. Water can range from being stagnant to high 
flowing and turbidity can fluctuate (Merrick 1991). A changing local environment 
means that not all modes of communication will be available all the time so survival 
should favour species with multiple information channels that permit them to apply 
the best sense for the presenting conditions. We are probably yet to know how flex-
ible crayfish are in this respect, but the number of reports of evidence for multimodal 
communication in crayfish is on the increase. Callaghan et al. (2012) showed that 
chemical, tactile and visual information can be used by O. rusticus in the establish-
ment of hierarchies. By interfering with each of these modalities in turn they showed 
that in this species under the test circumstances the effectiveness ranking is chemi-
cal > tactile > visual. Bouwma and Hazlett (2001) also investigated multiple modali-
ties, but only investigated two sensory pathways. They revealed that both visual and 
chemical cues are used by Orconectes propinquus to detect fish predators.

There is also increasing evidence that one crayfish can use multiple senses to 
recognise another. Both visual and chemical information can be used in gender 
recognition between individuals of the species A. pallipes (Acquistapace et al. 
2002). Gender recognition may also influence subsequent encounters in P. clarkii, 
along with mate choice and eavesdropping—one crayfish observing fights between 
others (Aquiloni and Gherardi 2008; Aquiloni et al. 2009). Both visual and chemi-
cal information are also important in communication between familiar C. destruc-
tor opponents as mentioned in previous sections here (Crook et al. 2004).

Crayfish have a very keen tactile sense with which to explore their environment 
(Sandeman and Varju 1988; Basil and Sandeman 2000; McMahon et al. 2005; 
Patullo and Macmillan 2006) and it is likely that this also plays a part in agonistic 
behaviour, particularly in nocturnal species or those living in turbid waters. There 
is, for example, some evidence that C. destructor combines chemical informa-
tion and tensile force monitored by its claws in the establishment of dominance 
relationships (Seebacher and Wilson 2007). So it is likely that we have not yet 
revealed the full skill set of how crayfish use multiple senses, not only for recogni-
tion but also in other parts of their everyday lives.

Sorting out the use and extent of multimodal systems is challenging but the 
issues involved speak to some very interesting questions in behaviour and its 
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evolution. For example, to what extent are their residual abilities for the availabil-
ity of a parallel information channel if it is not used for a significant evolutionary 
period? What neural changes are likely to accompany this situation? What would 
this tell us about the cost of maintaining a disused channel? The variability of 
crayfish biology adds to the intrigue of how and why animals evolve their senses. 
Thus, they form a particularly attractive group for gaining insight into these kinds 
of behavioural evolutionary questions, adding to the other advantages already 
advocated by others (see reviews in Breithaupt and Thiel 2011).

Making Sense of Diversity

It is clear that the information on recognition in social crayfish is fragmentary and 
related only to a few popular study species so it is still too early to assemble the 
elements of the jigsaw into a coherent picture without extrapolation that includes 
evidence from other crustacean groups (Table 3.1). While it is tempting to use 
results from other crustacean species, particularly other decapods to fill in the gap, 
it should be clear from our brief survey here that this is likely to be a productive 
enterprise only insofar as it informs us about the range of described possibilities 
and so assist us when embarking on research with new species.  

It appears to us that we will gain a better understanding of not only recogni-
tion in crayfish, but also of the biological role of their communication, if we seek 
to study crayfish with particular ecological niches or needs and to compare the 
differences in communication systems employed. We advocate, for example, 
comparisons between crayfish living in lotic versus lentic environments, those 
with nocturnal habits against those with diurnal ones, those from clear waters 
versus those from turbid ones and so forth, the list is extensive. In this way we 
might hope to build a matrix of recognition responses based on biological fac-
tors. This understanding of the biological reasons for the evolution of particular 

Table 3.1  A summary of the different levels of recognition across crayfish species demonstrated 
so far. Six species across four genera have been the main focus of research. They have revealed 
evidence for at least five potential types, or levels, of recognition. Compiled from references 
included in the text

* May vary depending on interpretation of methods and results.

Level of recognition Species

True individual P. clarkii, C. destructor

Familiar P. clarkii, C. destructor

Gender (class) P. clarkii, A. pallipes

Status/social rank (class) P. clarkii, P. acutus,  A. leptodactylus,  C. dispar,  
C. destructor

Self(class)* P. clarkii
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communication strategies should permit us to predict the likelihood that a particu-
lar species will exhibit certain characteristics of recognition in its communication.
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Abstract The types of social recognition shown by hermit crabs are reviewed. 
Three aspects of hermit crab behavioral ecology that are important in social rec-
ognition are discussed. First, movement patterns can increase the probability of 
repeated interactions between individuals, thus increasing the possibility of social 
recognition based on past experience. Second, the phenomenon of individuality 
and consistency in the execution of behaviors is a necessary feature for individual 
social recognition. And finally, the evidence for dominance hierarchies in hermit 
crabs and the linkage to social recognition are considered. The experimental evi-
dence for social recognition in hermit crabs is reviewed. While most studies have 
demonstrated just binary or class recognition (e.g., familiar versus non-familiar), 
the work of Gherardi and coworkers provide good evidence for possible true indi-
vidual recognition in the hermit crab Pagurus longicarpus. The special considera-
tions arising from the use of gastropod shells for protection by hermit crabs are 
discussed as they relate to aspects of social recognition.

Introduction

The crustaceans called hermit crabs would not have a place in a volume about 
social recognition, if one considered what is implied by their common name. But 
hermit crabs do have a rich repertoire of social behaviors (Hazlett 1966) and the 
hermit crab Pagurus bernhardus was one of the first invertebrates to be exam-
ined for evidence of social recognition (Hazlett 1969). However, the methodology 
used in that 1969 paper was not sufficient to establish true individual recognition. 
Hermit crab behavior is strongly influenced by the use of a mobile shelter and the 
quality of the inhabited shell affects almost all aspects of hermit crab behavior 
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including social interactions (Tricarico and Gherardi 2007; Tricarico et al. 2011). 
One type of social interaction, territoriality, in the strictness sense is not shown by 
any hermit crab but if one looks at the gastropod shell occupied as a mobile ter-
ritory, than all species of hermit crabs are territorial and the search by crabs for a 
better “territory” is an ongoing aspect of hermit crab behavior that can certainly 
influence other aspects of their behavior including social recognition.

If we included the processes of sex recognition and kin recognition in the 
general idea of social recognition, hermit crabs would have a mixed score. 
Recognition by males of females, and discrimination of individual females that 
are ready to mate, has been widely reported and olfactory cues are often impli-
cated (e.g., Hazlett 1996a; Goshima et al. 1998). On the other hand kin recognition 
appears to be unlikely in hermit crabs given the dispersal of planktonic larvae such 
that close kin are unlikely to be found very near each other. Of the various types 
of recognition, social recognition and in particular, individual recognition (Steiger 
and Müller 2008; Tibbetts et al. 2008), have been studied in hermit crabs the most.

This review will, in large part, be a review of recent work of Dr. Gherardi and 
her coworkers on social recognition because they have done the majority of the 
research directly addressing social recognition. By incorporating the work of oth-
ers, I hope to increase the generality of the ideas put forth by Dr. Gherardi. In the 
first sections of this review I will address some general concepts in ethology and 
behavioral ecology that are either necessary conditions or at least increase the pos-
sibility of social recognition in hermit crabs (repeated interactions, individuality, 
and dominance hierarchies). I will then focus on recent work examining social rec-
ognition in hermit crabs.

Repeated Interactions

For natural selection to favor the ability of individual crabs to recognize signals 
from particular conspecific individuals, individuals must encounter other individuals 
repeatedly. This constraint was addressed by Gherardi et al. (2012a) in their seminal 
review and they mentioned one situation where individual hermit crabs would inter-
act repeatedly, namely interactions at a gastropod predation site. This occurs when 
a gastropod snail is being eaten by a predatory gastropod and an empty shell will 
result from the predation. One of the hermit crabs at the site will have access to the 
new shell and a series of shell switches can take place among the other individual 
crabs gathered at the site. The hermit crabs gathered at the predation site interact 
repeatedly for a number of hours or even several days (McLean 1973; Hazlett 1979), 
establishing an apparent dominance hierarchy with the “alpha” crab in the location 
where the new empty shell is most likely to appear. Interactions and multiple shell 
changes at a predation site can be either intraspecific or interspecific (Hazlett et al. 
1996). It is conceivable that crabs could have repeated interactions with individuals 
of other species as they fight via visual displays for the best positions near the preda-
tion activity, thus recognition of individuals of other species is a possibility.
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Another type of event that can facilitate repeated interactions among individual 
hermit crabs is their shell exchange behavior. In some species it has been reported 
that a shell exchange attempt (one crab attempting to obtain the shell inhabited by 
another crab) attracts other crabs to the site (Rittschof 1980). Numbers of crabs 
gather around the interacting pair and numerous agonistic interactions occur. 
While these “scrums” (Hazlett and Rittschof 1997) do not appear as organized as 
the interactions of crabs at a predation site and they do not appear to last as long as 
predation sites, repeated interactions between individuals can occur.

In addition to interactions at a predation site or shell exchange attempt, indi-
vidual hermit crabs have the opportunity to interact repeatedly under other circum-
stances because their patterns of daily movements keep them near each other. The 
Caribbean species Clibanarius tricolor and Pagurus miamensis both aggregate in 
large clusters of conspecific individuals every day (following dispersal at night) 
and they orient, by odors from groups of conspecific individuals, to the same 
group day after day (Hazlett 1966). These groups can be large but repeated indi-
vidual interactions are possible. Clustering also occurs in the Mediterranean spe-
cies Clibanarius erythropus (Gherardi and Benvenuto 2001). A similar pattern of 
repeated interactions can occur in the Hawaiian species Calcinus elegans, where 
individuals stay in the same small tide pool for at least 4–7 days, when the crabs 
occupy certain species of shells (Hazlett and Bach 2009). Similarly, individuals of 
Calcinus hazletti can be found on coral reefs within a few cm of the same loca-
tion and other marked individuals for at least 3–4 days in a row (Hazlett and Bach, 
unpublished results of mark-recapture studies). In general, crabs occupying the 
high intertidal often cluster together at low tide (Gherardi and Vannini 1993) and 
have the opportunity for repeated interactions among individuals.

It would appear that for a number of species of hermit crabs, movements result 
in crabs returning to the same location on a daily basis and thus repeated inter-
actions between individuals could occur. In other species, this does not appear to 
be the case. For example, the daily movements of Clibanarius vitattus in North 
Carolina are quite extensive (individual crabs move many meters daily) and 
marked individuals do not end up near the same marked individuals very often 
(Hazlett 1981). If repeated interactions between individuals are a prerequisite 
for natural selection favoring the capabilities (both sending and receiving signals 
identifying individuals) necessary to show individual recognition, we can predict 
which species are more likely to show social recognition (including individual rec-
ognition) by knowing something about their patterns of daily movement.

Individuality

It would seem obvious that for hermit crabs to show social recognition, and espe-
cially individual recognition, there should be both differences among individu-
als in some features detectable by receivers and consistency in those differences. 
Crabs must show differences in some features if other individual crabs are to 
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detect and react to those differences. And unless crabs are to some degree consist-
ent in their behavioral tendencies, social interactions that include responses to dif-
ferences in behavioral tendencies should not occur. It may not be critical for social 
recognition that animals show behavioral syndromes (behaving with similar ranks 
in the execution of different behaviors), but consistency in at least some behav-
iors is critical. While some workers have used the term “animal personalities” (see 
Bergmuller and Traborsky 2010) to indicate that there are consistent differences 
among individuals, I prefer the non-anthropomorphic term individuality.

While there have been a number of recent studies demonstrating individual-
ity (and behavioral syndromes) in a number of species, there are relatively few 
such studies involving hermit crabs (Gherardi et al. 2012b). Briffa and cowork-
ers (Briffa et al. 2008; Briffa and Twyman 2011) have shown that individuals of 
P. bernhardus differ from one another in the tendency to execute certain behavior 
patterns and are consistent in these differences across environmental conditions. 
However, some aspects of individual consistency in P. bernhardus were affected 
by temperature (Briffa et al. 2013), that is, the degree of consistency can be 
affected by general environmental conditions. Hazlett and Bach (2012) examined 
the defensive responses of three species of Hawaiian hermit crabs and found that 
there were significant individual differences within species in the strength of those 
responses and that the ranks of crabs in one type of test correlated well with the 
ranks in a second type of test (i.e., crabs showed behavioral syndromes). However, 
there was evidence of individuality (and behavioral syndromes) in only two of 
the species, Calcinus laevimanus and C. elegans. In the third species, Calcinus 
haigae, there were no significant differences among individuals in the strength of 
their responses to cues indicating increased predation risk. We can speculate that 
C. haigae is different because it appears to be in very well-fitting shells in nature. 
It seems clear that we can predict that social recognition and individual recog-
nition would be more likely in individuals of P. bernhardus, C. laevimanus and 
C. elegans than in individuals of C. haigae.

Dominance Hierarchies

When a set of individuals interact repeatedly and there is a predictable winner in 
agonistic interactions with one animal winning over all others, a “beta” animal 
winning over all animals except the most dominant, and so on to the omega animal 
which loses to all others in the group, this is called a dominance hierarchy. In a 
classical dominance hierarchy the intensity of agonistic interactions decreases over 
time as individuals presumably recognize each other and retreat from one another 
without executing the strong displays used in the initial interactions establishing 
the hierarchy. Social inertia can also contribute to the stability see in established 
hierarchies. The hermit crab Pagurus pollicaris appears to form dominance hierar-
chies as they gather around a snail predation site both in the field (McLean 1973) 
and in the laboratory (Hazlett 1979). However, while the linear order of domi-
nance is quite strong, the intensity of agonistic interactions did not decrease over 
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time so one could question whether individuals of P. pollicaris are recognizing 
one another based on past interactions or simply reliably reacting to behavioral 
cues shown by other individuals. That is, an ordered arrangement of dominance 
could occur without individuals recognizing other individuals based on past inter-
actions. The observations of Gherardi and Atema (2005a) showed that individu-
als of Pagurus longicarpus recognize group members after initial interactions, 
even before a stable hierarchy is established. However, the recognition reported 
by Gherardi and Atema (2005b) is binary (familiar versus unfamiliar individuals) 
rather than individual recognition in the strict sense.

Evidence for Social Recognition in Hermit Crabs

While my 1969 paper on P. bernhardus may have been the first to try to examine 
social recognition in crustaceans, the methodology used was not sufficient to con-
clude that individual recognition occurs in hermit crabs, and thus the use of quota-
tion marks around the word “individual” in the title of that paper. Crabs that had 
been repeatedly interacting with one another for a week did interact differently 
with a “stranger” that was introduced on the last day of observations. Thus indi-
viduals of P. bernhardus did appear to recognize the class “non-group member” or 
“unfamiliar” but not necessarily a particular individual.

The recognition of two or more classes of individuals has been termed binary 
recognition (Boal 1996), and has been reported in the hermit crab P. longicarpus 
Gherardi and Tiedemann (2004a, b). They recorded the frequency of behavior pat-
terns executed by focal individuals when those crabs were exposed either to just 
chemical cues, just visual cues, or both visual and chemical cues from familiar and 
unfamiliar conspecifics. The focal crabs clearly differentiated between the classes 
“familiar” and “unfamiliar” thus showing binary recognition. Moreover, crabs dis-
criminated more clearly using olfactory cues than when using just visual cues. Of 
course the importance of chemical cues in the behavior of aquatic organisms in 
general is well known, including the Paguroidea (Gherardi and Tricarico 2011). 
In addition, Gherardi and Tiedemann (2004a, b) demonstrated that individuals of 
P. longicarpus showed self-recognition, responding differently to self-odor com-
pared to odors from other familiar conspecifics. Multimodal recognition has been 
reported in other crustaceans (Crook et al. 2004; Aquiloni and Gherardi 2010) 
thus it is not surprising that hermit crabs may use sensory modalities in addition to 
olfaction in their social interactions.

The ability of hermit crabs to recognize individuals in the strict sense was 
tested most critically by Gherardi et al. (2005). Working with P. longicarpus they 
compared the behavior of focal individuals (the “receivers” of potential chemi-
cal signals) to two familiar individuals and to two unfamiliar individuals. The two 
crabs in each of the categories (familiar and unfamiliar) occupied different quali-
ties of shell. In the tests with both classes of “senders”, individual P. longicar-
pus differentiated between self-odor and non-self-odor, as shown by Gherardi and 
Tiedemann (2004a, b). Receivers did not differentiate between the two unfamiliar 
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individuals occupying shells of different qualities. However, when the two send-
ers were both familiar to the focal crab, that focal crab responded differently to 
the two individuals. Moreover, when the senders were placed in shells of differ-
ent qualities than they inhabited when they first interacted with the focal animals, 
the discrimination of familiar individuals by the focal crab was no longer shown. 
That is, individuals of P. longicarpus were able to use chemical cues to recognize 
both individual crabs and something about the quality of the shell which each of 
the two familiar crabs occupied. In the Gherardi et al. (2005) study, it appears 
that what could be termed possible true individual recognition occurs. It remains 
unclear whether crabs were responding to any chemical cues from the shells them-
selves or to some chemical or chemicals given off by a hermit crab when it is 
occupying a shell of a particular quality.

In their review, Gheradi et al. (2012a) rightfully question if senders will always 
profit from identifying themselves. The phenomenon of shell exchanges in her-
mit crabs may provide a reason for identification. Shell exchanges are energeti-
cally expensive for the initiator (Mowles et al. 2010) and dangerous for both crabs 
given that predators may be attracted to the interaction. In the case of hermit crabs 
involved in a shell exchange attempt, there could be special complications, which 
derive from the fact that the “quality” of a particular shell varies with the size of the 
crab. The signals from the non-initiator crab presumably indicate something about 
that crab and what the quality of the shell is to that crab. There is a separate piece of 
information about how good the shell will be to the other crab (the initiator/aggres-
sor) involved in the shell exchange. The advantage to the sending crab (the non-ini-
tiator in a shell exchange) is that the signal should indicate to the initiating crab how 
resistant the non-initiating crab will be to leave its current shell and this information 
may deter some interactions by a potential initiator (Hazlett 1996b). Initiating crabs 
(Hazlett 1996b) appeared to select shells occupied by other crabs that were not only 
better for them in size, but that were not particularly good for the non-initiator occu-
pying them. It would also be advantageous to potential initiators to not repeatedly 
engage in shell exchange behavior with individuals that will not exchange shells 
with them assuming the initiators could identify such individuals (as long as they 
are in the same-quality shell, Gherardi et al. 2005). This avoidance of executing 
behaviors when success of shell exchange is low is similar to the avoidance of shells 
with the entrance blocked based upon past experience (Jackson and Elwood 1989). 
It should be noted that there are advantages to social recognition in shell exchange 
behaviors whether the crabs appear to be following the negotiations model (Hazlett 
1996b) or aggression model (Briffa et al. 1998) of shell exchange.

In their summary of the properties of social recognition systems, Gherardi et al. 
(2012a) listed a number of potential properties of social recognition systems, in 
particular true individual recognition, and outlined the extent to which those prop-
erties have been demonstrated in hermit crabs. Of the 8 properties, 6 have been 
demonstrated in hermit crabs, primarily for P. longicarpus. One property is com-
patibility of TIR (True Individual Recognition) with the social system of the study 
organisms. In this review, I have added some aspects of hermit crab social systems 
that would increase the occurrence of repeated interactions and thus the possibility 
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of TIR. A second property is adaptive value of the TIR and I have mentioned a 
possible additional feature of hermit crab interactions (shell exchange) that may 
increase the adaptive value of individual recognition. The other four properties 
listed by Gherardi et al. (2012a) that have been demonstrated in hermit crabs were 
compatibility of the TIR system with receiver’s physiology, association of the 
TIR system with the receiver’s experience, plasticity of templates and matching, 
and sender specificity of the receiver’s actions. The two properties that Gherardi 
et al. (2012a) felt have not been demonstrated for hermit crabs both involve the 
signature cues utilized (specificity of signature cues and inter-individual variation 
of signature cues). Signature cues refer to the signals that are used by a receiver 
to identify individuals. Almost all published reports on social recognition in her-
mit crabs suggest that the cues will be chemical in nature, but the chemical iden-
tity of those cues and the question of specificity in the cues will require additional 
research. Variation in signature cues also needs to be addressed explicitly once the 
class of chemicals used as signature cues has been identified.

In conclusion, as the methodologies developed by Gheradi and co-workers are 
applied to other species of hermit crabs, we can begin to look at questions of the 
effects of differences in ecology on social recognition and look for phylogenetic 
patterns. Both of these lines of inquiry will of course require testing taxa in addi-
tion to model organisms such as P. longicarpus and P. bernhardus.
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Introduction

Shrimps are ubiquitous crustaceans in most aquatic environments (Bauer 2004). 
They occur in a wide range of social associations with conspecifics and also with 
other species (Fig. 5.1). Associations may consist of a minimum of two individuals 
(typically male and female), groups of several individuals (Baeza et al. 2010), and 
even reach aggregations of hundreds or more in commercially important schooling 
species of pandalid carideans and dendrobranchiate shrimps. Snapping shrimps 
(Alpheidae) are also the only marine invertebrate taxon with species that live in 
large eusocial groups (up to several hundred individuals), which are dominated by 
one or several queen-like females (Duffy 1996, 2007).

Given the diversity of group-association patterns in animal taxa, it is not surpris-
ing that a wide range of social associations and behaviours are reported for caridean 
shrimps (Bauer 2007), for example, dominance hierarchy among males (Ra’anan 
and Cohen 1985; Correa et al. 2003), coordinated defense by colony members in 
eusocial shrimps (Tóth and Duffy 2005), and pair living (Seibt and Wickler 1979; 
Knowlton 1980; Bauer 2004; Wong and Michiels 2011; Baeza et al. 2013). Since 
some species are known or supposed to cohabit for long time periods with conspe-
cifics, it is to be expected that various levels of conspecific recognition have evolved.

Herein we review the existing literature on recognition in decapod shrimps, 
with emphasis on carideans, the group in which social recognition has been best 
studied. We present examples of the principal communication patterns currently 

Fig. 5.1  External anatomy of a caridean shrimp, Alpheus glaber. The first pereopods (p1) are 
modified as specialized chelipeds. a1if inner flagellum of antennule (antenna 1); a1of outer fla-
gellum of antennule; a2f flagellum of antenna (antenna 2); aes aesthetascs; c carapace; mx3 third 
maxillipeds; p1-5 pereopods (walking legs) 1-5; pd pleopod (swimming legs); pl abdominal pleu-
ron; t telson; u uropod. Adapted from Holthuis (1955)



595 Social Behaviour and Recognition in Decapod Shrimps …

known in this group. We also highlight exciting cases for which more knowledge 
is urgently needed in order to understand the evolution of social behaviours in 
these beautiful crustaceans.

Shrimp Life Styles and Habitats

Most shrimps are medium-sized, being slightly larger than amphipods or isopods, 
but usually smaller than lobsters and many crabs. They have a well-developed 
abdomen and two pairs of chelipeds that can be morphologically quite variable 
(Fig. 5.1). These chelipeds may be used for food-processing, grooming, intra- and 
interspecific fights, and mating interactions. Females of caridean and stenopodid-
ean shrimp species incubate their embryos under their abdomen and the eggs hatch 
into dispersing planktonic larvae in most species or benthic postlarvae or juveniles 
in some species (Bauer 2004).

Carideans are a taxonomically and ecologically diverse group (Bauer 
2004) (Fig. 5.2). They are the most speciose of decapod shrimps, with at least 

Fig. 5.2  Solitary caridean shrimp Campylonotus vagans (upper left), pair-living Lysmata sp. 
(upper right), gregarious Hippolyte williamsi (lower left), and monogamous stenopodidean 
shrimp Stenopus hispidus (lower right). Photographs courtesy of Dirk Schories (upper left) and 
Raphael Ritson-Williams (upper and lower right)
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3400 species, compared to other shrimp taxa (Dendrobranchiata: 534 species; 
Stenopodidea: 70; DeGrave and Fransen 2011). Their geographic and bathymet-
ric distributions are quite broad, as they occur in freshwater, estuarine and marine 
habitats. In the oceans, carideans occur at all depths and latitudes from pole to 
pole. They are an important component of neritic, pelagic, and deep-sea communi-
ties, occurring epibenthically over rocky, coral and soft sediments (sand and mud). 
Commercially important carideans, mainly pandalids and crangonids, are school-
ing species that move over soft-bottom marine habitats where they can be fished 
by trawling (Bergström 2000; Bauer 2004). Many carideans dig themselves into 
soft sediments during the day to emerge at night, and other species occupy more 
permanent burrows, often with a sexual partner. Carideans are a key component of 
seagrass and coral reef communities, and many species live in symbiotic associa-
tions with invertebrate hosts (Bruce 1976; Bauer 2004).

The Dendrobranchiata comprises the pelagic sergestoid and epibenthic 
penaeoid shrimps (Dall et al. 1990; Tavares and Martin 2010). The only known 
type of social organization in these shrimps is schooling, i.e., occurrence in 
large mobile aggregations. Penaeoids are subtropical and tropical species which 
are the most important component of the world’s shrimp fisheries (Bauer 2004; 
Tavares and Martin 2010). The Stenopodidea is a small group with two major 
families, one (Stenopodidae) with species in shallow rocky and coral reef habitats 
in warm waters (Chockley et al. 2008; Goy 2010), while members of the other 
family (Spongicolidae) are associates of deep-water invertebrate hosts, espe-
cially hexactinellid (glass) sponges (Saito and Takeda 2003; Goy 2010). Most 
Stenopodidean species (for which such information is available) are reported to 
live as adults in male-female pairs (e.g. Saito et al. 2001; Goy 2010).

Mechanisms of Recognition

Decapod shrimps use waterborne (olfactory), contact or visual signals, or a com-
bination of these, for social recognition. Specialized setae on the antennal (sec-
ond antenna) flagella, third maxillipeds, and anterior pereopods are used to detect 
contact pheromones (Bauer 2011). Similar to other decapods (e.g. clawed lobsters, 
spiny lobsters, and crayfish; Aggio and Derby 2011; Breithaupt 2011), the first 
and second antennae are the main sites to perceive olfactory and contact signals 
(Fig. 5.1). Putative candidates for distance olfactory pheromone and contact pher-
omones have been identified in some species (Bauer 2011).

Waterborne cues are used by many shrimp species to obtain information about 
other individuals; in some species, the sender could even direct specific currents 
towards a receiver. For example, female Hymenocera picta produce a pheromone 
that is perceived by their male partners, which recognize their female partners 
among several shrimps (Seibt 1973). In the big-clawed snapping shrimp Alpheus 
heterochaelis, waterborne cues are important to differentiate between familiar 
and unfamiliar individuals (Ward et al. 2004). Transfer of these waterborne cues 



615 Social Behaviour and Recognition in Decapod Shrimps …

is facilitated by various behaviours of the emitting and receiving individuals. 
Alpheus heterochaelis produce various kinds of currents generated by the anterior 
appendages; some of these currents may be important in chemical communications 
(Herberholz and Schmitz 2001). A fast, strong, anterior-directed current is initiated 
after contact with a conspecific of either sex or with an interspecific shrimp. This 
current can likely reach the opponents’ area of chemical perception. The frequency, 
duration, and range of the current are lower in encounters with interspecific indi-
viduals than in interactions with conspecifics. Moreover, the number of fast 
anterior gill currents is higher in winners than in losers of same-sex interaction, 
suggesting a role in hierarchy formation. Another current, the lateral gill current 
is produced by movements of the scaphognathites (the exopodites of the second 
maxillae), which is the most frequently observed current in A. heterochaelis; it has 
long intervals but has a short range and a low velocity. Lateral gill currents can 
likely improve the shrimps’ ability to sense nearby chemical signals by constantly 
refreshing the area around its chemical receptors (Herberholz and Schmitz 2001).

The olfactory antennules and chemotactile antennae (first and second antennae) 
are important in perceiving the pheromones that permit differentiation of mates 
from non-mates, but the frequency of antennal exploration of other individuals 
may differ substantially between males and females, and also between different 
species (Vickery et al. 2012). In alpheid snapping shrimps, the antennae are used 
during initial contacts between individuals and the antennules are important for 
pair formation. During initial contacts, mutual antennulation (contact of one or 
both chemotactile antennae between two individuals) is more frequently observed 
in heterosexual than in homosexual interactions in both Alpheus heterochaelis and 
A. normanni (Nolan and Salmon 1970). Mutual antennulation often led to threat 
postures with open chela in homosexual interactions of both sexes. Successful 
pairing, however, may require olfactory function of the antennules. In Alpheus 
edwardsii, ablation of the antennae only slightly reduced heterosexual pairing fre-
quency (Jeng 1994). However, ablation of the olfactory antennules (especially the 
outer antennular flagellum bearing the aesthetasc tufts) strongly reduced hetero-
sexual pairing and increased homosexual pairing frequencies.

In Macrobrachium rosenbergii, the anatomy of the olfactory receptors, aes-
thetascs, and neural pathway to the brain have been examined (Kruangkum 
et al. 2013). Ablation of the lateral antennule (bearing aesthetascs) in males sig-
nificantly reduced the mating success, but ablation of the antenna also caused a 
reduction in success. These results suggest that both olfaction (aesthetascs) and 
contact (antenna) may be involved in detection of olfactory or contact phero-
mones, respectively, and mate recognition in this species.

Potential candidates of distance and contact pheromones have been identified in 
two species of caridean shrimps, respectively. In the peppermint shrimp Lysmata 
wurdemanni, distance and contact pheromones operate together for successful 
copulation. Distance pheromones led to pre-copulatory approach and following 
behaviour for 5–120 min before the female moulted, while contact pheromones 
induced copulatory behaviour (Zhang and Lin 2004). Males tracked and located 
premoult females but not premoult males, presumably using distance pheromones 
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specifically released by premoult females (but visual cues were not excluded) 
(Zhang and Lin 2006). “Washed” receptive females, which had insignificant 
amounts of distance pheromones, were not followed by males, but copulation still 
occurred after the male contacted the female with his antenna/antennules. Ablation 
of both antennae and antennules inhibited detection of distance and contact phero-
mones and resulted in no mating between males and receptive females. However, 
ablation of the outer flagella of the antennules inhibited only the detection of dis-
tance pheromones. A compound similar to the shore crab sex pheromone Uridine-
di-phosphate was identified as the potential distance pheromone (Zhang et al. 
2010). Aesthetascs on the outer flagella are likely the site of detection for distance 
pheromones, since they are innervated by olfactory receptor neurons and can pos-
sibly detect distance sex pheromones (Zhu et al. 2012b). Male-phase individuals 
of L. wurdemanni and several congeners have higher numbers of aesthetascs than 
those in the female (euhermaphrodite) phase, but this may be caused by delayed 
sex change in some males that attain larger sizes (Zhang et al. 2008; Zhu et al. 
2012b). Moreover, the number of aesthetascs are also much higher in group living 
species (L. wurdemanni and L. boggessi) than in pair-living or low density species, 
suggesting the importance of aesthetascs in social interaction (Zhang et al. 2008; 
Zhu et al. 2012b). Despite the demonstration of waterborne pheromones, the pro-
duction and source of these pheromones are still unknown. However, as in other 
crustaceans, waterborne signals are likely contained in urine released anteriorly 
through a pair of nephropores (Breithaupt 2011).

Contact signals/pheromones have been suggested in many shrimp recognition 
systems because contact by the antennae appears to initiate specific behaviours 
(e.g. snap or courtship). In the grass shrimp Palaemonetes pugio, males respond 
to postmoult parturial (sexually attractive) females only after touching them with 
the antennal flagella or the pereopods (Bauer and Abdalla 2001). Comparison 
of visual, tactile and behavioural cues as sexual signals pointed to the presence 
of a contact sex pheromone (Caskey and Bauer 2005) and further experiments 
identified glucosamine or a glucosamine-containing glycoproteins as the likely 
candidates (Caskey et al. 2009). Males can discriminate between reproductive 
(postmoult, parturial) and nonreproductive (nonparturial) females on the basis 
of contact chemoreception mediated through chemoreceptors on their antennae 
(Bauer 2011). Similar mechanisms are probably involved in mating behaviour and 
recognition of conspecifics in other aggregated and schooling species.

The contact recognition described for Palaemonetes pugio may be typical of 
shrimps with the pure-searching mating system (Wickler and Seibt 1981; Bauer 
2004, 2011). These species generally live in aggregation with small males and larger 
females where frequency of contact is high. Females “hide” their reproductive con-
dition as much as possible until after the moult, perhaps to prevent male harassment 
of females before they are receptive (Bauer and Abdalla 2001). Across carid-
ean shrimps, at least 11 species are known to have pure-searching mating system 
(Correa and Thiel 2003) where the use of contact pheromones may play a crucial 
role in mate recognition. Pure search is the only known mating system for penaeoid 
shrimps (Bauer 1996), a group composed of aggregated or schooling species.
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A potential mechanism for contact signal recognition is the ability of lectins to 
bind to specific carbohydrates on cell surfaces. Most studies on lectins in shrimps 
have focused on non-self-recognition for immune defense against microorgan-
isms (Marques and Barracco 2000). Interestingly, N-acetyl-glucosamines (and 
mannose) are also found on the oocyte envelopes of Rhynchocinetes typus, which 
play an important role in spermatozoon recognition prior to the onset of penetra-
tion (Dupré et al. 2012). This suggests that similar chemical mechanisms may be 
employed for different recognition conditions in shrimps. Different sugar specific-
ity and structural diversity have been observed for some species of crustaceans. 
In copepods, surface glycoproteins that can be targeted by lectins were shown to 
be important in mate recognition (Lonsdale et al. 1996, 1998). In grass shrimp 
Palaemonetes pugio, gas chromatography-mass spectrometry analysis of extracts 
from the cuticle also showed that cuticular composition of postmoult parturial 
females is very different from that of nonparturial females, males, and intermoult 
females (Caskey et al. 2009). The exact receptor and contact pheromone for social 
recognition have yet to be identified in caridean shrimps.

Felgenhauer and Abele (1982) suggested that also visual cues are involved 
in the recognition of mating partners in Atya innocuous. Similar observations 
have been reported by Díaz and Thiel (2004) who showed that in the rock shrimp 
Rhynchocinetes typus males recognize the presence of a reproductive female by vis-
ual cues from aggregations of males attempting to mate with the female. Although 
colouration is seldom sexually dimorphic in shrimps, Knowlton (1980) showed that 
males of Alpheus armatus had more colourful uropod spines (and larger snapping 
chelae) than females, and the mating system was polygynous. However, the mating 
system of the related A. immaculatus, from a nearby area with higher predation pres-
sure, was more monogamous, and sexual dimorphism in colouration and chela size 
was absent and slight, respectively. Thus, visual cues in species with sexual differ-
ences in colouration may be important in mate recognition and should be investi-
gated further. Visual cues also play a role in mate recognition in the stenopodidean 
S. hispidus, but chemical pheromones are much more important, with the strongest 
reaction when shrimps perceived both types of cues (visual and contact pheromone) 
in combination (Johnson 1969). Male Alpheus heterochaelis also modulate their 
behaviours in response to both pheromones and visual (open chela) signals (Hughes 
1996a). Overall, visual signals have not received much investigation in caridean 
shrimps, but such cues may be important since shrimps have well developed com-
pound eyes. However, chemical and contact pheromones may be a more efficient 
means of communication in complex habitats or for secretive and nocturnal species.

Familiar Recognition: Met Before?

As in other crustaceans, in some shrimp species the probability of meeting repeat-
edly is high. For example, this could be the case in burrow-living shrimps that 
defend burrows and forage in the vicinity of their home burrow, or in species that 
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live in comparatively persistent aggregations, e.g. in crevices or on large hosts. 
Under these circumstances it may be advantageous for shrimps to recognize indi-
viduals they have interacted with before, for example to prevent potential injury 
by aggressive interactions. While recognition of familiar conspecifics has been 
described for various decapod crustaceans (e.g. Karavanich and Atema 1998; 
Gherardi et al. 2012; Tierney et al. 2013), this has not been explicitly tested for 
shrimps. Given that some shrimp species have evolved mechanisms to distinguish 
particular classes of individuals (see below) it is not unlikely that they also can 
recognize conspecifics they have met before.

There are intriguing reports that suggest that familiar recognition may not 
be uncommon among shrimps. For example, in the pair forming clown shrimp 
Hymenocera picta (Wickler and Seibt 1970), males guard their mates continu-
ally by fighting off rival males; observation of their behaviour suggests individual 
recognition ability (Seibt 1974; Seibt and Wickler 1972). In the cleaner shrimp 
Lysmata debelius from the tropical Pacific, an individual would spend significantly 
more time near its familiar mate than near a stranger in an experimental chamber 
(Rufino and Jones 2001).

In the big-clawed snapping shrimp Alpheus heterochaelis, an individual can 
discriminate between its mate and a stranger after separation for 24 h: the interac-
tion with a stranger is more aggressive and less pairing behaviour was observed 
(Rahman et al. 2001). When pairing did occur between a resident female and a 
strange male, the latency to pairing was similar to pairing between familiar mates. 
However, when pairing occurred between a resident male and a strange female, 
the latency to pairing was much longer. Thus, there is potentially an interaction 
between sex and familiar recognition. Similar discrimination was also found 
between familiar and unfamiliar same-sex individuals based on waterborne cues 
alone (Ward et al. 2004).

Familiar recognition is also found in other decapod shrimps. In the stenopo-
didean banded shrimp Stenopus hispidus from Hawaiian reefs, mating pairs are 
thought to persist for repeated reproductive events despite frequent short-term 
separations at night. In encounters staged between previous mating partners, the 
individuals showed less aggression and courtship interactions than in encounters 
between heterosexual individuals that had never met before (Johnson 1969, 1977). 
Individuals can differentiate their mates from strangers, after having being sepa-
rated for as much as 6 days (Johnson 1977).

Social Recognition

Social Environment

In some species, individuals appear capable of recognizing the social environment, 
translating this information into behavioural decisions or developmental pro-
cesses. For example male-phase Lysmata wurdemanni delay sex change if they are 
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maintained with female-phase (simultaneous hermaphrodite) individuals, which 
offers them ample opportunities to mate with the latter, which can breed both as 
male and female. Most likely males recognize the social environment via their 
successful mating investments (Baeza 2007a). The frequent and complex interac-
tions within large groups may represent important stimuli for adaptive sex-change 
(Baeza and Bauer 2004). In L. amboinensis, which breed in pairs of simultaneous 
hermaphrodite individuals, Wong and Michiels (2011) observed that moulting fre-
quency was higher in these pairs than in groups of 3 or 4 individuals—they sug-
gested that the risk of cannibalism after moulting leads to moult suppression in 
groups. Moulting is necessary for simultaneous-hermaphrodite individuals to mate 
and spawn as females. In pairs, the risk of cannibalism is reduced because indi-
viduals take turns moulting and reproducing as females, and the individual acting 
as male does not attack and eat its pair partner.

In Hymenocera picta females reached sexual maturity much faster when main-
tained with males than when kept in isolation, but solitary females reached larger 
body sizes (Fiedler 2002). In male river shrimp Macrobrachium rosenbergii, matu-
ration to the next sexually mature morphotype is accelerated when males of that 
morphotype are lacking from the social groups (Ra’anan and Cohen 1985). In the 
snapping shrimp Alpheus angulatus, males abandoned recently mated females 
more often when held in groups with female-biased sex ratio than in groups with 
equal sex ratio (Mathews 2002).

These reports suggest that shrimps are capable of detecting the size and compo-
sition of groups, resulting in group-dependent variations in moulting and develop-
ment: individuals remain in (or proceed to) the developmental stage that is most 
favorable in the respective social environment. This is also indirect evidence that 
these species can recognize conspecifics of certain class in their social environ-
ment (e.g. sex and morphotype). The mechanisms of how social cues translate into 
physiological processes are not well understood.

Class-Level Recognition: Which Gang Do You Belong to?

Recognition of Conspecifics

In many marine systems, closely related species of caridean shrimps live within 
the same habitats. Consequently, it is important for individuals to discriminate 
against shrimps from other species. The antennae are commonly employed in 
recognition of conspecifics, most likely via chemical cues that can be transported 
with water currents (Herberholz and Schmitz 2001) or via contact chemicals on 
the body surface of the shrimps (Vickery et al. 2012).

The two peppermint shrimps Lysmata wurdemanni and L. boggessi are closely 
related, have partially overlapping distributions, but live in different habitats 
(Rhyne and Lin 2006). Both species are protandric simultaneous hermaphrodites 
in which juveniles mature as males (male phase) and later become simultaneous 
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hermaphrodites that resemble and function as females (female phase) but have male 
function; we will refer to these two phases simply as MP and FP, respectively. Zhang 
et al. (2009) and Zhu et al. (2012a) found that reproductive isolation of the two spe-
cies are due to differences in the molecular composition of sex pheromones leading 
to asymmetric mate recognition. MP L. boggessi rarely mate with FP L. wurdemanni 
because males cannot recognize the soluble sex pheromones from those FPs. In 
contrast, MP L. wurdemanni can recognize sex pheromones from moulted FP of L. 
boggessi and displayed pre-copulatory behaviour, but FP L. boggessi repelled MP 
L. wurdemanni likely by visual cues. Regardless of these FP behaviours, heterospe-
cific matings between MP L. wurdemanni and FP L. boggessi occurred but only in 
the dark and not under light. Since moulting and mating of L. wurdemanni primarily 
occurred at night (Bauer and Holt 1998), it is unclear whether the observed asym-
metric mate recognition between the two species translates into pre-zygotic isolation.

Eusocial colonies of Synalpheus regalis live in canals of marine sponges in 
the Caribbean, where the same species of sponge may be host to more than one 
Synalpheus species (Macdonald et al. 2006). Colony members reacted differ-
ently to conspecific nest-mates and congeners (Duffy 1996; Duffy et al. 2002). 
Conspecific nest-mates that were isolated overnight were accepted peacefully into 
the colony with very little aggression. In contrast, congeneric intruders induced 
elevated aggression and were sometimes killed. Immediately after antennal con-
tact, residents usually snap at the interspecific intruder with its enlarged major 
chela (first pereopod), suggesting the presence of a contact chemical cue.

Many shrimps live in large, often mixed-species, aggregations or schools 
(Butler 1980; Bergström 2000). In large-bodied species, this behaviour makes 
them susceptible to fishing by trawling or other large netting devices, and thus 
considerable attention has been given to them by fisheries and aquaculture biolo-
gists. Although their social behaviour is little known, their mating behaviours have 
been studied sufficiently so that their mating system can be identified as “pure 
search” (Wickler and Seibt 1981; Bauer 1996, 2004). In this mating system, typi-
cal of species with small males and larger females, males are able to make fre-
quent contact with females because of the aggregated or schooling behaviour of 
the species. Such aggregations are mobile and thus males have little opportunity 
to defend or guard a female. Recognition of conspecifics must be important to the 
maintenance of these large mixed-species schools so that the aggregation does not 
scatter below a critical density. Both contact and distance chemoreception may be 
involved in both remaining near conspecifics as well as recognition of an appropri-
ate mating partner. Little work has been done in this area but should be a fruitful 
topic of future research.

Recognition of Potential Mates and Their Reproductive Status

In caridean shrimps, the female receptive period is always confined to a short period 
after moulting. Therefore, the selective pressure for males to detect a female when 
she is approaching a moult and receptivity to mating is high. Accordingly, many 
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cases of recognition of potential mates and their reproductive status are documented 
in caridean shrimps, making use of chemical, contact and visual signals Table 5.1. 
Potential candidates of distance and contact pheromones have been identified in 
Lysmata wurdemanni and in Palaemonetes pugio, respectively (section “Mechanisms 
of Recognition”).

Male and female Hymenocera picta were capable of distinguishing between 
non-moulting male and female conspecifics but only if they could touch them 
with their antennules (Seibt 1974). Males used distance pheromones to recognize 
recently moulted females (Seibt 1973, 1974). Small amounts of water conditioned 
by a moulting female seem sufficient to attract males from different parts of a large 
(0.7 m2) holding tank (Seibt 1974). In experimentally formed pairs of H. picta, the 
physical distances between individuals decreased in heterosexual pairs as soon as 
both partners had attained sexual maturity, but the members of homosexual pairs 
maintained substantial distance to each other throughout the experiment (Fig. 5.3) 
(Fiedler 2002). Similarly in the freshwater shrimp Atya innocuous, the moulting 
females are recognized by males that are a few cm away from them (Felgenhauer 
and Abele 1982). In Palaemon paucidens, searching behaviour of males was only 
initiated when a postmoulted parturial female (with mature ovaries) or water condi-
tioned by her was present (Kamiguchi 1972). In the latter case, some males would 
even attempt to copulate with a postmoult female without mature ovaries.

In the snapping shrimp Alpheus angulatus males can discriminate pre-moult and 
post-moult females based on at least waterborne chemicals. Using a y-maze appa-
ratus (Fig. 5.4), Mathews (2003) exposed males to untreated water (control) against 
water coming from a tank holding a male or female shrimp that were either (i) pre-
moult (<3 days from moulting), (ii) inter-moult (7 days after moulting or >3 days 
from moulting), or (iii) post-moult (<24 h after moulting). The differences in time 
spent in the treatment arm versus the control arm of the y-maze showed that males 
were only attracted to water coming from pre-moult females, but rejected water con-
ditioned by inter-moult females and males (Table 5.2). Mate choice experiments fur-
ther confirmed male preference for pre-moult females rather than post-moult females 
(Mathews 2003). Thus, males use waterborne chemicals to recognize females of dif-
ferent reproductive status and choose ones that offer higher reproductive return.

In another snapping shrimp species, A. heterochaelis, Hughes (1996b) found 
that individuals of both sexes do not differentiate chemical signals from either sex. 
However, chemical signals appear to modulate an individual’s response to an open 
chela, an aggressive display of snapping shrimps. Without chemical signals, males 
responded to an opened chela as a function of the presented chela size aggres-
sively by opening their chelae (Hughes 1996a). In comparison, males responded 
less aggressively to an open chela with female chemical signals, but more aggres-
sively with male signals (Hughes 1996b). When exposed to male chemical signals, 
males responded equally aggressively to an open chela regardless of the presented 
chela size; but males reduced aggressiveness to smaller chelae when female signals 
or no signals were present. Females responded equally to open or closed chelae 
and were not affected by chemical signals. Therefore, male A. heterochaelis can 
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likely discriminate the sex of an individual by chemical signals, and modulate their 
responses according to the size of the opponent using visual cues.

In the eusocial snapping Synalpheus regalis, conspecific non-nest mate intruders 
contacted the queen (the only breeding female in the colony) more frequently than 
other colony members (a mix of non-reproductive females, males, and juveniles) in 

Fig. 5.4  A Y-maze apparatus 
to test for olfactory sex 
pheromones in Alpheus 
angulatus. Solid arrows 
indicate direction of water 
and pheromone flow. Times 
spent in the two forward arms 
were compared for significant 
differences. Adapted from 
Mathews (2003)

Fig. 5.3  Intrapair distance 
(IPD) for three pair types of 
naive juveniles throughout 
a year of lab observation. 
Arrows indicate the onset 
of maturity (appearance of 
secondary sex characters). 
IPD decreased in 
heterosexual pairs after 
female sexual maturity, but 
remained high in homosexual 
pairs. Adapted from Fiedler 
(2002)
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lab experiments (Duffy et al. 2002). This also suggests that the reproductive female 
may produce pheromones that are detected by conspecifics.

Recognition of Size and Rank of Conspecifics

In many shrimp species there is substantial intrasexual variability in size and/or 
morphology. This opens the possibility that mates might choose among the indi-
viduals from the opposite sex. Moreover, when size or other phenotypic traits are 
correlated with fighting ability, rank-recognition may evolve (Gherardi et al. 2012). 
Potential physical cues include chela size in snapping shrimp (Hughes 1996b), 
chela colour and size differences between ontogenetic classes of Macrobrachium 
rosenbergi (Ra’anan and Cohen 1985), and strongly developed third maxillipeds 
and first chelae in dominant, male Rhynchocinetes typus (Correa et al. 2000).

Intersexual size-recognition has been observed in a few species. FP Lysmata wur-
demanni preferentially mated with small rather than large mating partners (Baeza 
2007b), but which stimuli they used to distinguish between mates (visual or chemi-
cal) is not known. Also, in L. pedersoni, large FP expelled small MP individuals from 
hosts, most likely because MP offered no return of female function (Baeza 2010). 
Small MPs were repeatedly struck with the third maxillipeds and/or the chelipeds.

In the big-clawed snapping shrimp Alpheus heterochaelis, which typically live 
in size-matched mating pairs, females would approach larger or same-sized males 
more often than smaller males and show more aggression (snapping) towards mates 
that are not size-matched (Rahman et al. 2002, 2004). This indicates that females 
recognize the sizes of a potential mate; such recognition is not observed in males. 
However, Obermeier and Schmitz (2003a) showed that both males and females may 
recognize the dominance status of an opponent. They exposed a loser in a first fight 
to (1) the winner of the first fight, (2) an unfamiliar winner, and (3) an inexperi-
enced opponent for three consecutive trials. They found that losers showed immedi-
ate escape and less aggressive behaviour when encountering familiar and unfamiliar 
winners, but were more aggressive against an inexperienced opponent. At least for 

Table 5.2  Testing for differences in time spent in the treatment arm (Source 1) against the 
 control (Source 2)

Results show that Alpheus angulatus males can discriminate pre-moult females based on water-
borne chemicals. Adapted from Mathews (2003)

Trial Source 1 Source 2 n Response p

1 Intermolt female Untreated 31 Negative 0.0052

2 Molted female Untreated 30 – 0.4363

3 Premolt female Untreated 32 Positive 0.0228

4 Intermolt male Untreated 31 Negative 0.0002

5 Molted male Untreated 28 – 0.1952

6 Premolt female Untreated 29 – 0.3823

7 Untreated Untreated 30 – 0.3210
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the first trial, this submissive behaviour can be explained by the recognition of a 
winner’s dominant signals. In subsequent trials, the aggressiveness of the loser 
against an inexperienced opponent gradually decreased after consecutive losses, 
which suggests a reduction of fighting motivation. Obermeier and Schmitz (2003b) 
performed a further treatment using a loser with ablated lateral antennular filaments 
against a familiar winner. Operated losers did not escape and showed the same 
aggressiveness as in their first fights (Fig. 5.5). This shows that without olfactory 
reception, an individual cannot recognize the pheromones from a dominant winner, 
even with intact antennae to detect potential contact chemical pheromones. Further 
examination confirmed that unimodal chemoreceptors (aesthetascs) are unique to 
the lateral antennular filaments (Obermeier and Schmitz 2004).

Males of Macrobrachium rosenbergi have three ontogenetic stages with 
 different mating strategies: blue claw (dominant), orange claw (intermediate), and 
small (sneaker) males (Ra’anan and Cohen 1985). After establishment of hierar-
chy between males of different ranks, aggressive acts decreased and submissive 

Fig. 5.5  Aggression scores of intact (aesthetascs present) and operated (aesthetascs ablated) 
Alpheus heterochaelis against a dominant opponent consecutively in two days. Intact shrimps 
recognized the dominant opponent in the encounter in the first day and reduced aggressiveness in 
the second encounter. However, shrimps with ablated aesthetascs did not recognize the dominant 
opponent and remain equally aggressive in the two encounters. Aggression scores were an esti-
mate of fighting motivation involving the number of contact, snap, and fast anterior gill currents. 
Adpated from Obermeier and Schmitz (2003b)
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acts increased between group members (Barki et al. 1991). This suggests that an 
individual may recognize the ranking of a conspecific and modify its behaviour to 
reduce possible injury.

An important form of mate recognition occurs in species with a “neigh-
borhoods of dominance” mating system (Correa and Thiel 2003) in which 
the females approach the males which emit a pheromone (Bauer 2004). In 
Macrobrachium australiense and M. rosenbergi, when females are near the moult, 
they seek out the dominant male who would guard an approaching female until 
she moulted and mating occurred (Lee and Fielder 1982; Ra’anan and Sagi 1985). 
Similarly, in rock shrimp Rhynchocinetes typus, females select dominant males 
using chemical but not visual cues, despite the fact that dominant males (called 
robustus) are larger than and morphologically different from subordinate (typus) 
males. In contrast, robustus males do not locate a receptive female via chemical 
signals, but likely become aware of receptive females by visual cues created by 
agitated aggregations of small typus males around the receptive females (Díaz and 
Thiel 2004) (Fig. 5.6).

Fig. 5.6  Total visit 
duration of robustus males 
Rhynchocinetes typus to 
the a receptive female and 
b nonreceptive female in 
respective treatments (no 
significant differences 
between treatments). c Total 
visit duration of robustus 
males to the respective 
females after pooling among 
all treatments (significant 
differences between visits 
to respective females). Bars 
and error bars are mean and 
standard deviation. Adapted 
from Díaz and Thiel (2004)
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Recognition of Kin

In a broad sense, kin recognition describes the discrimination between kin and 
non-kin, irrespective of mechanisms or functions (Penn and Frommen 2010). 
In the eusocial snapping shrimp Synalpheus regalis, resident colony members 
responded to foreign conspecifics with more aggression and less contacts than 
to nest-mate conspecifics (Duffy et al. 2002). In cases where an intruder ignored 
repeated snaps by multiple residents, escalated responses of coordinated snap-
ping were carried out by at least 60 % of the colony (Tóth and Duffy 2005). Nest-
mates are likely full-siblings and juveniles usually remain within the natal colony 
(Duffy 1996). Therefore, colony members may be distinguishing between kin and 
non-kin and this can be viewed as kin recognition in a broad sense. Alternatively, 
this could merely be a case of familiar recognition, if foreign conspecifics are dis-
tinguished from nest-mates by cues that are independent of relatedness, such as, 
for example, the scent associated with the host sponge’s secondary metabolites 
or microbial composition. It is also possible that kin recognition has evolved in 
other shrimps with direct development in which females cohabit for extended time 
periods with their offspring (e.g. Huguet et al. 2011; Guay et al. 2011), but to our 
knowledge this has not been studied.

True Individual Recognition: Are You Special?

Tibbetts and Dale (2007) defined true individual recognition as recognition in which 
all processes involved (cues, internal recognition template, and response) are indi-
vidual specific, even when a receiver learned the unique cues of one individuals and 
subsequently treat that individual differently from others (Tibbetts et al. 2008). There 
have been arguments that this definition is too restrictive (Steiger and Müller 2008) 
or that it is operationally difficult to understand for invertebrates (Gherardi et al. 
2012). Despite the different opinions, these authors all agreed that monogamous 
mate recognition can be considered true individual recognition.

Some shrimp species seem to have monogamous mate recognition that fits 
the individual recognition criteria. These species live together in persistent het-
erosexual pairs, and mating partners can recognize each other even when the 
females are not sexually receptive. This has been experimentally confirmed for 
the clown shrimp Hymenocera picta (Seibt 1973, 1974; Seibt and Wickler 1979), 
the cleaner shrimp Lysmata debelius (Rufino and Jones 2001) and the banded 
shrimp Stenopus hispidus (Johnson 1977) (Fig. 5.7). Moreover, pairs of the clown 
shrimp recognized each other and within a group of >10 individuals, males rap-
idly identify “their” females and quickly associate with them (Seibt and Wickler 
1972). Members of a pair occasionally share food, but only after the individual 
that secured the food had been satiated (Seibt and Wickler 1979).

A property of true individual recognition defined by Gherardi et al. (2012) is 
that a receiver would behave differently to two or more individuals belonging to 
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the same familiar group. Ward et al. (2004) showed this in Alpheus heterochae-
lis by familiarizing a focal animal with the chemical cues of two size-matched, 
same-sex conspecifics for 3 h on two sides of a testing tank. Then they removed 
the sources of chemical cues and either repositioned them in the same (control) 
or opposite direction as before (treatment) for 30 min, followed by a final repo-
sition of the cues for 30 min. Behaviours of the focal animal were compared 
between the first and last 30 min of the familiarization period, the control, and 
treatment periods. Antennal contact, leg poke and pull occurred more frequently 
in the experimental treatment than in the control, but did not differ between the 
two familiarization periods. The results show that the focal animal discriminated 
between two familiar chemical cues, thus being suggestive of true individual 
recognition.

Interspecific Associations and Communication

A number of snapping shrimps cohabit with other organisms. Many of these spe-
cies commonly interact with their co-habitants, and sophisticated interspecific 
communication systems have been reported. For example, in the mutualistic, co-
evolved partnership between gobies and alpheid shrimps, the shrimp maintains a 

Fig. 5.7  Discrimination between mate and strangers in three monogamous decapods shrimps. 
a Hymenocera picta. Frequency of sitting with its mate or strangers in a mating pair of male 
and female (modified from Seibt 1974). Interactions with strangers is averaged from 8 individu-
als that were present in the same experimental tank and in which interactions were record sepa-
rately for the male and female in the focal mating pair. b Lysmata debelius. Percentage of total 
time spent in each chamber where a mate or a stranger is present (modified from Rufino and 
Jones 2001). In a setup similar to a Y-maze, the test animals were allowed to choose from two 
chambers, each holding a mate or a stranger behind a filter, where chemical exchange and con-
tact were allowed. c Stenopus hispidus. Frequencies of agonistic or courtship encounters between 
heterosexual mates and strangers within the first 5 min of contact after shrimps had been sepa-
rated for two nights (modified from Johnson 1977). Note that courtship behaviour increased in 
encounters between strangers because it is used to establish new heterosexual pairing; this behav-
iour is generally lower between established pairs
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continuous antennal contact with its goby partner; through tactile communication 
the goby notifies the shrimp of any danger with different behaviours modulated to 
the kind of threat, location and responses of the shrimp (Karplus and Thompson 
2011). Shrimps are attracted to their associated goby species by waterborne 
chemical cues but not visual cues (Karplus 1981). Chemical cues are also found 
in symbiotic associations between some shrimp species and anemones (Guo et al. 
1996), for example the ectosymbiotic association between a snapping shrimp and 
a feather star (VandenSpiegel et al. 1998).

A special case is the heterospecific association between two different spe-
cies of alpheid shrimps, Alpheus inca and Alpheopsis chilensis (Boltaña and 
Thiel 2001). Heterosexual pairs of these two species cohabit in stable burrows in 
deeper layers of intertidal cobble beaches. Males and females of each species live 
in size-assorted pairs, and furthermore within quartets there is a positive relation-
ship between the mean body size of A. inca pairs and that of A. chilensis pairs. 
Interestingly, even the reproductive status of the two heterospecific females within 
a quartet seems to be synchronized. These observations are suggestive of hetero-
specific communication but no details of the heterospecific behaviours and recog-
nition between these two shrimp species are available (Boltaña and Thiel 2001).

In most cases, the heterospecific partners appear to live together without major 
agonistic interactions. However, in the association between the snapping shrimp 
Betaeus lilianae and the crab Platyxanthus crenulatus, and between Alpheus sal-
moneus and a Trapezius crab, aggressive behaviours by the crab towards the 
shrimp have been observed (Baeza et al. 2010; Vannini 1985). Interestingly, A. sal-
moneus has evolved to use submissive behaviour in shrimp–crab interaction to alle-
viate the crab’s aggressive behaviour, so that it can share the habitat with the crab.

Conclusion and Outlook

Caridean shrimps are diverse in their ecology, mating and social behaviour, so 
it is not surprising that all types of social recognition are observed in this group. 
Among the various forms of recognition in caridean shrimps, mate recognition is 
best documented, in which potential distance and contact pheromones have been 
strongly suggested by behavioural studies in several species and even tentatively 
identified in a few species. With the previous work on these candidate pheromones 
and the documentation of social recognition in many species, similar phero-
mones could be more easily identified in other shrimp species. This would further 
advance the study of communication and social recognition in this group.

Snapping shrimps (Alpheidae) appear to have great potential for future research 
on social recognition. All three types of social recognition (familiar, class-level, and 
true individual recognitions) have been demonstrated in snapping shrimps (Alpheus 
and Synalpheus). In particular, Synalpheus is the only group among crustaceans in 
which eusociality has evolved, a social system in which terrestrial eusocial counter-
parts usually have complex modes of communication (Costa and Fitzgerald 1996). 
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Living in a group of close kin, in which individuals may perform different tasks 
(e.g. defense) and aggressiveness within the colony is rare and evolutionarily non-
adaptive, might be a precursor to true individual recognition in eusocial Synalpheus 
species. Moreover, this group is ideal for comparative analysis since eusociality has 
evolved independently at least three times, and other species of Synalpheus express 
varying degrees of sociality ranging from pair-cohabitation (like many other alp-
heids) to communal living (Duffy et al. 2000). However, no formal experiment 
with any form of recognition has been performed in this genus and indications of 
mate recognition and kin recognition were only suggested from indirect evidence. 
Apart from eusocial species, many Synalpheus species live in multiple heterosexual 
pairs within the same sponge (communal species), in which the chance of encoun-
tering other conspecifics is expected to be high. This social system is intermediate 
between the typical pair-forming alpheids and the aggregation-forming species. No 
studies have yet explored the recognition system in species in relation to varying 
social structures in shrimps, and the genus Synalpheus could be an ideal model sys-
tem to study the evolution of recognition in shrimps.

Among decapod shrimps, all Exhippolysmata and Lysmata species examined, 
and one species of Parhippolyte, have been shown to be protandric simultaneous 
hermaphrodites, in which shrimps are initially males and later turn into functional 
simultaneous hermaphrodites (Baeza et al. 2009; Braga et al. 2009; Onaga et al. 
2012). Protandrous sequential hermaphroditism has been found in a number of carid-
ean species (Bauer 2000; Chiba 2007), e.g. Rhynchocinetes uritai (Bauer and Thiel 
2011). Simultaneous hermaphroditism and protandry in shrimps present a unique 
opportunity to investigate the ontogenetic development of sensory systems pertain-
ing to mate recognition. Since females and males have different needs in terms of 
mate recognition or attraction, how do such systems co-exist in the same individual?

In conclusion, we have a basic understanding of social recognition in caridean 
and stenopodidean shrimps, but much remains to be learned. The diverse ecology, 
mating, sexual, and social systems of this group offer unique opportunities for 
studying the mechanisms and evolution of animal communication.
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Abstract Many amphipod species occur in dense aggregations, cohabit with mating 
partners for long time periods, or live in family groups. Although this confers ample 
opportunities for social interactions among conspecifics, little is known about social 
recognition patterns in these species. Current research indicates that social recogni-
tion in amphipods is largely limited to mate and female-offspring recognition. In many 
amphipod species, the males are capable of assessing the reproductive status/quality 
of females and choose mates accordingly. While females of some species are capable 
of recognizing their own brood, in other species females seem to be indiscriminate 
towards their own or unrelated embryos. Some observations, however, suggest kin 
recognition within family units and even ranking of conspecifics seems to be likely. 
Central-place foraging has not been reported for amphipod families thus far, and also 
their potential for fortress defense is very limited. It thus appears that higher level 
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social recognition may not have evolved in amphipods, although we recognize a lack 
of research in this area. Given their easy maintenance in laboratory cultures and tech-
nological advances in video recording and analysis, we believe that selected amphipod 
species could be ideal model organisms to study the evolution of social behavior.

Introduction

Amphipods often occur in dense aggregations (e.g. Aumack et al. 2011; Rigolet 
et al. 2012; Vitaliano et al. 2013) and frequent interactions among conspecifics can 
thus be expected. Courting individuals must recognize potential mates of their own 
species (Dick and Elwood 1992; Cothran et al. 2013) and distinguish between mem-
bers of the same and the opposite sex (Thiel 2011a). Once the correct species has 
been identified, individuals might choose preferred mating partners, for example, 
based on moult stage, size and parasite status (Poulton and Thompson 1987; Dick 
and Elwood 1989; Thomas et al. 1996; Thiel 2011a, b). If mates stay together after 
fertilization, there might be a need for individual recognition. Similar to isopods (e.g. 
Linsenmair 2007), amphipods feature direct development and parents might care for 
their offspring after these are born (have emerged from the maternal brood pouch); in 
this case, the need for family recognition (parents and offspring mutually recogniz-
ing each other) might have evolved (Thiel 2007). In addition to such post-emergence 
juvenile care, pre-emergence brood care, such as egg retrieval following loss from the 
marsupium, is also facilitated by kin recognition in amphipods (Patterson et al. 2008).

All these social interactions require sensory and neuronal systems that permit 
exchange and processing of information between individuals (e.g. Wyatt 2011). 
While there are some suggestive observations, very few studies have rigorously 
examined whether and how individual amphipods distinguish conspecifics or might 
even recognize particular individuals. In the present overview, we provide exam-
ples for each applicable form of recognition described in Gherardi et al. (2012): 
mate and kin recognition as well as the evaluation of higher- and lower-ranking 
individuals. In each section, we first describe the best studied cases and then report 
examples that are highly suggestive of recognition but without observational or 
experimental evidence. We wish to emphasize upfront that little is known about 
social recognition in amphipods, but we hope that we will be able to convince read-
ers that this group can be a fertile ground for exciting discoveries in the future.

Life Styles and Habitats

Amphipods inhabit all aquatic habitats from the deep ocean and hydrothermal vents 
to cold mountain springs and even terrestrial habitats (e.g. Barnard and Karaman 
et al. 1991; Väinölä et al. 2008). Many species are highly mobile, being constantly 
on the move in search of food and mates. For example, some pelagic amphipods form 
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dense feeding swarms that continuously change shape, density and extension (Lobel 
and Randall 1986; Sheader et al. 2000). How coordination is maintained between the 
neighboring individuals in these dense swarms is not known at present but it is sus-
pected that vision and mechano-reception might be involved (Ritz et al. 2011).

Scavenging amphipods roam above the seafloor in search of food: once they 
receive a chemical stimulus indicating nearby carrion, they rapidly track and follow 
the chemical cues to the food source (Sainte-Marie 1992; Premke et al. 2003). On 
large carcasses, hundreds and even thousands of scavenging amphipods will rapidly 
congregate in dense and voracious feeding aggregations, which might result in fre-
quent intra- and interspecific interactions (e.g. Thurston 1979; Moore 1994; Moore 
and Wong 1995; Premke et al. 2006). Herbivorous amphipods move around between 
living macrophytes or plant detritus, i.e. they live in and on their food sources. Some 
species are widespread on their host-plants, and interactions are probably infrequent, 
while others form dense aggregations in favorable locations, where individuals are in 
continuous contact with conspecifics (e.g. Gunnill 1984; Duffy 1990).

Many amphipods also have a semi-sessile life style, inhabiting self-constructed 
tubes from which they capture suspended food particles, graze epiphytes and/or con-
sume macroalgal or seagrass tissue on which they construct their tubes (e.g. Brawley 
and Adey 1981; Dixon and Moore 1997; McDonald and Bingham 2010). Other spe-
cies excavate underground galleries in soft-bottoms where they consume organic 
matter that they sort out of the sediment (Atkinson et al. 1982). Tube- and burrow-
dwellers usually cohabit only with mates and/or offspring in their domiciles, but, espe-
cially among the suspension-feeders in favorable feeding locations, there might be 
extraordinarily high densities of tubes, resulting in frequent intraspecific interactions.

Several authors have suggested gregariousness in amphipods (e.g. Drolet et al. 
2013), but the underlying mechanisms and individual detection of conspecific 
aggregations is not well understood. Amphipods are also prey to a wide range of 
vertebrate and invertebrate predators, and it is thus not surprising that they adjust 
their behavior in response to predators (e.g. MacNeil et al. 1999; Wisenden et al. 
2001). Some species aggregate when exposed to predator cues (Kullmann et al. 
2008; Durieux et al. 2012), but it is not known how amphipods interact within these 
aggregations. In addition, such aggregations may rather be a predatory/scavenging 
response to such cues, as some amphipods such as Gammarus spp. are well known 
to be omnivorous and opportunistic in their feeding (MacNeil et al. 1997). When 
sensing the presence of a predator, some amphipod species shift their substratum 
preferences (Baumgärtner et al. 2003), or they are less inclined to form mating pairs 
during reproduction (Dunn et al. 2008; Ahlgren et al. 2011). Parasitism might also 
negatively affect the tendency of amphipods to aggregate (Durieux et al. 2012).

In dense aggregations, amphipods may aggressively interact with conspecifics (Van 
Tomme et al. 2012). Aggression may depend on the availability of resources and the 
conspecific densities within these aggregations. Furthermore, some amphipod species 
appear to be much more aggressive than others, even in closely related species (Dick 
et al. 1995; Van Tomme et al. 2012). Some adults can be aggressive towards juveniles 
and cannibalize these when food availability is limited (Duarte et al. 2010) and these 
effects may be reinforced at high densities (Wenngren and Ólafson 2002). However, 



88 J. Beermann et al.

the occurrence of filial cannibalism can also depend on the brooding status of indi-
viduals and may be reduced by juvenile avoidance behaviors (Lewis et al. 2010), with 
evidence of kin recognition reducing cannibalism of eggs (Patterson et al. 2008).

Signals and Communication Channels

Amphipods employ a wide variety of communication channels, but chemical cues 
are by far the most important in exchanging information between conspecifics  
 (see Thiel 2011a and references therein). The specific substances used for 
 communication are not well known, but molt hormones may play an  important 
role in reproductive interactions. Perception of chemical stimuli happens via 
 specific sensillae that are concentrated on the antennae, but can also take place on 
other body parts (Hallberg and Skog 2011).

Visual communication may also play a role in amphipod interactions, but to 
our knowledge this has not been specifically tested. Intriguing observations have 
been reported for an intertidal beach hopper, where dominant males may signal 
their status to smaller males and to females via color on their anterior  appendages 
(Iyengar and Starks 2008). Acoustic communication appears unlikely, since 
amphipods do not seem to have a specific sensory system for mechanical stimuli 
(Enright 1962). However, a lateral line organ may allow for vibration detection in 
certain frequencies (Platvoet et al. 2007) and some structures were interpreted as 
stridulating ridges in some amphipod genera such as Ericthonius (e.g. Myers and 
McGrath 1984; Krapp-Schickel 2013) and Photis (e.g. Myers 2009).

Social Recognition

To date, there are no documented cases of familiar, true individual, or self- recognition 
in Amphipoda. Following the definitions provided by Gherardi et al. (2012), this 
overview therefore focuses on the few observed examples of class-level recognition 
among conspecifics (i.e. class assignment to, and distinction of individuals).

Mate Recognition

Amphipods are efficient in recognizing potential mates of their own species. They 
are able to discriminate amongst closely related species, even though interspecific 
mating pairs are occasionally observed (Kolding 1986; Dick and Elwood 1990; 
Cothran et al. 2013). In most of these experiments, males had direct access to con-
generic females and consequently it cannot be determined if the cues that males 
use to recognize conspecifics are waterborne or contact chemicals. Females may 
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also resist pairing advances from congeneric males more vigorously than those 
of conspecific males, thereby positively influencing the proportion of conspecific 
pairings (Cothran et al. 2013).

When offered waterborne cues in choice-experiments with conspecific females, 
males commonly show a strong preference for receptive females (Borowsky 1984, 
1985a, b, 1991; Krång and Baden 2004). Most studies examined whether males 
can recognize females, but the choices of females have rarely been tested explicitly 
(see above and Iyengar and Starks 2008). Females held by a male in the precop-
ulatory embrace usually pass through shorter intermolt periods than unguarded 
females (Kinne 1953, 1960; Galipaud et al. 2011), which seems to be controlled in 
Gammarus by the direct physical contact of the precopula (Kinne 1953).

Reproductive Quality and Conditions

Amphipod males are capable of assessing a number of parameters during courtship 
(e.g. reproductive quality of females, levels of intrasexual competition, necessary 
energy/time investment), allowing for maximal reproductive success. For example, 
Gammarus males make complex decisions in their evaluation of females before and 
during mate guarding. Female individuals are assessed and compared by body size, 
molt stage and brood pouch content and males even abort existing precopulae when 
encountering higher quality females (Fig. 6.1; Dunham 1986; Dunham et al. 1986; 
Dick and Elwood 1989, 1990; Dick 1992). Male assessment of female reproductive 
quality is also evidenced by more intense struggles for females close to molt, and 
hence ready for insemination (Fig. 6.2). Furthermore, Gammarus males can assess 
the degree of intrasexual competition within a population (overall sex ratio/male den-
sity, body size of competitors), reacting with longer lasting guarding behavior and/or 

Fig. 6.1  Male Gammarus 
pulex have the ability to 
hold two potential precopula 
mates simultaneously, assess 
their relative reproductive 
potential, and retain the 
female that will yield 
the highest number of 
fertilizations per unit time 
of male investment (drawing 
modified after Dick 1992)
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guarding of females which require a longer time investment (Fig. 6.3; Dunham and 
Hurshman 1990; Iribarne et al. 1995; Dick and Elwood 1996). An assessment behav-
ior by females seems to occur in the tube-dwelling Jassa marmorata Holmes, 1903. 
When reaching the terminal molt, Jassa males develop thumb-like protuberances on 
the 2nd gnathopods (see Sect. Ranking of Conspecifics). Although sexually mature 
already before this molt, thumbless males face a higher probability of getting evicted 
by females, whereas thumbed males are never attacked (Borowsky 1985a, b as ‘Jassa 
falcata’). Also, females of the highly territorial species Dyopedos monacanthus 
(Metzger, 1875) only tolerate adult or nearly adult males on their self-constructed 
“mud whips”/“masts” (Mattson and Cedhagen 1989), suggesting some degree of 
mate evaluation. To our knowledge, however, only a few studies have explicitly tested 
whether amphipod females distinguish between males of different quality. In a choice 
experiment, female Megalorchestia californiana Brandt, 1851 showed no preference 
for large or small males (Iyengar and Starks 2008). Females also showed less resist-
ance to male advances in the presence of predators, underlining the importance of 
female behavior in mate choice (Dunn et al. 2008).

Kin Recognition

Incubating females frequently manipulate the embryos in their brood pouch, 
and during these activities embryos can be lost: females may then retrieve these 
embryos back into their brood pouch. Embryo retrieval seems to be a common and 
widespread behavioral mechanism among amphipods, as several examples were 
reported from distantly related species. For example, females of the assumedly 
parthenogenetic tube-dweller Crassicorophium bonellii (Milne Edwards, 1830) 

Fig. 6.2  Since female 
Gammarus pulex are 
assessed by the males as to 
their molt stage, males are 
more committed to engage 
in aggressive encounters as 
females get closer to their 
molt (after Dick and Elwood 
1990)
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replace lost eggs from their marsupium, but do not distinguish between their own 
brood and embryos from conspecifics (Shillaker and Moore 1987). Moreover, 
females of the wood-dwelling Chelura terebrans Philippi, 1839 collect and retain 
lost eggs of conspecifics despite their differences in respective developmental 
stages. As a consequence, the brood pouches of individuals are frequently full of 
eggs of different developmental stages (Kühne and Becker 1964).

Females of the intertidal Gammarus palustris Bousfield, 1969 and its sym-
patric congener Gammarus mucronatus Say, 1818 either eat, ignore, or replace 
found eggs in their brood pouches (Borowsky 1983). The former species, how-
ever, prefers to place eggs in its marsupium if these originated from the same 
individual or a conspecific. Heterospecific eggs are more likely to get eaten by  
G. palustris, whereas G. mucronatus females did not distinguish between the 
offered egg categories (Borowsky 1983). Although embryo retrieval in general 
seems to be a common mechanism, there is only one reported example of some 
degree of true kin discrimination: in Apherusa jurinei Milne Edwards, 1830, 
the degree of embryo replacement depends on the female’s reproductive stage 
(Patterson et al. 2008). Furthermore, the authors showed that females retrieved 
more of their own embryos than those from conspecifics. In return, foreign 

Fig. 6.3  Male Gammarus duebeni celticus respond to high male densities with a longer time 
investment in praecopula (after Dick and Elwood 1996)
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embryos engendered a higher level of embryo cannibalism. Female Crangonyx 
pseudogracilis Bousfield, 1958 can also recognize the developmental stage of their 
embryos and allocate brood care activities accordingly (Dick and Elwood 2006).

A number of amphipod species also engage in extended parental care. Juveniles 
can cling to, or stay near their mother (Harrison 1940; Lim and Alexander 1986; 
Aoki and Kikuchi 1991; Thiel 1997; Aoki 1999; Kobayashi et al. 2002) and in 
some cases the females even cohabit with their growing offspring (Thiel et al. 
1997). Females may cohabit for several months with their offspring, as is the case 
in the burrow-dwelling species Casco bigelowi Blake, 1929 (Thiel 1998), but it 
is not well known whether they can recognize their own offspring or not (Thiel 
2007). Not surprisingly, most observations on female-offspring recognition come 
from species that live above the sediment on mud whips, which they  aggressively 
defend against conspecifics (Mattson and Cedhagen 1989). These authors 
remarked that small individuals rarely fight when encountering each other on a 
mud whip, possibly because they are juveniles from the same mother. In contrast, 
adult individuals, especially if they are from the same sex, regularly fight (Mattson 
and Cedhagen 1989). However, whether females are able to distinguish their own 
juveniles from unrelated offspring is unknown. While only a few observations are 
available for these epibenthic amphipods with extended parental care, even less 
is known for burrow-dwelling amphipods. Evolution of kin recognition might 
depend on the probability of encountering unrelated offspring in their burrows: if 
this is highly unlikely, there might be no need to discriminate kin from non-kin.

Ranking of Conspecifics

Intense male-male competition has evolved into ritualized fighting behavior for 
mates in some amphipod species which are known to occur in dense popula-
tions (e.g. Bowers 1964; Lim and Alexander 1986; Schulz and Alexander 2001). 
Although direct interference can communicate a male’s fitness to competitors, only 
a few examples of “true” signals which allow for the distinction of higher-ranking 
versus lower-ranking individuals have been published to date for amphipods.

Males of the talitrid Megalorchestia californiana exhibit an enlarged second 
antenna showing a diagnostic red coloration (Bousfield 1982). Each individual 
of this semi-terrestrial species digs self-constructed burrows which are only left 
at night in order to search for food and mates in close vicinity (Bowers 1964). 
Length and redness intensity of the male antennae are correlated with male body 
mass (Fig. 6.4a, b). When visible at the burrow’s opening, they are most likely to 
give a visual signal to conspecifics (Iyengar and Starks 2008). In natural popu-
lations, the largest males occupy the most attractive locations, being surrounded 
by the females which expect to profit from a high-quality mate and its resources 
(Fig. 6.4c; Iyengar and Starks 2008).

Species of the genus Jassa inhabit self-constructed tubes (Fig. 6.5a, b) which 
can be attached adjacent to conspecific tubes in dense aggregations, often form-
ing extensive mats (Fig. 6.5a). After a terminal molt, the males develop thumb-like 
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protuberances on the propodi of the enlarged second gnathopods (Fig. 6.5c), leave 
their tubes and start roaming in search of receptive females (Fig. 6.5a). Although 
the thumbs apparently neither play an active role in the course of copulation, nor 
for fighting off other thumbed males, females are less tolerant to the presence 
of non-thumbed males (Borowsky 1985a, b; see Sect. Reproductive Quality and 
Conditions). Conlan (1989) suggested that thumb-size may be a signal to other 
males, as it is positively correlated with body size. In addition, there is a distinct 
dimorphism among thumbed Jassa males which is determined by food quality in 
preceding developmental stages: ‘Major’ males have large body sizes, showing a 
strongly enlarged antenna 2 and gnathopod 2 with big thumbs; ‘minor’ males, in 
contrast, are usually smaller and bear proportionally smaller antennae and gnatho-
pods with smaller thumbs (Conlan 1989, 1990; Clark 1997; Kurdziel and Knowles 
2002). These differences in morphology are linked to different mating strategies. 
Whereas ‘major’ males guard females by attending their mate’s tube opening and 
fighting off other males, ‘minor’ males never fight ‘majors’ but try to evict other 
‘minors’ (Clark 1997). Accordingly, ‘minor’ form males have to be capable of rec-
ognizing a male’s rank in order to either avoid them or to fight them off.

In captivity, individuals of Podocerus sp. show a surprising behavior in which 
they form dense masses of individuals with the animals sitting atop of each other 

Fig. 6.4  Antennal size and color intensity of male Megalorchestia californiana increase with 
body mass (a, b), acting as visual signals to conspecifics. As a consequence thereof, large males 
are more likely to get access to receptive females (c), (after Iyengar and Starks 2008; drawing 
modified after Bousfield 1982)
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in multiple layers (Barnard et al. 1988). Large individuals seemed to dominate 
the positions on top, whereas small individuals sit in between larger conspecifics, 
which could be an indication for a so far unrecognized mechanism of recognition.

No Recognition, Although Expected

Tube-dwelling filter-feeders usually have distinct feeding territories within the 
ranges of their tube’s openings. Even when animal densities are high, direct aggres-
sive interactions among established individuals appear to be rare (Connell 1963; 

Fig. 6.5  Dense aggregations of Jassa herdmani (Walker, 1893) can dominate North Sea fouling 
communities, partly covering and overgrowing other organisms such as the blue mussel, Mytilus 
edulis Linnaeus, 1758 (a; note that beside Mytilus, there are only tube-mats in the photograph). 
Individuals inhabit self-constructed tubes (b), which can be attached together in multiple lay-
ers. In contrast to the females, large males (c) constantly roam around, searching and guarding 
receptive females [photograph by courtesy of Lars Gutow; drawings modified after Beermann 
and Purz (2013), and modified and redrawn after a sketch in Dixon and Moore (1997)]
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Dixon and Moore 1997). This could suggest an unrecognized form of social 
 recognition. However, reduction of intraspecific competition seems to be achieved 
by simple avoidance mechanisms. In addition, positioning of adjacent tubes may 
be predetermined by preceding aggressive interactions during earlier phases of 
 colonization (Connell 1963; Brawley and Adey 1981; Dixon and Moore 1997).

Conclusion and Outlook

Social recognition in amphipods appears to be largely limited to mate and female-
offspring recognition, with some observations that suggest kin recognition within 
family units in those species where parents and offspring cohabit for extended 
time periods. To our knowledge, no central-place foraging has been reported 
for amphipod families and also their potential for fortress defense seems to be 
very limited. Higher level social recognition, as reported for isopods or crabs 
(Linsenmair 2007; Diesel and Schubart 2007), may thus be unlikely to have 
evolved in amphipods. However, the overall lack of research on amphipod behav-
ior impedes firm conclusion as yet.

Nevertheless, there is strong indication for social recognition on various levels 
in diverse amphipod species, although a lot of this information is anecdotal and lit-
tle experimental evidence is available. Gregariousness within a species could be 
a first indication of social interactions, as grouped and isolated individuals may 
behave differently, or even seek the vicinity of other conspecifics (Campbell and 
Meadows 1974; Shillaker and Moore 1978; Lobel and Randall 1986). Cooperation 
between individuals of Maera loveni (Bruzelius, 1859) (Atkinson et al. 1982) could 
even imply the existence of true individual recognition (sensu Gherardi et al. 2012).

The unfortunate lack of detailed information might be due to several reasons, 
one being the relatively small size of amphipods compared to other common 
crustacean models such as stomatopods, shrimps, crayfish, lobsters and crabs. 
However, this size argument should not be an obstacle any longer, as modern 
optical equipment allows for rigorous and repeatable observations over relatively 
small scales (see also Ritz et al. 2011). In fact, their small size and direct develop-
ment can be an advantage, as large populations are easily maintained with rela-
tively few logistic requirements in controlled laboratory environments, even over 
several generations. Difficulties in species identification, due to close morphologi-
cal similarities, or due to species with high phenotypic plasticity, might be another 
reason for limited research on amphipod social behavior: large crabs or shrimps 
can be identified much easier than tiny amphipods. Another reason for our limited 
knowledge on amphipod social interactions is the fact that the most promising spe-
cies live in underground burrows, or in non-transparent tubes, making observations 
more challenging. We believe that exciting discoveries are lurking behind the tubi-
colous curtains and below the sediment surface, and we encourage new scholars of 
crustacean social behavior to overcome the logistic challenges and document the 
social life of these fascinating creatures.
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Abstract More than 99 % of arachnid species are solitary, aggressive and often 
cannibalistic predators. A few species are social and cooperative, but they do 
not reach the level of eusociality found in some insects. Kin recognition is sug-
gested to be a key feature for the evolution of cooperation and sociality and thus 
found predominantly in those few species. While kin recognition and social 
interactions are well investigated in spiders, these behaviours are understudied 
in other arachnid taxa. Nevertheless, social species are also known in the Acari, 
Pseudoscorpiones, Scorpiones, Opiliones and Amblypygi. Still, we have lim-
ited information on the adaptive value of social recognition in arachnids, how 
it is facilitated and maintained. While this field of research is still young, it has 
produced some encouraging results. This chapter reviews the knowns and the 
unknowns of social recognition mechanisms with respect to their importance for 
the evolution of arachnid sociality. We will particularly focus on kin recogni-
tion and kin discrimination. First, we shortly introduce the evolution of sociality 
in arachnids which provides the background for the understanding of the differ-
ent recognition and discrimination mechanisms explained subsequently. Further, 
we illustrate the interspecific discrimination abilities of arachnids, and present 
the state of the art on intraspecific recognition and kin recognition in spiders and 
other arachnids. This chapter illustrates that various social recognition abilities 
and especially kin recognition exist in social but also non-social arachnids. These 
mechanisms allow different species to distinguish between familiar and foreign, or 
related and unrelated individuals, to either support or discriminate against them. In 
contrast to eusocial insects, the necessity of maintaining kin recognition abilities 
often appears to be obscure and highly context-dependent. Thus, a generalisation 
of its adaptive value in arachnids is not possible. There is some evidence for the 
concept of kin recognition facilitating the evolutionary transition from subsocial 
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to permanently social living. However, kin recognition has not yet been demon-
strated in permanently social species and is thus subject of ongoing research. It 
might have been lost during evolution due to the lack of encounters with unrelated 
individuals in permanent arachnid societies or replaced by direct benefits of coop-
eration. Finally, we discuss some research gaps and new approaches to improve 
the knowledge of the adaptive significance of kin recognition in arachnids.

Social Recognition in the Arachnida

Most arachnid species are solitary, aggressive and sometimes cannibalistic. 
Compared to insects, group living in these arthropods is an exception. More than 
99 % of all species are solitary (Rayor and Taylor 2006). The level of sociality too, 
does not reach that of eusocial insects (Plateaux-Quènu and Roland 1997). Based 
on the less pronounced behavioural division of labour and the lack of a caste sys-
tem, Whitehouse and Lubin (2005) refer to arachnid sociality as the ‘poor cousin 
of insect sociality’. Within the Arachnida, social interactions are well investigated 
in the Araneae but understudied in other taxa. Apart from spiders, social species 
are known in the Acari, Pseudoscorpiones, Scorpiones, Opiliones and Amblypygi. 
Some of the smaller groups, like Palpigradi and Ricinulei are very poorly known 
and thus a more general understanding of social aspects is not yet available (Rayor 
and Taylor 2006). Social recognition is a broad term that includes species recog-
nition, and recognition of mating partners. As an example, courtship behaviour, 
which is extremely elaborate in many arachnids, has been suggested to function 
to identify species in a mate choice context and might therefore be considered a 
form of social recognition. In this chapter, we focus on the function of recogni-
tion in a social context including lose aggregations, group formations and coop-
erative behaviours. Our review on the social recognition abilities of arachnids will 
mainly focus on their impact on the evolution of group living and cooperation in 
this arthropod group.

For the evolution of cooperation and sociality, especially kin recognition is sug-
gested to be a key feature (Hamilton 1964; Boomsma 2007), as documented in 
cooperatively breeding birds and mammals as well as the social insects (Griffin 
and West 2003). So far, we have still little information on whether arachnids show 
kin recognition, how kin recognition is facilitated, and the role of kin discrimina-
tion in social interactions. This chapter will review the state of the art of social rec-
ognition abilities in arachnids with a special focus on kin recognition, and we will 
thus start with a brief review of the evolution of sociality in these arthropods. In 
insects, sociality and social recognition have been extensively investigated and are 
discussed in this book. In particular, the importance and underlying mechanisms 
of kin recognition are well understood in insects, but their occurrence in arach-
nids is both astonishing and sometimes confusing, and the adaptive significance is 
often ambiguous. To date this field of research is still young and yet has produced 
some encouraging insights.
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Sociality in Arachnids

Although rare in arachnids, group formation can be beneficial under certain condi-
tions. It may help to reduce the risk of predation (e.g. Henschel 1998), increase for-
aging efficiency (e.g. Ward 1986) and increase the chance of finding a mating partner 
(e.g. Johannesen et al. 2007). As arachnids are predominantly predators, foraging 
motivation is considered to be a significant driving force that explains the advantage 
of group living in these animals (Fig. 7.1) (Brach 1975; Nentwig 1985; Wickler and 
Seibt 1993; Majer et al. 2013a). In groups, arachnids are able to  better monopolise 
locally rich food sources; and larger prey animals or a greater  number of items may 
be better overwhelmed when attacked communally. The size of prey can be between 
four times larger in some Pseudoscorpions (Tizo-Pedroso and  Del-Claro 2007) 
to 16 times larger in some spiders (Ward 1986) compared to the weight of a single 
 individual. Powers and Avilés (2007) found that the average size of prey items rather 
than the amount of prey biomass positively correlates with the level of sociality in 
Anelosimus spiders. Such coherency may be particularly important for juveniles as 
the group foraging mode increases survival and facilitates a reasonably quick devel-
opment. Food availability is likely to facilitate group cohesion and tolerance to other 
individuals in close proximity. The richer a food source, the stronger is the bonding 
of groups mediated by intraspecific tolerance (Gundermann et al. 1993; Schneider 
1995; Kim 2000). In contrast, under low food conditions, competition over prey 
(Bilde et al. 2007) or increased cannibalism (Bilde and Lubin 2001) may counteract 
group living. Consequently, cooperation has been found in environments with tem-
porally stable prey abundances such as the tropics (Yip et al. 2008; Del-Claro and 
Tizo-Pedroso 2009; Majer et al. 2013b). On the other hand, lower prey availability or 
greater prey size may render cooperation more necessary.

The pathways of group formation in arachnids have been intensively investigated 
in spiders, and the evolutionary concepts have often been adopted for other taxa. One 
of the most important prerequisites for social bonding is tolerance of other individu-
als. As predators, arachnids usually behave aggressively not only towards potential 
prey but also towards conspecifics that may represent competitors as well as poten-
tial prey. However, many species of spiders, scorpions and pseudoscorpions exhibit 
maternal care, and the brood remain in close proximity to the mother. Accordingly, 
the juveniles show lower intraspecific aggression levels. Overcoming aggression or 
extending juvenile tolerance respectively, is crucial for moving on to the next stage, 
interaction (Kullmann 1968), which facilitates the formation of groups. So, intraspe-
cific tolerance allows the development of gregarity as one of the simplest forms of 
social interactions. Loose short-term aggregations to share a shelter, to exploit a 
resource or to protect themselves against predators are known for several arachnids, 
such as harvestmen (Chelini et al. 2012), scorpions (Polis and Lourenço 1986), mites 
(Mailleux et al. 2011) and spiders (Buskirk 1981). The most advanced level of social 
living is cooperation, characterised by individuals working together to accomplish a 
certain task to obtain individual fitness benefits (Whitehouse and Lubin 2005). Group 
tasks may comprise the collective construction of retreats, brood chambers and  
capture webs (in spiders), prey capture, communal feeding and brood care 
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(Kullmann 1972; Lubin and Bilde 2007). However, even the most advanced social 
species still do not reach the eusocial level of insects with strict worker castes and 
complex social coordination (Lubin and Bilde 2007), although recent studies indicate 
the presence of basic forms of division of labour at least in some social arachnids 
(Grinsted et al. 2013; Settepani et al. 2013; Wright et al. 2014).

Generally, the type and organization of social interactions differ among group  living 
arachnid species. The presence or absence of cooperation among group members, 

Fig. 7.1  A group of six Stegodyphus dumicola females attacking grasshopper  caught in the cap-
ture web of the colony. (photo André Walter)
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and the duration of the social and cooperative stage, is crucial for the  distinction of 
different types of sociality. Species with close-together living but typically  without 
cooperation and allo-maternal care are ‘gregarious’ or ‘colonial’, and also some 
 ‘kleptoparasitic’ species fall into this category that we refer to as ‘colonial’ (Agnarsson 
2002; Bilde and Lubin 2011). Their group formation is the result of aggregations of 
mainly unrelated individuals, often around a rich food source, but they remain  solitary 
in their behaviour and do not cooperate with conspecifics (Uetz and Hieber 1997). 
Individuals of ‘subsocial’ and ‘social’ species show cooperation, and groups  originate 
from family bonding. While subsocial species form groups only  periodically, the social 
species live in permanent colonies (Lubin and Bilde 2007; Bilde and Lubin 2011). In 
the subsocial state, offspring of a single mother form groups to  cooperate  temporarily, 
but dispersal occurs before mating and most species adopt solitary  living. Periodic 
social living is facilitated by the extended maternal care, hence the term  subsocial 
behaviour. Social species build permanent nests, sometimes with  overlapping genera-
tions, and show reproductive skew and allo-maternal care. They can be compared with 
cooperative breeders (like in birds and mammals) that have helpers at the nest that help 
rearing the offspring.

Evolution of Sociality in Arachnids

The evolutionary progression to sociality proposes two major scenarios that are 
generally accepted to explain the appearance of group living in Arachnids, the 
‘parasocial route’ and the ‘subsocial route’ (Avilés 1997; Plateaux-Quènu et al. 
1997; Schneider 2002). Both scenarios have led to different degrees of social-
ity reaching from colonial, over subsocial to permanent cooperative species 
(Whitehouse and Lubin 2005; Lubin and Bilde 2007).

The ‘parasocial route’ describes the evolution of group living via aggregation 
of individuals of otherwise solitarily living species (Wickler and Seibt 1993). In 
colonial spiders, for example, colonies of webs can be found clustered around a 
rich food source in order to exploit it more efficiently. The spiders use common 
frame threads, but each individual maintains its own webs and feeds solitarily, and 
conspecifics may not be accepted within individual webs (Jackson 1982; Bowden 
and Jackson 1988). Aggregations are associated with close contact among indi-
viduals. Thus, this scenario requires the overcoming of intraspecific aggression 
and the abandonment of territoriality. In many harvestmen, pseudoscorpions and 
scorpions individuals temporarily aggregate and tolerate each other to seek shelter 
or to exploit a rich resource in a spatially limited habitat, but show no indication 
of cooperation (Rayor and Taylor 2006), which is the key feature of permanently 
social living. The ‘parasocial route’ may also explain the evolution of kleptoparasit-
ism, where, for example, spider species aggregate in webs of their hosts to feed on 
prey remains (Agnarsson 2002). However, the ‘parasocial route’ is also associated 
with the risk of aggressions as a result of competition around a food source, and is 
therefore unlikely to explain the occurrence of cooperative sociality in arachnids.

The ‘subsocial route’ pathway describes the evolution of sociality via extended 
maternal care. Here, related offspring stay together over a period of time after 
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hatching and display intra-group tolerance. Ultimately, permanent sociality is 
achieved by the complete elimination of pre-mating dispersal. Maternal care is 
widespread amongst arachnids (Yip and Rayor 2014) and it seems likely that 
extended maternal care and the resulting formation of family sibling groups is a 
pre-condition for sociality to evolve (Lubin and Bilde 2007). For the maintenance 
of group cohesion, juvenile dispersal has to be delayed to prolong the time of 
intraspecific interaction, mainly between mother and offspring, to allow selection 
to act on behaviours that facilitate further social evolution. In many arachnid spe-
cies the mother individual cares for the young by protecting them against predators, 
building a sheltering nest, by providing them with captured prey, by feeding them 
through regurgitation of nutritious fluids or by scarifying herself to the offspring 
to maximize maternal investment (Lubin and Bilde 2007; Del-Claro and Tizo-
Pedroso 2009). If juveniles stay together for several instars to cooperate beyond 
the mother’s death, the criterion of a subsocial relation is fulfilled (cf. definition in 
Agnarsson et al. 2006). In an even narrower sense, extended maternal care might 
be already considered as a subsocial behaviour. However, at the same time the pre-
mating dispersal drive of the young also needs to be suppressed to ensure group 
cohesion over a certain time (Gundermann et al. 1993; Schneider 1995; Avilés 
1997). Usually, juveniles live together until competition for food triggers dispersal, 
or until they have reached a species-specific body mass or size to disperse. Wickler 
and Seibt (1993) suggested a more specific term for the ‘subsocial route’, referring 
to a ‘sibling route’ in the evolution of sociality. The evolution of permanent social-
ity through cooperation among siblings would be favoured by inclusive fitness ben-
efits and thus kin selection (Hamilton 1964; Maynard Smith 1964). Especially in a 
transitional stage and if individuals encounter conspecifics of varying relatedness, 
this requires recognition mechanisms to direct cooperative actions towards kin.

Interspecific Discrimination in Arachnids

Arachnid species that show social behaviour are characterised by high intra- and 
often interspecific tolerance when forming groups (spiders: Seibt and Wickler 
1987/scorpions: Shivashankar 1994; Lourenço and Cloudsley-Thompson 
2011/pseudoscorpions: Weygoldt 1969; Del-Claro and Tizo-Pedroso 2009/har-
vestmen: Machado and Macías-Ordoñez 2007; Chelini et al. 2012/mites, Mori and 
Saito 2006; Mailleux et al. 2011; Strodl and Schausberger 2012b). Unless there is 
indiscriminate tolerance of any foreign individual, these species must have devel-
oped recognition abilities to discriminate acceptable group members from those 
that will be refused. Given ageneral advantage of group living, species may choose 
to associate with congeners, unrelated conspecifics or only with siblings. The lat-
ter is of particular interest in subsocial and social arachnids.

The most basic level of recognition is that of dead and alive. Brach (1977) 
found in the social spider Anelosimus studiosus (Theridiidae) that any conspecific 
individual that has joined the colony is considered as co-operator as long as it is 
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alive. Dead spiders will be treated as prey, an action that of course may also be 
considered as sanitation behaviour to keep the communal nest healthy. The distinc-
tion on the next higher level refers to the genus or species level. Individuals that 
intrude into a colony but belong to a completely different taxon may potentially 
represent predators or kleptoparasites. In Stegodyphus sarasinorum (Erisidae), 
Kullmann (1972) noticed an interesting recognition mechanism in which individu-
als of the species recognise erisid-typical (spider family Erisidae) body features 
but without having the ability to discriminate between different species or conspe-
cifics. Consequently, Kullmann (1972) showed in manipulative experiments that 
an association between different species is possible through a reduced interspecific 
aggression level. The recognition mechanism has been suggested to be based on 
chemosensitive perception via pheromones (Kullmann 1972). A similar congeneric 
acceptance has also been revealed for two social Stegodyphus species (Seibt and 
Wickler 1988). The interspecific acceptance is high enough to even allow the for-
mation of mixed species groups that perfectly cooperate. Experimentally brought 
together in the lab, Stegodyphus mimosarum (Fig. 7.2) and Stegodyphus dumicola 
cooperatively build webs and forage (Seibt and Wickler 1988). Later Grinsted 
et al. (2012) found a similar behaviour realised in the wild. Two Chikunia species 
(Araneae; Theridiidae) were found to form mixed colonies. These spiders do not 
forage together, but lab experiments suggest that there might be interspecific brood 
care as females of one species adopt the young of the other (Grinsted et al. 2012). 
Other examples on congeneric group member acceptance can be found in social 
and subsocial species of the theridiid spider genus Anelosimus (Samuk and Avilés 
2013), or in gregarious species of the harvestmen genus Serracutisoma (Chelini 
et al. 2012). However, in the latter example individuals show a clear preference to 
associate with conspecifics indicating that species discrimination is also present.

The fact that many group living species tolerate congeners may indicate that 
the evolution of social interactions via the para-social route has started with a gen-
eral lowering of aggression to gain direct benefits of association. However, per-
manent sociality and cooperation in arachnids appear to only evolve through the 
sub-social route based on kin selected benefits (Anthony 2003; Lubin and Bilde 
2007). Hence, tolerance alone is not a mean of inter- and intra-specific coopera-
tion. Tolerance towards conspecifics and low interspecific aggression may, however, 
play a significant role in the evolution of kleptoparasitism. Agnarsson (2002) noted 
that these behavioural patterns can be found in kleptoparasitic Argyrodes—species 
(Theridiidae). In social species, the tolerance is mutual between juveniles and the 
larger mother individual. Usually, a larger animal might be considered as a predator. 
Therefore, not trying to escape when being in its close proximity is not self-evident. 
Small Argyrodes spiders of different species had to overcome this barrier to enter 
the host spider’s web that is always much larger in body size (Agnarsson 2002). 
As more than one Argyrodes individual and sometimes more species occupy a host 
web, additional intraspecific tolerance is essential to avoid competitive fights that 
may alert the host spider. Hence, it is reasonable to assume that at least in the family 
Theridiidae, which comprises social and as well as kleptoparasitic species, the same 
tolerance-mechanisms may represent the evolutionary origin for both lifestyles.
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The cues used to identify members of the same species are various and not 
always fully understood. Both tactile (Wilson 1971; Brach 1975) and chemical 
stimuli (Kullmann 1972) have been described as effective discrimination cues used 
in different species. In particular, pheromones play an important role for arach-
nid species recognition but also for intraspecific attraction to form groups (spiders: 
Seibt and Wickler 1988; Evans and Main 1993; Trabalon and Assi-Bessékon 2008/
whip spiders: Hebets and Chapman 2000; Walsh and Rayor 2008/mites: Sato et al. 
2003; Mailleux et al. 2011; Clotuche et al. 2012). In some social spider species, 
pheromones deposited on silk will attract individuals to form a group or to join 

Fig. 7.2  A nest of social Stegodyphus dumicola spiders (Erisidae) in Weenen Nature Reserve/
South Africa. a total view, b close up. (Photos André Walter)
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an already established one (Diaea socialis, Evans and Main 1993; S. mimosarum 
and S. dumicola, Seibt and Wickler 1988). Chemical cues may also be used by 
particular conspecifics in specific contexts or functions. Females of D. socialis are 
not attracted to juvenile silk (Evans and Main 1993), and the silk of incubating 
females of the subsocial Coelotes terrestris (Agelenidae) attracts mated females 
but repels virgins (Trabalon and Assi-Bessekon 2008).

It may not surprise that species recognition is widespread also among arachnids 
as it is an important mechanism to ensure intraspecific matings. Its role for com-
posing groups with conspecifics only is nevertheless still understudied. Species 
recognition may facilitate the evolution of cooperation through behavioural simi-
larities among individuals of the same species. The nature of interactions among 
conspecifics may depend on familiarity, developmental stage, sex, and, as shown 
later, relatedness. For example, in the predaceous mite Phytoseiulus persimilis lar-
vae stay together in groups until they moult into protonymphs. These larvae show 
a preference for grouping with individuals that they are familiar with because they 
were previously exposed to the same environment, whereas other factors like kin-
ship do not significantly influence aggregation behaviour (Strodl and Schausberger 
2012a). Yet another form of discrimination based on sex can be found in the social 
theridiid spider A. studiosus. Conspecific intruders are accepted in the colony, 
but this does not account for the scenario of a resident adult female encountering 
another immigrant adult female (Brach 1977). The resulting fight can be consid-
ered as competition over a nest and foraging site that is chosen by the resident 
female to raise her own offspring. The developmental stage may additionally be 
an important factor to trigger either aggression or cooperative behaviour (e.g. Yip 
et al. 2012). It is possible that intruding subadult individuals benefit the colony 
for example by increasing the probability of survival, whereas adult conspecific 
females are detrimental through the increased competition between offspring of 
the two families.

In S. mimosarum and S. dumicola the mother will sooner or later be eaten by 
her young spiderlings (‘matriphagy’). These spiders are semelparous and although 
not unambiguously proven yet, it is likely that mothers signal to the young to con-
sume her at a certain point in time after regurgitation feeding has started. However, 
at this stage juvenile spiders not only eat their mother but would also attack any 
other female of their mother’s age (thus also called ‘gerontophagy’ by Seibt and 
Wickler 1987). In the subsocial spider Stegodyphus lineatus the mother feeds 
her young after hatching but also provides food to unrelated conspecific young. 
She only does this, however, if they are within the same instar as her own off-
spring (Schneider 2002). This maternal behaviour suggests that physiological 
stage and not discrimination per se is involved in this extreme form of maternal 
care. Nursing females of the subsocial agelenid spider C. terrestris are tolerant to 
related and unrelated juvenile individuals, but when experimentally confronted 
with young in the pre-laying or incubating state they would occasionally attack 
them (Assi-Bessékon and Horel 1996). Cuticular chemical cues have been sug-
gested to mediate this discrimination mechanism (Assi-Bessékon 1997).
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With permanent sociality where colonies persist over several years, some spe-
cies show complete overlapping of generations (e.g. Anelosimus) whereas others 
show partial overlap (e.g. Stegodyphus). Permanent social group formation is not 
only favoured by higher protection and efficiency of foraging, but also by indi-
rect fitness benefits mediated by reproductive skew and allo-maternal brood care 
that increase survival and reproduction at the colony level (Grinsted and Bilde 
2013). When it comes to reproduction, inclusive fitness theory (Hamilton 1964) 
predicts that cooperative breeding should evolve among related individuals. 
Intraspecifically, further discrimination mechanisms may be necessary to optimise 
this level of cooperation. If cooperation evolves from family groups, kin recogni-
tion and kin discrimination may not evolve, simply because interactions among 
non-kin are rare. In this case, either ‘familiarity’ by recognition of nest mates, or a 
simple rule stating ‘cooperate with nest mates’ will effectively have the same evo-
lutionary outcome as kin-mediated interactions (Griffin and West 2003; Schneider 
and Bilde 2008).

Intraspecific Discrimination and Kin Recognition

Kin recognition describes mechanisms that may lead to differential treatment of 
conspecifics based on genetic relatedness (Sherman et al. 1997). Following kin 
selection theory, kin directed cooperation is favoured by inclusive fitness ben-
efits, i.e. the sum of own direct fitness and indirect fitness of relatives with whom 
they share genes identical by descent (Hamilton 1964; Maynard Smith 1964). 
Cooperation is expected to evolve when individuals gain higher inclusive fitness 
by helping to raise offspring of close relatives than they would through own repro-
duction. This coherency also known as ‘Hamilton’s rule’ applies for many social 
insect systems as well as cooperatively breeding vertebrates (Boomsma 2007; 
Griffin and West 2003). It follows that mechanisms that allow recognising kin and 
directing help towards them will be favoured by selection. Kin recognition has 
been documented in a number of subsocial arachnids (see below) and appears to 
play a role in the evolution of cooperation. Kin recognition may also be impor-
tant in solitary arachnids that are prone to early life competition or cannibalism, 
as it occurs in some predatory mites (Schausberger 2007; Strodl and Schausberger 
2012a, b). As many taxonomic groups have not been studied (Table 7.1),  general 
conclusions about the occurrence and adaptive significance of kin  recognition 
cannot be drawn. However, based on the present data its benefits seem to be 
unequally distributed across the taxon and often not easy to reveal (Evans 1999). 
It is important to note that the apparent lack of kin discrimination does not nec-
essarily imply that this trait is absent; it may simply not be in use in relation to 
the behaviours under investigation. Likewise, the ability to recognise kin does 
not necessarily imply that nepotism through kin-directed helping takes place (cf. 
Waldman et al. 1988). For example, in subsocial Stegodyphus spiders kin recog-
nition mechanisms have been found (see below) but behavioural differentiations 
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between related and unrelated individuals are not always noticeable (Schneider 
1996). Finally, it is important to distinguish between genetic kin discrimination 
and familiarity, where discrimination is based upon recognition of individuals and 
not their genetic relatedness. While the evolutionary outcome of these two modes 
of recognition could be the same, they represent fundamentally different mecha-
nisms of recognition (Schneider and Bilde 2008). Some studies putatively reveal 
kin discrimination although the control for a distinction to familiarity may have 
been lacking. To show ‘true’ kin recognition, both genetic relatedness and famili-
arity must be controlled as independent factors (see below). For simplification in 
the following  section we will refer to the term ‘kin recognition’ even if a genetic 
basis has not been proven. As the occurrence and relative importance of kin recog-
nition  mechanisms differ among taxa, we will review spiders and other arachnids 
separately in the following sections.

Sociality and Kin Recognition in Non-spider Arachnids

The degree of sociality in non-spider taxa varies greatly. While in harvestmen 
only gregarious behaviours are known (Chelini et al. 2012), some scorpion spe-
cies can be regarded as subsocial as they show extended maternal care (Lourenço 
and Cloudsley-Thompson 2011). Mothers of the buthid scorpion Tityus neblina 
care for their young by protecting them and providing them with food. Other 
(non-buthid) species build communal nests, hunt cooperatively and feed com-
munally (Shivashankar 1994). However, these associations are only temporary, 
and permanent sociality is not known for this arachnid group (Lourenço and 
Cloudsley-Thompson 2011). Kin recognition abilities may be present in scorpi-
ons. Mahsberg (1990) found in choice experiments that lab-raised juveniles of the 
subsocial scorpion Pandinus imperator prefer to associate with their own mother 
rather than with an unrelated female. Yet aggression against non-kin individu-
als has been reported to be very low (Mahsberg 1990). The result of the study of 
Mahsberg (1990), however, can also be explained by familiarity (cf. catego-
ries in Table 7.1) because prior to the experiments the juvenile scorpions stayed 
with their mother until the second instar. This gave them time to familiarise, and 
the outcome of the choice test may not necessarily mirror a preference based on 
genetic relatedness. In pseudoscorpions the situation seems very similar. Also here 
some species show subsocial behaviours that include nest cohabitation and food 
share until the offspring disperses (Del-Claro and Tizo-Pedroso 2009). Moreover, 
species of the genus Paratemnoides perform cooperative parental care, and in P. 
nidificator even a basic form of an age dependent division of labour has been sug-
gested (Tizo-Pedroso and Del-Claro 2011). Kin recognition, however, has not yet 
been described. The only example of true kin recognition apart from spiders and 
mites (see below) comes from whip spiders (Amblypygi). Again, the evolution-
ary origin of their social interaction is an extension of maternal care (Rayor and 
Taylor 2006). For example, juveniles of Phrynus marginemaculatus and Damon 
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Table 7.1  The Knowns and unknowns about kin and nest mate recognition in arachnids

Several studies found individual recognition abilities without unravelling whether it is based on 
genetic relatedness or familiarity. We thus list the literature in two categories of ‘kin recognition’. 
However, it might be shown in future investigations that some species assigned to ‘familiarity’ 
may in fact also possess kin recognition based on genetically based cues
Studies we indicated with “*” refer to nestmate recognition not specifically revealing or address-
ing genetic relatedness
References: (1) Beavis et al. (2007), (2) Bilde and Lubin (2001), (3) Evans (1998), (4) Evans 
(1999), (5) Faraji et al. (2000), (6) Johannesen and Lubin (2001), (7) Mahsberg (1990), (8) 
Mailleux et al. (2008), (9) Roberts et al. (2003), (10) Rowell and Avilés (1995), (11) Ruch 
et al. (2009), (12) Schausberger (2005), (13) Schausberger (2007), (14) Schausberger and Croft 
(2001), (15) Schneider (1996), (16) Schneider and Bilde (2008), (17) Strodl and Schausberger 
(2012a), (18) Strodl and Schausberger (2012b), (19) Walsh and Rayor (2008), (20) Yip et al. 
(2009), (21) Zach et al. (2012)

Affected traits Taxon

Pseudoscorpiones Scorpiones Acari Opiliones Amblypygi Araneae

Recognition based on familiarity

Increased 
investigation

x x Phytoseiulus 
persimilis17

x x Delena 
cancerides20

Preferred 
association

x Pandinus 
imperator7

x x x Anelosimus 
eximius8*

Stegodyphus 
lineatus6

Preferrential 
cannibalism

x x Phytoseiulus 
persimilis12,13,14

x x Delena 
cancerides1*,10

Diaea 
ergandros4

Hogna helluo9

Stegodyphus 
lineatus2

Improved 
defence

x x Phytoseiulus 
persimilis18

x x x

Improved feed-
ing efficiency 
through 
association 
with kin

x x Phytoseiulus 
persimilis17,21

x x Stegodyphus 
lineatus15

Recognition based on genetic cues

Preferred 
association

x x x x Damon 
diadema19

x

Preferrential 
oviposition

x x Iphiseius 
degenerans5

x x x

Preferrential 
maternal 
feeding

x x x x x Diaea 
ergandros3

Preferrential 
cannibalism

x x Phytoseiulus 
persimilis12,13,14

Phytoseiulus 
macropilis14

x Damon 
diadema19

x

Improved feed-
ing efficiency 
through 
association 
with kin

x x x x x Stegodyphus 
lineatus15

Stegodyphus 
tentoriicola11
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diadema stay with their mother for at least one year until they become solitary. 
In D. diadema, mothers and her offspring further show active aggregation under 
increased predation risk (Rayor and Taylor 2006). As the mentioned species 
show no cooperative prey capture or food share, the function of group living is 
most likely protection. Despite the lack of cooperation, kin recognition has been 
found in immature individuals of D. diadema (Walsh and Rayor 2008). In Y-maze 
choice tests, Walsh and Rayor (2008) showed that immature individuals are able 
to recognise their mother. Recognition is probably based on olfactory cues, as 
amblypygids are very sensitive to odours (Hebets and Chapman 2000), and tactile 
stimuli, as they use their ‘whips’ (first pair of legs) to physically contact conspecif-
ics (Rayor and Taylor 2006). One hypothesis for the significance of immature kin 
recognition is that remembrance of siblings in the adult stage may serve to avoid 
serious injuries during fight, because adult whip spiders behave aggressively when 
they encounter potential conspecific competitors (Walsh and Rayor 2008).

The large arachnid group of mites (Acari) is trophically diverse, comprising 
vegetarian, predaceous and parasitic specialists. The sociality levels cover the 
whole range from solitary to subsocial and permanently social species that build 
large colonies with overlapping generations and even bi-parental brood care (Sato 
et al. 2003). Kin recognition has been revealed for various species but has not (yet) 
been found in the group of highly social spider mites. The advantages of group 
living in mites include reduction of evaporative water loss (Glass et al. 1998), 
increased foraging efficiency (Strodl and Schausberger 2012a) and increased sur-
vival by cooperative defence against predators (Mori and Saito 2005; Strodl and 
Schausberger 2012b). The latter is particularly evident for species that build com-
mon nests (Mori and Saito 2004, 2005). Even inherently solitary species, like the 
house dust mite Dermatophagoides pteronyssimus, sometimes form groups. When 
certain individuals start to migrate to new food patches they lay trails of chemical 
cues that attract conspecifics to follow (Mailleux et al. 2011). Hence, the migra-
tion becomes a collective phenomenon. Moving in a group may help to reduce 
dehydration risk, but interactions between individuals are lacking (Mailleux et al. 
2011). Non-social predatory mites naturally show no expression of cooperation, 
but some species possess kin recognition abilities. Females of Iphiseius degener-
ans oviposit preferably next to eggs laid by related females rather than unrelated 
ones (Faraji et al. 2000). This behaviour is suggested to reduce the risk of kin can-
nibalism among juveniles once they will have hatched, as young are less likely 
to cannibalize relatives. In P. persimilis and P. macropilis, adult females tend to 
prey upon juvenile conspecifics with a significant preference for unrelated indi-
viduals (Schausberger and Croft 2001). Both species show no social behaviours 
and yet the authors discuss the adaptive significance of their kin discrimination 
abilities in context of inclusive fitness theory. In the case of a recognition error, 
females would experience a loss of inclusive fitness by eating related individu-
als (Schausberger and Croft 2001). Moreover, reducing the number of unrelated 
offspring by increased predation will finally relieve the young from intraspecific 
competition for food. This particular example refers to a recognition mechanism 
that might be the direct result of kin selected behaviours, however, Schausberger 
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(2007) later revealed that in P. persimilis kin recognition is an amazingly complex, 
context-dependent process. While these mites use genetically determined recogni-
tion cues, discrimination is nevertheless based on familiarity. An association early 
in life will reduce cannibalistic behaviours against familiar individuals in later 
juvenile stages, irrespective of whether they are kin or non-kin. Staying in a group 
of familiar individuals increases foraging efficiency (Strodl and Schausberger 
2012a; Zach et al. 2012) and reduces response time to predatory attacks (Strodl 
and Schausberger 2012b), which is suggested to be mediated by the reduced time 
needed for the assessment of conspecifics (Strodl and Schausberger 2012a, b). The 
advantage of a familiarity-based recognition mode in P. persimilis is that it allows 
mothers to lay eggs next to clutches of unrelated females, and still juvenile can-
nibalism after hatching remains low (Schausberger 2007). Interestingly, the same 
species is also capable of ‘true’ kin recognition based on phenotype matching. 
Although the cannibalism rate is generally higher towards unfamiliar individuals, 
Schausberger (2007) demonstrated in a choice experiment that under food dep-
rivation protonymphs prefer to cannibalise sibling larvae over non-sibs irrespec-
tive of the degree of familiarity. This latter behaviour is suggested to represent a 
selfish action to avoid competition of related alleles and to increase direct fitness 
(Schausberger 2007). Nevertheless, those benefits must be enormous for kin can-
nibalism to be adaptive given the cost of losing inclusive fitness, and may include 
an inbreeding avoidance strategy. Alternatively, kin cannibalism may also result 
from preferential association with kin and thus a by-product occurrence of early 
cannibalism on related individuals without indicating a true preference (see also 
Schausberger 2005). The example of predatory mites nicely illustrates that kin rec-
ognition also occurs in non-social species and that both processes, kin recognition 
based on genetic relatedness and familiarity, appear to be important in social inter-
actions among various mite species.

Spider mites are considered as pest on crops (Saito 1987) yet showing high 
level of sociality. Apart from building permanent nests with overlapping genera-
tions, cooperation in nest construction, nest sanitation (Sato et al. 2003) and nest 
defence (Mori and Saito 2005) some species even perform bi-parental brood care 
(Saito 1987) which might be related to their genomic structure. While arachnids 
are typically diploid, some social spider mites are characterised by haplodiploidy 
which adds a particularly interesting aspect to the function of kin recognition. 
Similar to eusocial hymenopteran insects females of these mites produce haploid 
males (from unfertilised eggs) and diploid females. Despite the fact that in social 
spider mites no reproductive division of labour exists (Mori and Saito 2006), 
colonies are often founded by single females. The within-colony relatedness can 
be high, because a highly female biased sex ratio of the offspring has also been 
reported [e.g. Tetranychus urticae and Schizotetranychus celaris, Saito (1987); 
Stigmaeopsis longus and S. miscanthi, Sato and Saito (2007)]. Through mother-
son matings the relatedness within a colony can be further increased, as it is the  
case in S. celaris (Acari, Tetranychidae). This mating behaviour may explain 
the unusual occurrence of paternal brood care, since in this inbreeding scenario  
the offspring has a much higher relatedness to the father than they would have 
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if the father mated with a female from a foreign colony (Saito 1986, 1987). Kin 
 recognition could be beneficial in order to maintain this male-offspring-relatedness 
by preferential matings with related females, but it has not been revealed for any 
permanently social mite species so far. Moreover, despite the complexity of social 
behaviours and a haplo-diploid system, Mori and Saito (2006) could neither find 
division of labour nor casts in Schizotetranychus.

Kin Recognition in Subsocial Spiders

Kin recognition in spiders is tightly linked with sociality and has not yet been 
found in solitary species (excluding species with extended maternal care as a form 
of sub-social behaviour). This might well be an artefact of a biased investigation, 
but it may also underpin the importance of kin recognition to facilitate the evo-
lution of sociality in these animals. In spiders, kin recognition mechanisms are 
subtle and comprise a number of specific behaviours that are often highly context-
dependent (Yip and Rayor 2014). Those mechanisms may be used to direct help 
towards related individuals in social groups or to discriminate against foreign-
ers. Delena cancerides, a social huntsman species of the family Sparassidae, has 
reached a unique discrimination level. Colonies in this species may comprise up to 
300 individuals that form social nests under the bark of trees, and in contrast to all 
other social arachnids, they behave aggressively towards individuals from foreign 
colonies (Rowell and Avilés 1995). Chemical cues may be used by the individually 
hunting spiders to find back to their own colonies. Those cues would also mark the 
home nest, and with it all inhabiting spiders, and may thus be used for nest mate 
recognition (see Rowell and Avilés 1995). In the permanently social Anelosimus 
eximius (Theridiidae), Pasquet et al. (1997) showed that volatile and non-volatile 
cuticular substances vary considerably among colonies. However, introduction of 
individuals from foreign colonies with different ‘odours’ did not appear to elicit 
measurable behavioural changes like increased aggression. This result, that dif-
fers from D. cancerides, may be related to the rather static nature of group liv-
ing in A. eximius, as there is almost no individual exchange between colonies and 
thus direct competition among colonies over resources is rather weak (Pasquet 
et al. 1997). Moreover, social spiders tend to include foreigners in their colony 
because of benefits for survival, and selection against such inclusion is low despite 
the fact that large colonies may also experience higher intraspecific competition. 
Accordingly, it has been shown in A. eximius as well as in the social S. dumicola 
(Erisidae) that larger nests survive better than smaller ones (Avilés and Tufiño 
1998; Bilde et al. 2007). In D. cancerides individuals are free hunting and more 
mobile, and therefore colonies are more often faced with wandering immigrants 
(Yip et al. 2012). They may be forced to actively maintain colony integrity, espe-
cially if colony retreats represent a limited resource (Yip et al. 2009). Interestingly, 
although sociality in D. cancerides is also suggested to originate from extended 
maternal care, colonies also comprise a substantial proportion of unrelated 
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individuals. Thus, the pronounced discrimination against foreigners is based on 
both kin and non-kin nest mate recognition (Rowell and Avilés 1995). Is has sub-
sequently been shown that true kin recognition exists in this species (Beavis et al. 
2007). For a long time, it was unknown how the high level of intolerance towards 
immigration of unrelated individuals could result in mixed colony compositions, 
which is important to maintain outbreeding opportunities. Beavis et al. (2007) 
eventually found that adult females that founded a colony are reasonable tolerant 
towards juveniles with carapace width of less than 6 mm (see also Yip et al. 2009). 
Thus, juvenile dispersal may be the only way in this species to join groups of unre-
lated spiders and to maintain an outbred population structure (Yip et al. 2012).

That true distinction between kin and non-kin might be of adaptive significance 
in arachnids was shown in studies on subsocial S. lineatus (Schneider 1996; Bilde 
and Lubin 2001; Schneider and Bilde 2008). Under low food conditions these spi-
ders show increased cannibalism in groups of unrelated individuals, which has been 
discussed in context of inclusive fitness maximisation (Bilde and Lubin 2001). 
Other studies revealed that subsocial S. lineatus also perform better when they for-
age in groups of siblings instead of mixed associations (Schneider 1996; Schneider 
and Bilde 2008). Kin groups fed more efficiently by extracting more food from 
the prey and grew at a higher rate. Schneider and Bilde (2008) used cross foster-
ing experiments to prove that genetic relatedness and not familiarity among col-
ony members improved the performance in S. lineatus. This study did not detect 
the mechanisms of kin recognition, but it was later shown that kin recognition in 
S. lineatus may be mediated by cuticle hydrocarbons (Grinsted et al. 2011). The 
behavioural or physiological mechanisms of kin discrimination in communal feed-
ing events, however, are still unknown. Perhaps, these spiders invest differentially 
in digestive enzyme production and/or contribution to the extra-oral digestion when 
foraging with either kin or non-kin. Beyond an ‘optimal’ group size, further indi-
viduals that join will increase competition over food and the incentive for cheating 
(Whitehouse and Lubin 2005). Accordingly, Ruch et al. (2009) found that feeding 
efficiency decreases with increasing group size in subsocial Stegodyphus tentorii-
cola. This effect, however, is less pronounced in sibling groups and thus indicates 
a potential advantage of discriminating against non-kin when forming groups. The 
different feeding efficiency might be related to a dissimilar investment in releasing 
digestive enzymes (Ruch et al. 2009). As the production of digestive fluids is costly 
(Secor 2003) the motivation not to contribute own enzymes, and thus to cheat, may 
be enhanced in mixed groups. Nevertheless, cooperation can be maintained despite 
cheating if a single individual is unlikely to successfully monopolise a resource 
(Lubin and Bilde 2007). However, cheating creates a social dilemma as related 
individuals lose indirect fitness benefits (Schneider and Bilde 2008). 

Cooperation may conflict with competition among members of a colony, for 
example over the best feeding-positions, the greatest share of captured prey items, 
or mating partners etc. Competition increases with increasing group size, which 
leads to a reduction in per capita fitness (Bilde et al. 2007). Under these condi-
tions cheating becomes a tempting strategy (Lubin and Bilde 2007). Individuals 
may decide not to contribute to prey capture or web construction although taking 
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advantage of both, or they may not contribute in producing and releasing digestive 
fluids while feeding communally. Following the theory of ‘the tragedy of the com-
mons’ (Hardin 1968) selfish actions reduce the benefits of cooperation for other 
group members. Kin recognition may help to reduce negative effects of selfish 
actions because interacting with related individuals increases the cost of cheating 
by reducing inclusive fitness (Schneider and Bilde 2008). A preference for associ-
ating with kin may reduce the level of cheating and thus underpins the significance 
of kin recognition for the evolution of cooperation and the transition to perma-
nently social spider societies (Lubin and Bilde 2007).

In the thomisid subsocial spider Diaea ergandros, Evans (1999) showed that 
the performance of sibling groups does not significantly differ from groups of 
unrelated individuals in the adult stage. Juveniles, however, contribute more to 
nest construction when cooperating with siblings, and if unfavourable conditions 
causes the colony to starve, cannibalism spreads and spiders then prefer to eat 
non-sibs first (Evans 1999). This would conform to kin-selection theory. However, 
the discrimination modes turned out to be complex. Starving subadult females 
would prefer to cannibalise foreign females but related males. This differential 
response was attributed to facilitation of outbreeding opportunities (Evans 1999; 
see also Johannesen and Lubin 1999).

Kin Recognition and Permanent Sociality in Spiders

It is evident that kin recognition is favoured by inclusive fitness benefits, and most 
likely kin cooperation plays a role in the transition to permanent sociality in spiders. 
So far, kin recognition has not been found in permanently social spiders. Perhaps, 
once permanent sociality has evolved, there may be additional selective forces that 
maintain cooperation. For example, high and predictable genetic relatedness among 
group members may relax selection for maintaining kin recognition (Lubin and 
Bilde 2007; Yip and Rayor 2014). Also, mutualistic benefits of cooperation (see 
Kokko et al. 2001) and infrequent encounters with competing groups would reduce 
the need for a kin recognition system (Waldman 1988). These conditions charac-
terise permanently social spiders, that are severely inbred with low intra-colony 
genetic variation (Lubin and Bilde 2007), and group augmentation increases colony 
survival (Avilés and Tufiño 1998; Bilde et al. 2007). Indeed, the scarce evidence 
for kin discrimination and nepotism in permanently social species support relaxed 
selection for these traits, and it is therefore possible that they have been lost with 
the transition from subsocial to permanently social living (Lubin and Bilde 2007; 
Berger-Tal et al. 2015). This observation underlines that kin recognition in spiders 
and other arachnids is not an obligate prerequisite for the maintenance of group liv-
ing and cooperation. However, social spiders may well benefit from kin selected 
traits that led to their level of cooperation. If they gain both inclusive fitness from 
allo-maternal care, and direct fitness from increased survival of larger groups, this is 
sufficient to explain the maintenance of cooperation. An alternative explanation, the 
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principle of reciprocity (Axelrod and Hamilton 1981), requires score-keeping, indi-
vidual recognition and repeated interactions amongst individuals. While this could 
in principle happen, by-product mutualism (Eberle and Kappeler 2008) would be 
more likely to explain direct benefits of cooperation in spiders.

Kin Recognition Cues

Kin recognition has been demonstrated in several spider species, whereas we have 
yet to understand the actual underlying recognition mechanisms. As shown above, 
for interspecific recognition mechanisms, spiders use tactile chemical cues to regu-
late their interactions. Chemicals deposited on silk are well known to serve as effec-
tive cues (Seibt and Wickler 1988; Evans and Main 1993), but have not yet been 
revealed to play a role in kin recognition. For example, S. lineatus is able to recog-
nise the silk of its own species, but individuals do not show any preference for the 
silk of kin or non-kin (Bilde et al. 2002). In eusocial insects, cuticular hydrocarbons 
have been identified to convey specific information about the colony identity or 
the degree of relatedness (Lahav et al. 1999; Dani et al. 2005; d’Ettorre and Moore 
2008). Hence, it seems reasonable to screen other arthropods for similar mecha-
nisms. Grinsted et al. (2011) finally found evidence for cuticular hydrocarbons 
also mediating kin recognition in the subsocial spider S. lineatus. The hydrocarbon 
profiles of juvenile pre-dispersal spiders vary considerably, thus potentially carry-
ing information about the family identity that can be used for kin discrimination. 
Behavioural experiments further demonstrated that the spiders preferably choose 
to reside next to cuticular chemical extracts of siblings (Grinsted et al. 2011). 
Moreover, the composition of branched alkanes as a subset of identified hydrocar-
bons is not substantially influenced by environmental factors underpinning a genetic 
basis of the substance makeup to be used as cues. Direct fitness benefits of cooper-
ating with kin (see. Schneider 1996; Schneider and Bilde 2008) may have favoured 
selection towards using these cuticular substances as a kin recognition tool.

Summary

This overview reveals that social recognition abilities exist in various social and 
non-social arachnids. It allows individuals to distinguish between congeners, con-
specifics, nestmates, and related and unrelated individuals to either support or dis-
criminate against them. Interestingly, kin recognition also occurs in species that 
do not form groups. However, it is always linked to social interactions, at least in 
juvenile associations. The adaptive significance of these social behaviours resides 
in functions like increased protection, foraging efficiency and brood care and true 
cooperation in foraging, predator defence and cooperative breeding. However, the 
role of kin recognition as a mediator for these behaviours remains understudied.



1197 Social Recognition in the Arachnida

In contrast to the eusocial insects, where kin recognition mediates both within- and 
between-colony interactions, the adaptive value of kin recognition in arachnids appears 
to be more context-dependent. It varies among species with differing sociality levels 
and life stages. Yet, kin recognition is accepted to have fitness benefits and has been 
suggested to play a role in the transition from subsocial to social living by promoting 
close kin associations. Possessing the ability to recognise and discriminate kin is par-
ticularly valuable for species that frequently interact with non-kin as it occurs in many 
subsocial species. By contrast, interactions with non-kin are rare in social species and 
thus selection may not favour the maintenance of recognition abilities. Accordingly, 
kin recognition has not been demonstrated in permanently social species yet.

The adaptive significance of kin recognition may be hard to discern, but some-
times it might simply be behaviourally undetectable. For example, the advantage 
of cooperation among related spiders might reside in performance differences in 
communal feeding events on a molecular level. Either individual spiders could 
contribute more or less digestive enzymes depending on who they are feeding 
with, or the digestive fluids of non-kin could be less compatible than those of kin. 
Through immunological differences, the enzymes themselves may compete inside 
the carcass of the prey resulting in a reduced effectiveness of the extra oral diges-
tion in non-kin feeding groups. Here, the adaptive significance of kin recognition 
and kin discrimination may be very subtle. It might only manifest in the form of 
preferential association with kin for feeding. Thus, apart from simply detecting 
kin discrimination in particular species, future studies may need to screen more 
closely for specific contexts in which this ability appears to be adaptive. This has 
been exemplarily done in studies on preferential cannibalism among juveniles, 
but may be extended to other scenarios that influence the performance of groups, 
like foraging, feeding, brood care, defence etc. Another open question that needs 
to be answered in future investigations is the importance of kin recognition abil-
ities for the transition from subsociality to permanently social group living. For 
that, we need to identify and to focus on transitional species to unravel crucial 
kin-selected trait(s) that facilitate the formation of permanent colonies. One of the 
key  issues will be a better understanding of the recognition mechanisms and a 
clear distinction between the use of genetically based recognition cues and famili-
arity. Uncovering the evolutionary importance of social recognition in arachnids 
turns out to be a puzzle, generalisations may not be possible, and only a stepwise 
approach can provide us with a more comprehensive knowledge of their sociality.
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Abstract Social recognition, i.e. the ability to recognize and assign  individual 
membership to a particular and relevant class, such as caste, dominance sta-
tus, gender or colony, shapes the amazing organization of insect societies. 
Traditionally, it has been assumed that social recognition in social insects is 
mainly governed by chemicals. However, social insects also share information via 
many other sensory channels, and it has been recently demonstrated that visual 
signals can mediate several types of social recognition in some species of social 
wasps. Primitively social wasps, such as paper wasps of Polistes genus, are suit-
able models to investigate visual communication because their combs lack of 
envelops allowing light to produce visual cues, their colonies are small, they have 
a good vision, they show a remarkable individual within-colony colour  variation 
and, finally, they show an intense social life based on social recognition. In this 
chapter we reviewed the role of visual cues in social recognition inside and 
 outside social wasp colonies focusing both on the intraspecific and interspecific 
 recognition contexts.

Introduction

Recognition ability is an essential requirement for social behavior. Social insect 
colonies are well integrated societies characterized by a high level of coopera-
tion among colony members (Wilson 1971). Such complex social interactions 
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are possible thanks to the continuous exchange of information among individu-
als. Indeed, all forms of response following social interactions depend on some 
types of recognition. For example, the ability to discriminate nestmates from 
non-nestmates allows each colony member to favor the self and at the same 
time to repel the non-self, thus making social insect colonies highly defended 
xenophobic fortresses (Van Zweden and d’Ettorre 2010). The amazing organ-
ization of a social insect colony is however based not only on nestmate rec-
ognition but more in general on the ability to recognize and assign individual 
membership to a particular and relevant class, such as caste, dominance status, 
gender and so on.

In many social insects, the combination of a high number of individuals per 
colony and the common tendency to nest in sheltered and dark places (e.g. soil 
or enveloped nests) has favored the evolution of a large repertoire of chemicals 
(pheromones) to mediate intra-colonial transfer of information. Traditionally, it 
has been assumed that social insect life is governed by chemicals (Howard and 
Blomquist 2005; see this book) although social insects can transfer information 
to their nestmates, conspecifics and heterospecifics also via many other  different 
channels, including the acoustic (reviewed in Kirchener 1997), vibrational 
(reviewed in Hunt and Richard 2013) and visual one (e.g. Nieh 2004). However, 
since a few time ago, the cues involved in social recognition in bees, ants, termites 
and wasps have been believed to be almost exclusively the chemical ones, with 
the hydrocarbons that cover the insect cuticle playing a major role (Howard and 
Blomquist 2005; see this book).

Already one century ago Wilhelmine Enteman (quoted by Strassmann 2004) 
described the amazing colour variation within the members of a Polistes wasp 
colony, but only recently this variability suggested that also visual signals can be 
strongly involved in mediating several types of social recognition (Tibbetts 2002; 
Tibbetts and Dale 2004).

In this review we will discuss the influence of visual cues in social recogni-
tion in primitively social wasps that represent interesting models to investigate the 
functioning and evolution of visual recognition. Indeed, these societies are rather 
small, with poorly differentiated phenotypes and highly flexible (almost all indi-
viduals can become fertile and reproduce). More than simply aiding researchers in 
their experimental work, these features represent a favourable environment where 
a full range of different recognition systems can evolve, from individual recog-
nition (IR) to status recognition. Moreover, contrary to many social insects that 
live in the darkness (underground as many ants or termites, or in enveloped nests 
such as bees and some more eusocial Vespinae), primitively social wasps such 
as Polistes and most Stenogastrinae live in open nests, where communication by 
using reflected light to produce visual signals is possible.

This review will focus on Polistes paper wasps, as the bulk of visual recogni-
tion studies (more than the 95 %) has been carried out in this genus. Nonetheless, 
we will discuss also available information on Stenogastrinae hover wasps, which 
recently raised attention as they can provide independent test on the evolution of 
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visual recognition in a different social clade (Baracchi et al. 2013). The review 
will cover the importance of visual cues in mediating social recognition inside and 
outside social insect colonies, both in the intraspecific and interspecific context.

Status Recognition and Quality Signals

A paper published by Tibbetts and Dale on Nature magazine in November 2004 
revolutionized what previously thought about the communication system in 
Polistes paper wasps. Basically, this study showed that differences in the black 
area on the yellow clypeus of female Polistes dominula make a variable facial 
pattern that conveys information about the competitive ability of an individual to 
potential opponents.

These conventional signals, also known as ‘badges of status’ (Smith and 
Harper 2003), have been largely studied in passerine birds (Rohwer 1975, 
1977; Senar and Camerino 1998) and lizards (Whiting et al. 2003), where 
small patches of color on the body of each individual influence the outcome 
of contests over resources in a group. These signals, that are claimed to be the 
animal equivalent of sergeants’ strips (Roper 1986), allow to reduce costs and 
injuries linked to overt fights (Smith and Harper 2003). Badges of status are 
generally considered to be ‘conventional’ signals as they are not causally linked 
to resource-holding potential and they have no production cost (Smith and 
Harper 1988). However, being cost free, they could be exploited by low qual-
ity individuals to cheat about their real quality. Theory predicts that social costs 
guarantee the honesty of ‘badge of status’ signals because the cheater benefits 
should be overwhelmed by increasing challenge by group mates (see Smith and 
Harper 1988).

In Polistes paper wasps contests typically occur in early Spring when 
inseminated females (foundresses) exit from their overwintering refuges and 
search for a place where start a new colony. In P. dominula, a model species 
for sociobiological studies (Starks et al. 2006), nest can be founded either by 
a single foundress or by a group of associate foundresses (Pardi 1948). Before 
nest foundation, foundresses typically engage in harsh fights to determine 
the rank position of each individual within a group. After this early period, 
aggression decreases and ritualized non-aggressive dominance interactions 
among co-foundresses on the nest determine a linear hierarchy (Pardi 1948). 
The dominance order mirrors the reproductive skew in the colony: the domi-
nant foundress monopolizes reproduction and becomes the principal egg layer 
(more than 90 % of the eggs in a P. dominula nest belongs to the alpha female, 
Queller et al. 2000) while the subordinate foundresses, although potentially 
capable to reproduce, renounce to their direct fitness and engage in typically 
worker tasks as foraging, nest building, colony defense and brood care (Pardi 
1948).
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The potential conflict over nest ownership and reproduction among co-foun-
dresses may have represented strong selective pressures driving the evolution of 
badge of status signals. Given their high variability, the markers on wasp faces 
may indeed represent good candidates, allowing individuals to quickly assess the 
agonistic abilities of potential rivals and minimizing the time and costs during the 
nest founding stage contests. Indeed, facial pattern variability of foundresses of 
P. dominula is remarkable, especially in some areas, such as in North America 
(where the species has been recently introduced from its native Eurasian range; 
Cervo et al. 2000; Liebert et al. 2006). The yellow clypeus can have one or more 
black spots or no black spots at all, and the size and the shape of the spots can be 
very variable (Fig. 8.1). In order to catch and quantify this variability, Tibbetts and 
Dale (2004) introduced a new index, called ‘badge brokenness index’, that rep-
resents a measure of pattern disruption (by calculating the standard deviation of 
amount of black pigment deposited along the horizontal gradient located between 
the two peaks).

If facial markers are badges of status, they should be linked to some indi-
vidual quality feature (such as body size) and to social dominance. Indeed, 

Species Areas and parameters
investigated  

P. dominula Area, shape, presence of black
 pigmented spots on the clypeus;
Size and shape of the abdominal
 spot 
 
   

P. fuscatus 

P. exclamans 

P.metricus 

P. satan 

P. sulcifer,  

P. semenowi 

L. flavolineata 

L. vechti 

P. melly 

Pattern of facial markings: eye 
stripes, eyebrows, clypeus pattern,
abdominal stripes     
Width, lenght and area ofthe brown 
stripe on the clypeus  
Pattern of facial markings: eye 
stripes, eyebrows,clypeus pattern,
abdominal stripes
 Percentage of the black/brown 
painted area relative to the head 
area  
Presence/position of the black 
band on the clypeus 

Presence/position of the black 
band on the clypeus 
Size of the brown pigmented area 
on the face 

Size of the brown pigmented area 
on the face 

Number of white stripes on the 
abdominal tergites  

Fig. 8.1  Variability in facial patterns in some Polistes and Stenogastrinae wasps and the 
areas investigated in each species. From top to bottom: P. dominula, P. fuscatus, P. metricus,  
 P. exclamans, P. satan, P. sulcifer, L. flavolineata; photos of facial patterns of P. semenowi, L. vectti 
and P. melly are not shown. Photo credits E.A. Tibbetts (P. fuscatus, P. exclamans, P. metricus),  
F.S. Nascimento (P. satan), D. Baracchi (L. flavolineata)
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brokenness index (as well as the number of spots and the percentage of clypeus 
black) positively correlated with body size and facial markers predicts social 
rank in laboratory dominance trials (Tibbetts and Dale 2004). Unfamiliar pre-
founding females with different facial pattern collected in the new invaded area 
of this species (Ithaca, New York) were paired for body size and their interac-
tions where observed for two hours in an experimental arena: mean badge bro-
kenness as well as number of spots (but not percentage of clypeus black) were 
slightly (see Strassmann 2004) higher in females that were dominant in the 
contest trials than in subordinate females. Moreover, the mount rate performed 
by alphas on betas, to reinforce their position in each pair after dominance was 
established, was positively correlated with the facial pattern of betas, indicat-
ing that subordinate foundresses received more aggression if they had badges 
associate with higher dominance (Tibbetts and Dale 2004). Finally, experimen-
tally alterations of the badge of subordinate individuals, after hierarchy was 
established, by painting with a mark indicating a higher status than their real 
one (simulating cheaters) made them be punished by alphas. Overall, the results 
obtained by Tibbetts and Dale (2004) suggest that facial markers are signals of 
quality and that low rank individuals are prevented to cheat about their status, 
even though its signaling would appear to be cost free, by the social costs they 
would pay. In this way, honesty should be maintained as cheating subordinates 
would be punished. As pointed out by Strassmann (2004), it is surprising that 
no effects on behavior were observed when facial markers manipulation was 
performed before the establishment of the dominance order because by painting 
a female face with a higher status mark she should have had more chances to 
become dominant. However, the response to signals of agonistic ability are often 
reported to be context dependent also in birds; which may explain why some-
times wasp females with experimentally increased badges do not increase their 
social rank.

An expected consequence of the “badge of status hypothesis” is that the facial 
patterns of co-foundresses in wild associative foundations would predict the domi-
nance order, i.e. dominant individuals would have more black spots and more 
‘broken’ facial pattern than subordinate individuals. Surprisingly, Cervo et al. 
(2008) didn’t find any correlation between rank position and facial pattern (con-
sidering the number of spots, the percentage of black area and the brokenness 
index) by checking the visual markers of foundresses in wild spring foundations 
observed for dominance hierarchies in several Italian populations, i.e. in the native 
range of the species. Similar results were reported for an another native popula-
tion of P. dominula in Spain (Zanette and Field 2009; Green et al. 2012). Such 
differences could be due to the low frequency of females with clypeus marks in 
the European studied populations in comparison with American one (Tibbetts and 
Dale 2004; Cervo et al. 2008; Zanette and Field 2009). This strictly geographic 
variation in signaling among different populations of this species (Tibbetts et al. 
2011a, b; Green et al. 2012) suggests a possible association between facial pattern 
and climate. Wasps inhabiting cooler areas show more spotted and broken facial 
patterns than those living in warmer areas (Tibbetts et al. 2011a, b; Green et al. 
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2012). Moreover, Green et al. (2012) experimentally showed that wasps reared 
during the pupal stage in cooler conditions had higher brokenness than their nest-
mates reared in warmer conditions. Basically, variation in melanin pattern can play 
a role for efficient thermoregulation in different thermal conditions, by permitting 
more rapid body heating (Green et al. 2012). But, as underlined by Tibbetts and 
Dale (2004), the amount of melanin on the clypeus represents less of 1 % of the 
total amount of the pigment on the body surface and it is not known if wasps with 
more black clypeus show also greater body melanisation, The abundance of wasps 
with entirely yellow clypeus in South Europe populations (Spain and Italy) may 
thus locally limit the evolution of visual social recognition (Green et al. 2012) thus 
explaining the contrasting results obtained by studies carried out on populations of 
different climatic areas.

A badge of status is expected to be a reliable signal of quality and its hon-
esty (association between true quality and signaling) is maintained and enforced 
by social costs (Smith and Harper 2003). As expected, in the American popula-
tion of P. dominula studied by Tibbetts and Dale (2004), all indicators of status 
badge (number of spots, percentage of clypeus pigmented black and brokenness 
index) were correlated with body size of foudresses (measured as head width) 
that is a good predictor of dominance (even if no absolute, see Cervo et al. 2008), 
suggesting that clypeus marks represent reliable indicator of quality. Moreover, 
facial brokenness was also found to be linked to titers of Juvenile Hormone, a hor-
mone involved in agonistic a interactions (Tibbetts et al. 2011a, b). Support for 
the importance of facial pattern as quality signal comes also from the study of the 
signal developmental properties. While having an heritable component, the quality 
signal is highly influenced by environmental factors during larval and pupal life. 
In addition to the importance of temperature (Green et al. 2012), food supplemen-
tation experiments showed that rearing conditions influence quality signal devel-
opment in American population (Tibbetts and Curtis 2007). Wasp larvae reared 
with supplemental food develop facial patterns advertising higher agonistic quality 
(i.e. higher brokeness) than larvae reared without supplement, supporting the idea 
that black marks convey information of quality linked to early nutrition. These 
findings could also account for the different facial pattern in Polistes “castes” 
(Tibbetts 2006a; Tibbetts et al. 2011b): workers, which experience reduced larval 
nutrition compared to foundresses (Toth et al. 2009), show lower facial pattern 
brokenness.

Other species of wasps showing variable clypeus pigmentation patterns have 
been tested to assess whether variable facial pattern function as a conventional 
 signal of agonistic ability. Three species of Polistes paper wasps, P. satan (Tannure-
Nascimento et al. 2008), P. exclamans (Tibbetts and Sheehan 2011), P. gallicus 
(Petrocelli et al. 2014) and a stenogastrine wasp, Liostenogaster vechti (Baracchi 
et al. 2013) showed visual markers that convey information on agonistic ability.

However, different studies have used different indicators of quality in addition 
to body size. Reproductive status (measured as ovarian development) was found 
to be linked to variation of visual signals both in the stenogastrine wasp L. vechti 
(Baracchi et al. 2013) and in P. satan (Tannure-Nascimento et al. 2008), being the 
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wasps with more developed ovaries (i.e. dominant individuals) those with more 
dark facial markings.

Contrary to what was expected, nor correlation between facial pattern param-
eters and foudresses body size (and body weight), (Cervo et al. 2008; Zanette and 
Field 2009; Green et al. 2012), neither correlation between facial pattern and both 
probability of surviving winter and health status (Cervo et al. 2008) were found 
in European populations of the species, confirming that clypeus pattern doesn’t 
mirror the true quality of bearer in wasps belonging to such populations (but see 
Tibbetts et al. 2011a, b for contrasting results).

Although all these studies provide correlational evidences for facial pattern as 
quality signal, a simple test to evaluate the assessment of conspecifics via visual 
clypeus markers during foraging contexts has furnished an experimental support 
for facial markers as quality signal in P. dominula (Tibbetts and Lindsay 2008). 
Wasps were tested in choice trials to evaluate their preference for food patches 
guarded by conspecifics with different facial pattern; they showed to perform their 
choice on the basis of the guard facial pattern by avoiding to eat food patches con-
trolled by guards with facial patterns indicating a high quality level. Moreover, 
Tibbetts (2008) provided evidences that the tested wasp responses to guard badge 
are context dependent. However, when the test was repeated in a native European 
population (Spain, Green and Field 2011a) no evidences that wasps use facial 
 pattern to assess rival quality were found, confirming again no communicative role 
of clypeus marks in European populations. More recently, another study (Branconi 
et al. in prep.), tested for a signal function of the clypeal pattern by presenting 
wasp lures with different facial patterns to colonies of another native population 
(Italy) and showed that clypeal patterns are not involved in rival assessment in a 
competitive context (colony defense).

Finally, facultative intraspecific parasitism—i.e. nest usurpation by a con-
specific female- is another context (Cervo and Dani 1996; Cervo 2006) where 
information born on facial pattern could be used by colony owners to assess the 
fight ability of potential rivals. Tibbetts and Shorter (2009) showed that the out-
come of the context in P. dominula—conflict versus cooperation—is influenced 
by both facial pattern an body size. Challenger with more facial markers than the 
nest owner has more probability to usurp the colony that challenger with fewer 
markers than owner. An analogous result has been found in the European species 
Polistes gallicus (Petrocelli et al. 2014): queens of this solitary founding species 
usually experience a high rate of intraspecific usurpation (Dani and Cervo 1992) 
and they use visual black mark on the clypeus of the potential usurper to assess 
the opponent fighting ability (Petrocelli et al. 2014) and modulate their response. 
Moreover, Tibbetts and Injaian (2013) found that foundresses of P. dominula pref-
erentially associate with other foundresses that have similar facial pattern. This 
tendency may increase the likelihood to form associations among related individu-
als as wasps from the same nest have more similar facial patterns (Tibbetts 2006a, 
b; Tibbetts et al. 2010). As a result, co-foundresses associations in wild colonies 
could be influenced by facial pattern similarity (Tibbetts and Injaian 2013) in addi-
tion to the well-known role of chemical signature similarity (Dapporto et al. 2004), 
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even if stable and free-conflict cooperation would be based on a differential facial 
pattern hierarchy (Tibbetts and Dale 2004).

Overall, the growing literature on this topic suggest facial pattern could work 
as badge of status in some populations (e.g. North America) but not in other (e.g. 
Spain and Italy). It is possible that these contrasting results could be partially due 
to the different parameters used to evaluate (i) the variation in facial pattern (the 
sheer number of spots, the percentage of black area on the clypeus or the more 
complex brokenness index), (ii) the individual quality (size, weigh, ovarian devel-
opment, health status), and (iii) the measures of dominance in the different stud-
ies. For example, it could be important to confirm the goodness of plastic arena 
experiment carried out for two hours as generalization of what happens into the 
wild because, in nature, the establishment of the dominance hierarchy requires 
often long time and sometimes it can change with the time. Returning to the field 
to verify the results obtained in captivity is thus fundamental. For example, the 
comparison of quality signals between gynes (future foundresses) and queens (top 
rank foundresses) suggests that brokeness is indeed not strongly associated with 
reproductive success. As not all gynes will survive winter until the founding phase 
and become queens on their nest (as they may be subordinate foundresses of low 
social rank, not having reproductive benefits) we can predict successful queens 
to have higher quality signals than gynes. Contrarily, Tibbetts et al. (2011a, b), 
investigated several populations along a latitudinal gradient in Europe and North 
America and found that gynes and queens have similar facial patterns (Cervo et al. 
2008; Tibbetts et al. 2011a, b). As a confirmation, the only studies carried out so 
far on Polistes to evaluate the importance of facial patterns in wild population 
failed to find any adaptive value associated with facial patterns (Cervo et al. 2008; 
Green and Field 2011a). A similar investigation in the American population will 
reveal the importance that facial patterns play in P. dominula in the wild and it is 
thus strongly needed to conclusively evaluate the importance of facial patterns in 
the population where most positive evidence have been collected (Green and Field 
2011a).

Individual and Familiar Recognition

The most accurate form of social recognition is IR, i.e. the ability to recognize 
individuals according to their distinctive features (Halpin 1980, Dale et al. 2001, 
Wiley 2013). This ability can convey relevant benefits to social animals, both 
in competitive and cooperative interactions. Whenever there are repeated inter-
actions among multiple individuals with differing features and states, IR may 
allow to modulate social behaviour according to prior experience with specific 
individuals. For example, when scrambling for a limited resource, opponents 
may benefit by avoiding repetition of costly fights by individually recognizing 
specific high quality opponents (Tibbetts and Dale 2007). Thanks to its bene-
fits (despite some costs, in particular the lower possibility to cheat when having 
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easily recognizable distinctiveness, see Tibbetts and Dale 2007) IR recogni-
tion is now considered to be widespread both in vertebrates and invertebrates 
(reviewed in Gherardi et al. 2012 for invertebrates, Halpin 1980 and Tibbetts and 
Dale 2007 for vertebrates).

Insect societies are not usually considered as harbouring IR abilities, being 
thus often represented as impersonal societies lacking specific individual bonds 
(Wilson 1971). Indeed, the usually large size of the colony and the short life of its 
members may prevent the evolution of IR and promote, on the contrary, other kind 
of social recognition such as familiar and nestmate recognition. Not all insect soci-
eties however reach the highest peaks of complexity and crowdedness. In many 
genera of primitively eusocial species, such as Polistinae and Stenogastrinae, soci-
eties are formed, for a large (or even the entire) part of their colony cycle, by just 
few to dozens individuals (Reeve 1991; Turillazzi 2012). These societies are usu-
ally characterized by intense direct conflict over access to reproduction, which are 
regulated by complex yet stable social interactions (Bourke 1999). Being able to 
recognizing who’s who and behave appropriately may thus reveal to be crucial.

Recently, a case of IR have been suggested (Tibbetts 2002) to exists in a tem-
perate paper wasp species from North America, Polistes fuscatus, which has some 
crucial features that qualifies it as potentially harbouring IR: (1) small group size 
and (2) repeated social interactions that (3) dramatically affect individual fitness 
payoffs among (4) individuals with highly variable distinctiveness.

Similarly to P. dominula, P. fuscatus colonies are usually founded by multi-
ple foundresses in Spring and a linear hierarchy is soon established. P. fuscatus 
females have a very large phenotypic variability in their yellow facial and abdom-
inal markings, which may be present or absent and vary in width and length 
(Fig. 8.1, Tibbetts 2002).

Tibbetts (2002) demonstrated that the presence of these markings allow wasps 
to recognize individuals with which they previously interacted (e.g. nestmates). 
When a wasp was returned to the nest after an experimental manipulation of her 
facial or abdominal markings with paint, she received more aggressions from 
nestmates than a control wasp (painted in a way that did not alter their mark-
ings) (Tibbetts 2002). As predicted for actual identity signals (Dale et al. 2001),  
P. fuscatus facial and abdominal markings are not condition dependent as they are 
not associated with wasp size or dominance rank, (Tibbetts 2002) nor with wasp 
pre-emergence rearing conditions (Tibbetts and Curtis 2007).

This recognition ability is achieved learning the yellow-black patterns of the 
wasp, as proved by the fact that aggression toward nestmates with altered mark-
ings declines over time, as these novel marking configuration becomes familiar to 
nestmates (Tibbetts 2002). Indeed, Polistes fuscatus wasps seem to be specialized 
in face learning. Through a conditioning protocol Sheehan and Tibbetts (2011) 
were able to show that P. fuscatus are more skilled at learning to recognize wasp 
faces than non face images or manipulated faces (such as re-arranged or antennae-
less faces).

The markings configuration learned in social encounters is then stored in wasp 
brain and wasps are able to retain this information up to one week after, even if 
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multiple social interactions with many other wasps occur during this period 
(Sheehan and Tibbetts 2008). Such long term memory may be stabilized via 
 protein synthesis, as occur in long term olfactory memory in ants (Guerrieri et al. 
2011).

The experiment discussed above showed that female P. fuscatus use facial and 
abdominal markings to recognize individuals with whom they have previously 
interacted or seen. According to Tibbetts and Dale (2007) this ability can be classi-
fied as IR and, indeed, the same experimental approach has been used to assign IR 
abilities in many species of invertebrates and vertebrates (Tibbetts and Dale 2007; 
Gherardi et al. 2012). However, disentangling IR from other form of class level 
recognition (such as familiar recognition) is not an easy task (Tibbetts and Dale 
2007; Gherardi et al. 2012; Wiley 2013). Indeed, the IR definition itself has been 
debated (Tibbetts and Dale 2007; Steiger and Muller 2008; Tibbetts et al. 2008) 
and the extent to which invertebrate species are able of IR still remain uncer-
tain (Thom and Hurst 2000; Gherardi et al. 2012; Wiley 2013). A key feature of 
IR process is that it requires individuals to “uniquely identify each social part-
ner” (Becher 1989; Lai et al. 2005; Tibbetts and Dale 2007), i.e. each individual 
should be treated in a specific way according to the significance it has to the sub-
ject. The largest part of studies on IR has unfortunately the shortcoming of not 
allowing to separate familiar recognition from true IR (Lai et al. 2005; Gherardi 
et al. 2012; Wiley 2013). Indeed, the first occurs when individuals discriminate 
between familiar and unfamiliar conspecifics, i.e. previously met or not met indi-
viduals, by showing for example reduced aggression or reduced interest in known 
partners. This recognition is indeed a class-level recognition, in which individuals 
are categorized in two classes (met or not previously met, unknown) and it is very 
widespread in invertebrates (Gherardi et al. 2012). True individual recognition 
(TIR) is, on the contrary, the ability to discriminate among individuals, who may 
share  several features (such as familiarity, dominance rank, gender), on the basis 
of a specific configuration of their features (e.g. appearance, odour, behaviour), 
(Gherardi et al. 2012; Wiley 2013). From an operational point of view it should 
be tested by evaluating if individuals show different responses to equally familiar 
individuals with differing significance to the subject (Lai et al. 2005). Currently, 
no specific experiments to test this possibility have been undertaken in social 
wasps (Wiley 2013). The most parsimonious hypothesis is thus that social wasps 
show familiar recognition thanks to the use of visual cues.

The ability to perform familiar recognition on the basis of visual cues could 
be indeed quite widespread in social wasps. As far as there is enough variability 
in markings to allow for distinctiveness among a certain number of frequently 
encountered partners (such as nestmates in small insect societies) and the rest 
of unknown/unfamiliar conspecific individuals (which seems to be the case for 
many Polistes and stenogastrine wasps), the ability to learn specific configuration 
of facial/abdominal marking should not be out of the possibility of social wasps. 
Indeed, the finding that familiar recognition based on visual cues also occurs in a 
hover wasp (L. flavolineata, Baracchi et al. 2013) suggests the intriguing hypoth-
esis that this ability may be quite common in social wasps.
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Visual Recognition and Sex

Generally, in Hymenoptera, male-male competition for mate and mate choice 
occur far from the nest. In such a context, an information exchange between male 
and female is required to recognize species, sex, sexual maturity and to attract and 
find each other. In social wasps, males typically have lek- or swarm-based mating 
systems (see Turillazzi and Cervo 1982; Beani et al.1992; Beani 1996; Turillazzi 
2012; Batra 1980; Spiewok et al. 2006). Males typically patrol non resource sites 
at species-specific time of the season and/or hours of the day. Male performances 
usually occur at traditional landmarks that differ for location among sympatric 
species. Conspicuous aggregation of mature males at species-specific timing and 
landmarks visually attract conspecific females facilitating successful outbreeding.

However, male fitness is limited by the availability of females visiting males 
aggregations and males vigorously compete at leks or at swarms to gain access 
to females. On the other hand females have a wide choice of males and gain in 
fitness by recognizing high quality males. This results in skewing reproduction 
among males and in selecting male ornaments to minimize competition costs and 
address female choice (Andersson and Simmons 2006).

Males of some species of social wasps are reported to use visual signals that 
allow recognition of strength ability during intra-sexual conspecific competition 
and, at the same time, of male quality to address the female choice.

Males of several species of stenogastrine wasps exhibit a visual display 
during their patrolling behavior in shady wet tropical forest (for a review see 
Turillazzi 2012). During their aerial displays, males of Parischnogaster wasps, 
by extending their abdomens, show large white stripes on the dorsal ante-
rior part of the gasters that are conspicuous visual spots against the dark back-
ground of the forest. These strips become invisible when males don’t stretch 
their abdomen during patrolling flights or are in resting position. Moreover, the 
white stripes are a sexual dimorphic trait as they lack in females. These stripes 
described for the first time by Padgen (1962) for Metischnogaster cilipennis, 
M. drewseni and Parishnogaster striatula, have been reported more recently for 
other species, such as Parishnogaster mellyi and P. nigricans serrei (Turillazzi 
2012). Male of P. mellyi usually perform a zig-zag display after the prolonged 
stripes display (Beani and Turillazzi 1994). The duration and the frequency of 
this performance are positively correlated both with the outcome of aerial duels 
and the permanence on the patrolling spots until the arrival of the females which 
occurs towards the end of the patrolling period; this suggests that this male trait 
may give information to recognize both male strength and quality (Beani and 
Turillazzi 1999). Experimental manipulation of white stripes in a captivity study 
on P. mellyi males (Beani and Turillazzi 1999) demonstrated the function of 
this visual ornament as badge of status (Berglund et al. 1996): the addition of 
one white stripe on the abdomen of male elicits more inspections/aggressions 
by competitors and more explorations by flying females (Beani and Turillazzi 
1999). Interesting, artificially white-painted males showed to be unable to 
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support the social cost induced by the alteration of their badges: they short-
ened the period and the frequency of their visual display and performed very 
frequently feeding stops during their performance. This suggests that the visual 
white-stripes exhibition has costs for the patrolling males and only individuals 
of good quality resist at prolonged visual display.

Analogously, two recent papers on P. dominula (Izzo and Tibbetts 2012) 
and P. simillimus (De Souza et al. 2014) suggested that sexually selected visual 
 signals could be important in males of Polistes paper wasps too. In P. dominula 
visual signals of males may be represented by dorsal yellow spots placed on 
the first abdominal segment. Similar spots are present on females too but they 
lack the variation which characterizes males dorsal spots. According to Izzo 
and Tibbetts (2012), the sexually dimorphism and the variation in both size and 
shape of male dorsal spots make them excellent candidates as recognition sig-
nals in both intra- and intersexual selection. In Polistes wasps, males aggregate 
at traditional landmarks (Beani and Turillazzi 1988; Beani et al. 1992; Beani 
1996), where each male vigorously defends little territory against other males. 
This lek-based mating system allows females to make their mating choices by 
sporadically visiting such areas where males gather and maintain their leks. 
Laboratory experiments carried out by Izzo and Tibbetts (2012) showed that 
P. dominula males with smaller and elliptically shaped spots were more domi-
nant over other males, were often the winners during the male-male contests and 
were more preferred by females. Once again manipulation of male spots shape 
and size showed that the morphology of yellow spots works as quality signal 
driving the outcome of both intra- and inter-sexual interactions. According to 
Izzo and Tibbetts (2012) an unexpected data regards the lack of relationships 
between male dominance and female choice as generally it is assumed that 
female preference is based on male rank position, suggesting that in this spe-
cies female choice probably is not simply based on male rank (Izzo and Tibbetts 
2012). Similar to P. dominula, also P. simillimus show sexual dimorphism and 
variation in size and shape of male head pigmentation and abdominal spots, 
both of which seem to influence females mating choice (De Souza et al. 2014). 
However, it should be considered that male dominance data were obtained in 
both cases in artificial context very different from what happens in the wild (and 
indeed, for P. simillimus, male behavior in the field is not known, De Souza et al. 
2014). In the field, P. dominula males defend their territories by engaging very 
strong competitions with neighboring males but no dominance contexts (with 
bites, mounts and submissive behavior) are observed (Beani 1996). It is pos-
sible that other parameters of male performance not obviously considered in a 
laboratory study (such as territory size and its localization in the lekking area or/
and the male flight activity at the lek) may be the basis of P. dominula female 
choice. Although the laboratory results on visual ornaments of P. dominula and 
P. simillimus males are intriguing, future studies carried out in the wild will be 
fundamental to better understand the role of visual recognition signals at leks, as 
pointed out by Izzo and Tibbetts (2012).



1378 Visual Recognition in Social Wasps

Visual Signalling Between Species

The researches discussed so far suggested that visual cues play a relevant role in 
social recognition between conspecific individuals, in particular shaping intraspe-
cific aggressive interactions. Conflicts, however, may also occur among species 
and competition between sympatric species may be associated with the access to 
limited resources such as food or nesting sites (e.g. P. dominula and P. nimpha 
in southern Europe, Lorenzi and Caprio 2000, or P. dominula and P. fuscatus in 
North America, Gamboa et al. 2002), and with nest usurpation (Cervo and Dani 
1996; Cervo et al. 2004; Cervo 2006).

The large variability in Polistes facial markings (at both the intra and interspe-
cific level), together with their use in intraspecific communication in several spe-
cies, opens the possibility that visual cues play a role also in interactions between 
species.

An outstanding model to evaluate the importance of visual signalling in inter-
specific contests is represented by Polistes social parasites and their hosts. Social 
parasites exploit the host parental cares in order to rear their own brood, saving 
the costs of building the nest, foraging and taking caring of the brood (Wilson 
1971). Inside Polistes, obligate social parasitism—i.e. species lacking the worker 
caste and unable to found colonies on their own—occurs in three monophyletic 
species: Polistes sulcifer, P. semenowi and P. atrimandibularis (Cervo and Dani 
1996; Cervo 2006; Choudary et al. 1994; but see Buck et al. 2012 for the  possible 
existence of other parasitic species in north America). Parasitism is the only 
reproductive option for Polistes obligate social parasites as they must completely 
rely on the host worker brood care to rear their own reproductives (Cervo 2006). 
Parasitism imposes dramatic costs to the host colony, which usually is not able to 
produce reproductives (Cervo 2006, but see Cini et al. 2014 for evidence of work-
ers rebellion).

The diametrically opposed interests of social parasites and hosts, represented 
strong selective pressures that led to the evolution of several morphological, 
physiological and behavioural adaptations in both species (Cervo 1994, 2006; 
Lorenzi 2006; Ortolani et al. 2008; Ortolani and Cervo 2009, 2010; Petrocelli 
and Turillazzi 2013). In particular, social parasites evolved sophisticated sensory 
deception mechanisms to break host’s barriers by exploiting their communication 
systems (Lorenzi 2006). At the same time, hosts may benefit from developing their 
recognition system and tuning their visual abilities toward the recognition of para-
sites and the assessment of their strength.

Visual cues could be involved in host-parasite interactions in two main ways. 
On one hand, hosts may be selected to recognize the “possible” differences in 
 parasite appearance to readily recognize parasites and adopt the best possible strat-
egies to counteract them. On the other hand, parasites may be selected to exploit 
host visual recognition system to deceive the host. As far as the host recognition 
system depends on visual cues, it would be advantageous for the parasite to evolve 
specific adaptations to visually trick the host.
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Recently, a possible case of the involvement of visual cues in between- 
species interaction has been suggested to exist in the social parasite–host system  
P. sulcifer–P. dominula. P. sulcifer has conspicuous black patterning on the 
clypeus, which consists in a black band which is usually contiguous to the black 
mandibles, forming a continuous large black area in the lower part of the face 
(Ortolani et al. 2010), (Fig. 8.1). Behavioural bioassays with lures presentation 
(heads of dead wasps with different facial patterns) showed that the peculiar para-
site facial pattern reduces host aggressiveness: host foundresses were more aggres-
sive toward conspecific heads than toward parasite heads (Ortolani et al. 2010). 
Experimental pattern manipulation revealed in addition that the black lower part 
of the parasite clypeus (hereafter band) is the trait responsible for this reduction in 
aggressive responses, as parasites with artificially removed black band were more 
attacked than control parasites (Ortolani et al. 2010).

The first, most logical explanation is that parasites reduce host aggressiveness 
as their facial pattern signals a high status and good fighting abilities. This could 
occur by ‘tricking’ host foundresses by using host signalling system.

As discussed above, clypeal patterns in the host species are suggested to func-
tion as status signals (or ‘badges’) that indicate the resource holding potential of 
the bearer (Tibbetts and Dale 2004), so that foundresses modulate their aggressive-
ness toward unfamiliar opponents on the basis of their visual appearance (Tibbetts 
and Dale 2004; Tibbetts and Lindsay 2008; Tibbetts et al. 2010). The clypeal 
 patterns of the parasite may thus similarly function as signals of status, convey-
ing the information of a high quality and highly dangerous bearer, finally decreas-
ing host foundress’s aggressiveness (Ortolani et al. 2010, Green and Field 2011b 
for P. semenowi). Alternatively, parasites may have evolved an independent quality 
signaling system, in which different facial pattern honestly mirror individual qual-
ity (e.g. fighting ability), and host foundress may thus evaluate opponents fighting 
abilities upon their facial patterns. Some considerations seem however to argument 
against both hypotheses. First, the link between opponents facial patterns and 
aggressive responses has not been confirmed in the native range of P. dominula, 
where parasite-host interaction takes place (Green and Field 2011b; Branconi et al. 
in prep). Moreover, the parasite pattern is not exactly the same as the host one: 
the black area is relevantly larger, it extends down to the mandibles and melanin 
is more uniformly distributed across the clypeus, thus largely reducing pattern 
 disruption (Ortolani et al. 2010; Green and Field 2011b). Finally, parasite facial 
pattern is not related to any fighting ability parameter taken into account so far 
(Cini et al. 2015).

An alternative hypothesis is that the reduction in host aggressiveness toward 
parasites may occur because the black band amplifies the width of the mandibles, 
which represent the primary weapon used during fight between Polistes wasps 
(Cervo 2006). Indeed, in the host species, mandibles are black and surrounded by 
yellow facial areas, so that host foundresses may estimate mandibular size of the 
opponents (and thus their fighting ability) by evaluating the size of the black area 
in the lower part of the head. When faced to a parasite head, foundresses would 
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overestimate its mandibular size, thus reducing their aggressiveness to avoid fatal 
injuries (Ortolani et al. 2010). Ortolani et al. (2010) considered the black band 
attached to the mandibles as a signal that visually amplifies the mandibular width, 
thus giving information about the parasite’s dangerousness.

This hypothesis did not receive support from recent experiments (Cini et al. 
2015). A key assumption is that parasites may benefit from amplifying their man-
dibular size only if hosts use this cue during intraspecific encounters, that is to say 
if host aggression toward conspecific intruders depends, among many factors, also 
on their mandibular size. However, no difference was observed in the aggressive 
response of P. dominula foundresses toward conspecific head lures with mandibles 
size artificially manipulated with paint (increased or decreased) suggesting that 
the host species females do not rely on opponents mandible size to modulate their 
aggression (Cini et al. 2015). This makes rather unlikely that parasites evolved a 
visual cheating strategy based on the amplification of a cue not taken into account 
by the host they must cheat.

The likelihood that facial pattern evolved as sensory deception strategy by the 
parasite is also made less likely by the null fitness benefits associated to a particu-
lar clypeal patterning (Cini et al. 2011; Green and Field 2011b). Laboratory stud-
ies which used real usurpation demonstrated that clypeal patterning has a null role 
in determining the outcome of usurpation contests: parasites with different facial 
patterns had no different chances of winning a contest with the host (Cini et al. 
2011; Green and Field 2011b). On the contrary, head size was the only determi-
nant predictor of the likelihood of winning an usurpation contest (Cini et al. 2011; 
Green and Field 2011b).

Turning the attention to the host ecology may help to find an explanation. 
While parasitisation represents a very dangerous event for P. dominula, also con-
specific individuals represent a major threat. Indeed, nest usurpation by foun-
dresses from other nests is very common in this species, likely due to nest failure 
or predation (Cervo unpublished data). Despite obligate parasite prevalence could 
be locally very high (up to 50 % of nests are parasitized in some populations, 
Ortolani and Cervo 2010), the largest part of P. dominula populations experience 
a null or low parasitic pressure, as parasites are restricted to host populations near 
mountains, were parasites overwinter (Cervo 2006). Moreover, we could expect 
intraspecific parasitism pressure to be even higher in parasitized populations, 
where foundresses displaced by the parasites will try to usurp other conspecific 
nests. Overall, we may suppose that intraspecific parasitism could be a more com-
mon threat for P. dominula foundresses. So, a possibility to explain the lower 
aggressiveness toward parasites head is thus that for P. dominula foundresses a 
conspecific intruder may represent a bigger threat than a parasite. Consequently, 
host foundresses would thus react more aggressively toward conspecific intrud-
ers than parasites. Indeed, lure presentation experiments showed that when the 
parasite facial pattern is altered by displacing the black band in the middle of the 
clypeus, thus mimicking a host-like facial pattern, host aggression increases (Cini 
et al. 2015).
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Evolution of Visual Recognition Abilities and Conclusive 
Remarks

The main pressures that shape social life selected for the evolution of a full range 
of recognition systems in primitive insect societies. The paradigm that social 
insects live in a world of smell and that their social life is governed by chemi-
cals has probably hidden the importance of other communication channels in 
social recognition. In particular, the possible influence of visual cues remained 
rather under estimated for many decades but the last 10–15 years saw an increas-
ing attention toward the visual channel with various theoretical and experimental 
researches, especially in Polistes and stenogastrine wasps. Despite only few social 
wasp species have been investigated for the use of visual cues in some types of 
social recognition, almost all showed this ability, suggesting that this ability could 
be widely widespread in social wasps.

The independent evolution of this ability in Stenogastrinae and Polistes and the 
use of these cues for different purposes in different species (e.g. familiar recogni-
tion or badge of status) suggest moreover that social and ecological pressure might 
easily overcome physiological/phylogenetic constraints, allowing social wasps to 
rapidly evolve specific social recognition systems based on visual cues.

From an evolutionary point of view, the likelihood of evolving this recognition 
ability will be favoured by low constraints (e.g. physiological, such as low sig-
nal production costs and low complexity of the required perceptual ability) and 
by a high selective pressure (i.e. high benefits associated with the presence and 
use of visual cues). Despite the very limited knowledge about the signal produc-
tion and perception mechanisms, some evidences suggest that both production and 
perception of visual signals (body markers) would be not so costly in social wasps. 
While the influences of nutritional and climatic factors seem to be important for 
the development of the signal, its production seems quite cheap for the individual 
and different patterns seem to have low differential production costs (Tibbetts and 
Dale 2004).

Regarding visual signal perception, despite a limited knowledge of the pro-
cess, it seems evident that particular well developed recognition abilities are 
not required. Mini brain of insects are well equipped to visual cognitive task 
(Avargues-Weber et al. 2011) and analyses of neuronal networks showed that even 
complex tasks, such as face recognition, can be achieved with only a few hundreds 
neurons (Aitkenhead and McDonald 2003). Moreover, neuroanatomical analyses 
showed that, despite the possible presence of some neural specialization in species 
showing visual recognition abilities, paper wasps might be preadapted for visual 
pattern discrimination (Gronenberg et al. 2008). It is indeed likely that neural cir-
cuitry similar to that used by insects for prey recognition and navigation was fairly 
sufficient also for social recognition and was co-opted (and maybe only slighty 
re-wired) by those social insects species experiencing pertinent selection pres-
sures (Gronenberg et al. 2008; Chittka and Dyer 2012). The ability of using visual 
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cues to recognize social partners should not surprise. Indeed, social insects seem 
to have a quite good visual acuity, and “minibrains” of Hymenoptera have been 
shown to be keen on many visual tasks, from simple to complex ones (Avargues-
Weber et al. 2011). Recent evidence moreover suggests that visual perception may 
have specifically coevolved with visual signalling in Polistes genus (Sheehan et al. 
2014)

Despite much attention has been paid to propose and discuss possible selec-
tive pressures favouring the evolution of different types of visual recognition in 
social wasps (discussed in previous sections), reliable estimation of fitness ben-
efits associated with visual recognition in different species and contexts has not 
been performed for most of the recognition types. For example, facial patterns in 
P. dominula have been shown to be not linked to any adaptive value in the wild 
(Green and Field Green et al. 2013). So far, the link between facial pattern and fit-
ness benefits has been proved only in P. fuscatus, where wasps with variable faces 
that allow recognition receive less aggression than wasps which have with com-
mon indistinguishable faces (Sheehan and Tibbetts 2009). Future studies should 
focus on proximate and ultimate factors to reveal mechanisms, benefits and costs 
of visual recognition systems that may have triggered their evolution (Chapuisat 
2004). While our knowledge on the matter is now increased, we are quite far from 
having a complete and clear picture and, as shown in the corresponding sections 
on this review, both visual signalling of badge of status and visual IR still deserve 
attention and further experimental approaches to understand the underlying pro-
cesses and their evolutionary importance (Green et al. 2013; Gherardi et al. 2012; 
Chapuisat 2004; Wiley 2013). A major target of future researches should be to 
understand how visual cues interact with cues from other sensory channels, espe-
cially chemical ones (e.g. Boyle and Tricas 2014). It is possible that Polistes wasps 
can use chemicals or visual cues in different situations/contexts. Cuticular hydro-
carbons blend and visual facial markers are contemporaneously bear by individual 
wasps so it is not easy to evaluate when and in which context chemicals or visual 
signals are used to convey the necessary information. At the moment, very few 
studies have been carried out (but see Ortolani et al. 2010; Cappa 2012; Baracchi 
et al. 2015) to evaluate the relative importance of a communicative channel over 
the other in a given context. Experiments to decouple visual and chemical signals 
should be necessary for completely understanding the communication system in 
primitively wasps. On the other hand, as chemical communication play an over-
whelming importance in social insect life, a key aspect would be to understand 
whether chemical and visual stimuli interact in allowing specific type of recogni-
tion (e.g. familiar, individual, quality), and eventually how they contribute to build 
multimodal signals.
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Abstract This review summarizes and evaluates the available information on 
honeybee nestmate recognition. Nestmate recognition is the ability of members of 
a colony to discriminate members of their own colony from others, particularly 
conspecifics, trying to enter the nest. Honeybee nestmate recognition is mediated 
by chemical cues that bees gain after emergence as adults. The comb wax in the 
nest is an important intermediary for transfer of cues among bees in the colony, 
resulting in a relatively uniform recognition profile which is carried by work-
ers in the colony. Alkenes and free fatty acids are the primary chemical cues in 
the recognition profile. The ability of honeybees to discriminate nestmates from 
non-nestmates has raised the question of whether recognition mechanisms might 
exist to support nepotism within colonies. A variety of experimental approaches 
have failed to generate support for preferential behavior among highly related 
subgroups of bees in honeybee colonies. Other questions addressed in this review 
include queen recognition, response thresholds for expression of recognition, and 
sensory and information gathering aspects of the recognition system of honeybees. 
Nestmate recognition in honeybees is a valuable model system for the study of 
social recognition in animals.

Introduction

Social recognition is important in nest defense and territorial interactions, while 
also playing a role in decisions about within-colony aid giving, or nepotism. To 
engage in conflict among colonies, eusocial insect workers must  discriminate 
between fellow colony members and workers from other colonies. For finer 
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behavioral distinctions within colonies, social recognition cues must carry 
 information about genetic relatedness. This chapter focuses on social recognition 
in the western honeybee, A. mellifera. We review how these abilities to discrimi-
nate are the basis for important types of social recognition in honeybees. While 
our review is limited to honeybees, many of the principles established in these 
studies have broad applicability to eusocial insects.

Honeybees are an example of eusocial insects, which also include ants, ter-
mites, some bees, some wasps and facultatively some thrips and aphids. The key 
element of eusociality is reproductive division of labor, in which one or a few 
reproductive individuals (in the case of honeybees, the queen) are responsible for 
most or all of the reproduction and a portion of the queen’s offspring are sterile 
workers whose function is to enhance the reproduction of the queen. Eusocial spe-
cies typically live in social groups called colonies and occupy physical structures 
termed nests. They may store food in their nests, yielding a resource that likely 
needs defense. The feeding home range around the nest may also be defended, 
extending the potential for aggression to territory boundaries.

The defense of food or home range requires that defenders can discriminate 
between their nestmates and potential marauders. Much of this review focuses on 
the ability of honeybees to discriminate nestmates from non-nestmates. Written 
accounts of conflict among eusocial insect colonies pre-date organized scientific 
approaches to behavior and ecology and wars among eusocial insect colonies form 
a strong part of the popular image of eusocial insect behavior. Social recognition is 
a key element of this type of intercolonial conflict.

Apiarists have long been keenly aware of aggressive encounters at honeybee 
nest entrances and the need for honeybee colonies to defend themselves against 
raids by other colonies. Early scientific interest in honeybee colony defense 
included Butler and Free’s (1952) exploration of behavior at nest entrances and 
Kalmus and Ribbands’ (1952) experiments on how floral odors might be used in 
social recognition by honeybee guards. The number of studies on these topics was 
modest until Hamilton’s (1964) papers on kin selection stimulated further exami-
nations of nestmate recognition in a variety of social insects (Greenberg 1979, see 
reviews by Breed and Bennett 1987 and in Vander Meer et al. 1998 and Starks 
2004).

Key to social recognition in honeybees is exclusion of non-colony members 
from the nest. Certain bees, called guards, specialize in honeybee colony nest 
entrance defense. The guard bees often were not recorded in studies of honeybee 
division of labor that focused on marked age cohorts (Lindauer 1952). This was 
a reflection of the fact that a very small percentage of bees in a colony guard at 
any one time, so that if a few hundred bees are marked at emergence the chances 
that a bee within the sample would be observed guarding were small. Moore et al. 
(1987) used larger cohorts of marked bees to determine the age distribution of 
guards and the persistence of guards in this work. These observations of guard 
bees and their behavior led to an understanding of the important role of guards in 
excluding non-nestmates from their colony.
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Honeybees do not express obvious nestmate recognition and territoriality at 
floral resources. This contrasts with some species of meliponine bee that defend 
floral resources as well as their nest (Breed et al. 2004a). This fact is important 
because it means that honeybee nests may be aggregated in areas with suitable 
nest sites (groves of hollow trees, caves, cliffs and rock overhangs) and forage on 
common resources. Aggregated nesting likely contributes to the tolerance of hon-
eybees for being managed in apiaries ranging from a few to dozens of colonies. 
At times, honeybee colonies intensively rob other colonies, with weaker colonies 
losing resources to stronger colonies (Chapman et al. 2009). Many Apis species 
nest in aggregations. This proximity of nesting suggests some tolerance for nearby 
non-nestmate conspecifics, but which also suggests evolutionary motivations for 
being able to exclude non-nestmates from the nests, as proximity among nests 
likely increases the likelihood of theft of food resources.

Proximity of nests could also promote inquilinism. Inquilinism is a form 
of social parasitism in which an animal enters a colony and exploits the brood-
rearing capabilities of the members of that colony, see Breed et al. (2012) for a 
discussion of the different types of social parasitism. A situation in which unaf-
filiated honeybee queens enter nests and take over reproduction would be a form 
of inquilinism. This type of inquilinism is known in yellowjackets, which are the 
wasp genus Dolichovespula (Carpenter and Perera 2006; Breed et al. 2012) and a 
variety of ants (Breed et al. 2012). Interestingly, inquilism by queens in honeybees 
has not been observed. The system of recognition of queens by honeybee workers, 
which is discussed as part of this review, may be responsible for the prevention of 
inquilism.

Combat among colonies and queen recognition are not the only context in 
which social recognition information can play a role for honeybees. Nepotism pro-
vides another potentially important platform for social insect workers to express 
social recognition. Hamilton’s (1964a, b,) work stimulated investigators to explore 
the potential for social recognition to mediate nepotism within colonies (Boomsma 
and d’Ettorre 2013). There is enough genetic variance among workers within 
honeybee colonies due to multiple mating by queens to support a prediction that 
honeybee workers should sometimes favor larvae or adult workers to which they 
are more closely related than average within the colony (Hamilton 1964a, b). 
Specifically, workers are predicted under circumstances such as queen rearing to 
give preference to larvae with which they share a father; such preferences are con-
sidered to be nepotistic. The social recognition system required for this type of 
fine-tuned discrimination is dramatically different than a system that gives infor-
mation about membership in the colony as a whole. Numerous studies, which are 
reviewed in a following section, have addressed the question of whether nepotism 
occurs in honeybee colonies.

In this chapter we refer to the western honeybee, A. mellifera, as “the honey-
bee”. A. mellifera is the most cosmopolitan of the dozen or so members of the 
genus Apis, which has its center of diversity in Southeast Asia and Malaysia. 
Characters that unite the members of the genus include: having barbed dehiscent 
stings that remain in the victim after stinging, nests constructed of wax combs, 
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storage of honey and pollen in those combs, and the use of dances to communicate 
the locations of food sources. A. mellifera has two important derived nesting char-
acteristics—preferring to construct its nests in cavities, such as hollow trees, and 
making nests with multiple combs—that are shared with a similar Asian species, 
Apis cerana. Studies of nestmate recognition in A. cerana and other Apis species 
suggest that nestmate recognition is not as strongly expressed in those species as 
in A. mellifera (Breed et al. 2007; Tan et al. 2010; Holmes et al. 2013).

Honeybees are an economically important organism and the consequent focus 
on this species as a study organism has meant that different laboratories have had 
the time, resources and motivation to replicate studies; this has been much more 
the case in honeybees than any other social insect species. Independently repli-
cated results add to the certainty of conclusions and also allow us to understand 
nuances of behavior that might be missed by investigators in a single laboratory 
using only the techniques available to them. Many of the questions approached in 
this review have been studied in more than one laboratory. Generally speaking, the 
original results for each question have been confirmed, but there are some interest-
ing differences in evidence or interpretation, as well.

Following a background section on nestmate recognition in eusocial insects, 
we discuss each of the major themes—cue use in colony defense, queen recogni-
tion, and nepotism—mentioned above. Two more integrative topics, information 
processing and cue thresholds, are the subjects of the next two sections. In our dis-
cussion and conclusions we emphasize the need for a better understanding of how 
recognition information is neurologically processed. We also discuss the relevance 
of our knowledge of honeybee nestmate recognition to nestmate recognition sys-
tems in other eusocial insects.

Nestmate Recognition: Principles and Theory

Nestmate recognition is often characterized as a kind of kin recognition. Sometimes 
this characterization is correct and sometimes it is a mistake to think of nestmate 
and kin recognition as being synonymous. Strictly speaking, kin recognition is the 
ability to make discriminations among other animals based on identity by descent 
(Hamilton 1983) while nestmate recognition may use other mechanisms, such as 
non-genetic nest-specific odors. Hamilton (1983) emphasizes the evolutionary 
importance of being able to make fine distinctions based on relatedness. Within a 
eusocial insect colony, for example, a worker might use kin recognition information 
to choose which larvae to rear into queens (mentioned in Introduction). This dis-
tinction could be, for example, between supersisters (same mother and father as the 
worker, related on average by 0.75 in Hymenoptera) and half sisters (same mother 
but different father, related on average by 0.25 in Hymenoptera). Making fine dis-
tinctions requires that individuals present hypervariable recognition cue phenotypes 
that correlate with genetic background. Also required is the ability of members of 
the social group to perceive and process this detailed phenotypic information.
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Some contexts that favor the evolution of individual-distinctive odors  concern 
the queen, rather than the workers. One such circumstance, which is discussed 
below is the possibility that queen-specific cues might allow workers to sort 
according to their relatedness with queens during swarming. Another possibility, 
also discussed below, is that queen-specific odors might help workers to prevent 
parasitization by queens from other colonies or other species. Wenseleers et al. 
(2010) give an example of this type of social parasitization in a stingless bee. 
Genetically correlated cues that identify queens could then also be used by work-
ers in discriminations among workers, even though this may not be the primary 
selective force that maintains the cues over generations.

Defense at a nest entrance is a different matter, because the choice is between 
whether an individual belongs in the nest or not. A simple yes–no categoriza-
tion of membership can rely on far less phenotypic variation, and the phenotype 
does not need to be correlated with genotype to convey the information needed 
in order to make the discrimination. Non-belongers can include conspecific work-
ers that have made an orientation mistake, conspecific workers that have arrived 
to rob resources, conspecific social parasites, heterospecific social parasites, and 
heterospecific predators or robbers. Answering the question of whether an arriving 
animal belongs in the colony or not only requires a simple cue or signal, uniform 
among colony members, that is unique to that colony with respect to other colo-
nies in the same area (Fig. 9.1).

In most eusocial insects odor cues have primary importance in making social 
discriminations. Cuticular hydrocarbons have particular significance for social 
recognition as the cuticular hydrocarbon profile of any individual in a social 

Fig. 9.1  The likelihood a guard will reject (attack) a bee arriving at a colony depends on the 
degree of match in chemical cues between the guard and the arriving bee. In this simple repre-
sentation there is a linear relationship between match and rejection as observed by Greenberg 
(1979) in a halictid bee, Lasioglossum zephyrum. Depending on ecological circumstances and 
evolutionary history the guard response may vary to minimize the cost of errors (Reeve 1989). 
See below and work by Couvillon et al. (2009, 2012, 2013a, b) for more discussion of the impli-
cations of recognition errors
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group contains many compounds, thus setting the stage for meeting the criterion 
of hypervariability necessary for making fine distinctions among kin. Cuticular 
hydrocarbon mixes typically include alkanes, methyl-branched alkanes, and alk-
enes. The first evolutionary role for cuticular hydrocarbons was to prevent des-
iccation of surface waxes, which prevent water loss. Hydrocarbons are almost 
universally found on terrestrial organisms (Drifjhout et al. 2010). A blend of sur-
face hydrocarbon compounds helps to prevent water loss over a range of tempera-
ture conditions, working more effectively than if the wax layer were composed of 
a single compound. The complexity of the cuticular blend lends itself to co-option 
of these compounds for signal functions, such as sex pheromones (Drifjhout 
et al. 2010; van Zweden et al. 2010), queen-produced reproductive signals (Van 
Oystaeyen et al. 2014), and social recognition cues. In addition to prevention of 
water loss and signal functions, surface compounds may have antibiotic effects, 
and the possibility that any one compound in the cuticular mix may have multiple 
functions should not be ignored.

Investigations of surface waxes reveal that most insects present a mix of 
alkanes (van Zweden and d’Ettorre 2010). Lower molecular weight alkanes 
have the advantages of easily spreading on the insect surface but are subject to 
loss through to volatilization. Higher molecular weight alkanes are less likely to 
volatilize but may crystallize, particularly at lower ambient temperatures. A mix-
ture of alkanes including lower molecular weight (C-16 or even smaller) and high 
molecular weight (up to C-40) compounds results in a surface coating that is mal-
leable, flows enough to evenly cover the surface, but which resists volatilization. 
In some insects methyl-branched alkanes and alkenes are also present; these func-
tional groups affect volatility and other physical characteristics of the hydrocarbon 
mix, but it is not clear if side chains or unsaturated bonds evolved in response to 
selective pressures for properties like dessication prevention or antibiotic effects. 
Among surface waxes, methyl-branched alkanes and alkenes are more often func-
tional as social recognition cues than alkanes (Breed and Buchwald 2008). In 
bees, fatty acids, fatty acid esters, and macrocyclic lactones are also important 
cue compounds (Breed and Buchwald 2008). These and other cuticular hydrocar-
bons can provide information needed to make individual distinctions as well as kin 
discrimination.

Given the close proximity of individuals within the nest, surface chemicals 
may be easily transferred among animals. As a result, individual distinctions can 
become quite blurred. This is a positive outcome if the cue function of the surface 
chemicals is to convey colony membership, as the blending of cues among work-
ers can result in a single, colony-level, recognition signal (Breed and Buchwald 
2008). This is facilitated in ants by mixing of hydrocarbons in the postpharyngeal 
gland that facilitates the loss of individuality (Soroker and Hefetz 2000).

As pointed out above, a single colony-level phenotype is a more parsimoni-
ous solution for nestmate recognition, even though such a system may not contain 
information about kinship. This is essentially a bi-layer system of making distinc-
tions: one for “I’ll let you in” and one for “I’ll promote your genes.” Although 
they both fall under the general category of recognition, they represent distinct 
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mechanisms. Cuticular hydrocarbons can provide more than adequate  information 
for nestmate discrimination but may function better in this context if the cues 
are blended among animals in a nest so that a singular colony-unique identity 
emerges. In paper wasps blending of CHC among individuals occurs with the 
paper nest serving an intermediary (Gamboa et al. 1996). In stingless bees the nest 
similarly serves as an intermediary for recognition cues (Jones et al. 2012). This 
is true as well in the honeybee, which is discussed in detail below. The  picture 
is more variable in ants, with nest materials being implicated in some ants as the 
source of recognition cues (Carlin and Holldobler 1986; Crosland 1989), other 
studies suggesting diet is important (Buczkowski and Silverman 2006), while in 
other ants the postpharyngeal gland serves as an intermediary for mixing of cues 
among individuals (Soroker and Hefetz 2000). For more on ant nestmate recogni-
tion, see the recent review by Sturgis and Gordon (2012).

One interesting possibility, raised by Breed and Buchwald (2008) is that a 
cuticular hydrocarbon cue profile that is informative about identity by descent may 
co-exist with a colony-level cue profile that results from blending cues or acquir-
ing cues from the environment for nest-specific odors. Boulay et al. (2000) point 
out that worker individuality in hydrocarbon signature drives the need for frequent 
worker contact to establish a cohesive profile in Camponotus fellah, a species in 
which a colony-level blend of hydrocarbons serves for nestmate recognition. In 
honeybees differences in cuticular hydrocarbons among workers based on task in 
the colony are know (Kather et al. 2011) but it is unclear how these differences 
play into nestmate recognition.

A notable exception to the use of odor cues by eusocial insects for nestmate 
recognition is a species of paper wasp, Polistes fuscatus, which uses visual phe-
notypes for individual recognition in discriminating individuals based upon facial 
markings (Sheehan and Tibbetts 2011). These visual phenotypes have the charac-
teristics of hypervariability necessary for individual recognition. This use of visual 
phenotype is, as far as is known, unique to this wasp among eusocial insects.

Cues in Honeybee Nestmate Recognition

Kalmus and Ribbands (1952) raised the question of whether guards at honey-
bee colony entrances employ recognition cues that come from within the colony 
to discriminate nestmates from non-nestmates, or if they use environmentally 
derived odors to make the discrimination (Fig. 9.2). Their hypothesis was that if 
each colony forages on a unique mix of flowers, a colony odor results that gives 
the guards the information needed to detect colony membership. A potential flaw 
in this reasoning is that a forager returning from a new food source could be tar-
geted for rejection by the guards. However, foragers returning with nectar that 
are harassed by guards often offer nectar to the guards, a behavior which short-
circuits the potential for rejection. Kalmus and Ribbands (1952) and Ribbands 
(1953) reported that when colonies were paired and one was treated with a strong 
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food odor that guard discrimination between members of the two colonies was 
enhanced. Bowden et al. (1998) and Downs et al. (2000, 2001) revisited the ques-
tion of whether floral oils affect nestmate discrimination by honeybee guards. 
Both of these studies reported negative results, suggesting that other cue sources 
are more important in honeybee nestmate recognition.

Following publication of the Kalmus and Ribbands (1952) study little atten-
tion was paid to nestmate recognition and guard behavior in honeybees until Breed 
(1983 and later publications) took up this topic in response to a reawakening of 
interest in the study of social recognition and kin discrimination that was sparked 
by Hamilton’s (1964a, b) papers on kin selection. Greenberg’s (1979) work on a 
halictid bee, Lasioglossum zephyrum, suggested that testing hypotheses about 
genetic correlations with recognition cues could be fruitful, and gas chromato-
graphic analyses of the surface chemistry of a variety of insects had demonstrated 
considerable cuticular compound diversity within insect species, suggesting that 
the basis for recognition cues might be present in cuticular hydrocarbons (Smith 
1983; Smith and Breed 1995; Drijfhout et al. 2010; van Zweden and d’Etorre 
2010).

Breed’s (1983) study suggested a genetic basis for colony odors in honeybees. 
Subsequent experiments showed that: (1) Recognition cues can be transferred 
among bees via wax (Breed et al. 1998, 1988a ), (2) Workers acquire recognition 
cues within the first few days after adult emergence (Breed et al. 1988b, 2004b), 

Fig. 9.2  The possible sources of chemical cues on the surface of a honeybee worker (left side of 
figure) and how other bees, particularly guards, might use that information (right side of figure)
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(3) Workers can discriminate, by odor, among wax combs from different colonies 
and exhibit an orientation preference for comb that they have lived on for at least 
a few days (Breed et al. 1995c; Breed 1998a, b), (4) Variation of cuticular hydro-
carbons among colonies and among wax combs is correlated with genetic differ-
ences among colonies (Breed et al. 1995a; Breed 1998a, b), (5) Unsaturated fatty 
acids which are incorporated into beeswax as the comb is constructed are criti-
cal recognition cues for worker honeybees (Breed et al. 1995a, b; Breed 1998a, b; 
Lyon et al. 2012), (6) Alkenes from the cuticular hydrocarbon mix also function 
as recognition cues (Breed and Julian 1992), (7) Tests of the role of alkanes as 
recognition cues have yielded some negative results (Breed and Stiller 1992) and 
some positive results (Dani et al. 2005; Chaline et al. 2005). Ratnieks et al. (2011) 
argued that contact among honeybees does not affect acceptance of non-nestmates 
by guards, and this result may be consistent with the importance of wax comb, 
rather than workers “rubbing shoulders” in transferring nestmate  recognition cues.

Adequate cues for assessing the presence of non-nestmates exist in the air 
around bees (Mann and Breed 1997 and references therein), a point that should 
be given more careful consideration in future studies of honeybee nestmate rec-
ognition. An important but overlooked study by Stabentheiner et al. (2002) clearly 
shows that the thermal profile of incoming honeybees at colony entrances can 
affect their presentation of nestmate recognition cues, as the temperature of these 
bees is adequate to volatilize compounds that might not be considered volatile 
enough to serve as cues at ambient temperatures.

Guard response thresholds to intruding workers, which we discuss later, vary 
seasonally and guards are more responsive during times when robbing among 
colonies is higher (Couvillon and Ratnieks 2008; Downs and Ratnieks 2000). 
Perhaps most notable in the long sequence of publications on nestmate recogni-
tion in honeybees is that researchers have independently verified most of the key 
findings, such as the role of comb wax in honeybee nestmate recognition (Breed 
et al. 1995c; Breed 1998a, b) re-tested first by Tyus (1998), then by D’Etorre 
et al. (2006), and finally by Couvillon et al. (2007). The wax odor is a result of 
glandular products of the bees incorporated into the comb during its construction 
(Buchwald et al. 2009).

Couvillon et al. (2009, 2012, 2013a, b) have focused on recognition errors 
made by guard bees (Fig. 9.3). Among their interesting findings are that test-
ing context affects error rates (Couvillon et al. 2013a, b) and that error rates 
may suggest how to interpret models of information use in nestmate recognition 
(Couvillon et al. 2009, 2012).

In sum, honeybee nestmate recognition fits into a pattern of homogenization of 
nestmate recognition cues through an intermediate structure, in this case the wax 
combs. The multiple independent replications of this finding (Breed et al. 1995a, b,  
1998; Tyus 1998, D’Etorre et al. 2006, Couvillon et al. 2007) give a great deal of 
certainty to this conclusion.
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Queen Recognition

Queen recognition is fundamentally different than discrimination of workers, as 
honeybee colonies typically contain only one queen; it is feasible and likely desir-
able from an evolutionary point of view for workers bees in a colony to be able 
to recognize their queen as an individual (Breed 1981; Fan et al. 2010). In A. cer-
ana potential inquilines exist but guards cannot discriminate between robbers and 
inquilines (Holmes et al. 2013).

A primary selective advantage of workers being able to recognize the queen of 
their colony as an individual is that this might facilitate identification and elimi-
nation of potential social parasites. An interesting feature of honeybee biology 
is that social parasitism in the form of inquilinism is very infrequently observed. 
Two forms of inquilinism might be imagined in honeybees: (1) Unaffiliated queens 
entering and usurping a colony or (2) Another species of bee that specializes in par-
asitizing honeybee colonies might come in and exploit the labor and food available 
in a honeybee colony. Organisms other than honeybees, for example wax moths, 
Galleria mellonella and Achroia grisella, may also enter the colony and exploit 
resources. Both of these types of inquilinism exist in other bee species and in many 
ant species. Unaffiliated conspecific usurpers are known in Dolichovespula wasps, 
and the second type of inquilinism is illustrated by Psithyrus female workers in 
Bombus colonies and Paralictus female workers in Lasioglossum colonies.

Boch and Morse (1979) first explored the question of individual recognition of 
queens by workers in honeybees. Their results clearly support the ability of swarms 

Fig. 9.3  Errors in recognition are potentially caused by variation in recognition cues, so that 
colony mates may be more dissimilar than random selected pairs of bees from the colony or non-
nestmates may be more similar to a guard than the mean difference in recognition cue profiles 
between the colony and other colonies in the population. The linear response model (solid line) 
implies a graded response depending on degree of match between the guard and the arriving bee. 
In fact, guard responses are usually interpreted as bimodal: either attack or accept. This bimo-
dality suggests inflected curves for the relationship between rejection probability and the guard/
arriver match (dashed lines). The upper dashed line illustrates low tolerance for variance from 
the colony’s cues, resulting in errors involving rejection of nestmates. The lower dashed line rep-
resents high tolerance for mismatches, resulting in errors involving acceptance of non-nestmates
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to identify their own queen and to aggregate around her. Breed (1981) elaborated on 
this discovery by finding that honeybee workers use genetically correlated  chemical 
cues to make discriminations among queens, a finding that was independently 
 replicated by Boch and Morse (1982). All of these studies support the hypothesis 
that chemical cues, specifically odors, are responsible for the  ability of workers to 
make these discriminations (Boch and Morse 1981). Breed et al. (1992) tested the 
effects of fatty acid esters found in queen feces on the ability of workers to dis-
criminate among workers. The positive findings from this study of fatty acid esters 
suggest that perhaps they play a role in queen recognition, although this is a result 
that strongly suggests follow-up studies, rather than a conclusive demonstration that 
these esters play this role.

In cape honeybees, Apis mellifera capensis, workers can assume a queen-like role 
within a colony, laying eggs that will develop into females via a unique (within the 
genus Apis) mechanism of thelytokous parthenogenesis. Competition among laying 
workers (Beekman and Oldroyd 2008) and policing of laying activities by non-laying 
workers (Pirk et al. 2003) has some similarity to behavioral patterns associated with 
inquilinism. In particular, the tendency of workers to eliminate other laying workers 
is a behavior that would be equally effective in regulating the entry of queens from 
other colonies into a nest. The cape bee, however, does not represent an example 
of social parasitism in Apis, but simply illustrates the presence of mechanisms that 
could be effective in preventing inquilinism in one subspecies within the genus.

The virtual absence of social parasitism in A. mellifera seems unusual among the 
eusocial insects, in which examples of conspecific and interspecific social parasit-
ism are common. The nest structures and social behavior of members of this genus 
suggest only one specific barrier to social parasitism, worker policing of eggs laid 
by other workers (Ratnieks and Visscher 1989). One line of reasoning, although 
purely speculative, for why inquilinism is perhaps rarer in Apis than in other euso-
cial insects is that the mechanism of queen recognition in Apis is effective enough 
to serve as a strong selective force against the evolution of this type of social para-
site. Or, perhaps, many inquilines exist in Apis and simply remain undiscovered.

Nepotism

Two primary hypotheses for nepotism have been explored in honeybees. Both 
stem from the fact that honeybee queens mate ten to fifteen times early in their 
adult lives and use stored sperm from these matings in egg fertilization through 
their life. Thus, all the workers in a honeybee colony are daughters of a single 
queen, but the worker population is divided into subgroups, patrilines, each rep-
resenting drones that mated with the queen. Following kin selection theory, work-
ers should favor their own patriline over other patrilines if reproduction would be 
affected by this nepotism (Boomsma and d’Ettorre 2013). In order to express such 
favoritism social recognition must come into play for the workers; they would 
need to be able to discriminate eggs and larvae, adult workers, or queens by patri-
line membership.
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The first hypothesis tested concerning nepotism in honeybees was that work-
ers would sort by subfamily group during swarming. The principle underlying 
this hypothesis is that since the new queen reared by a colony will represent only 
one of the several possible fathers in the colony, selection should favor work-
ers that can choose to work for the new queen, if she is from their patriline. The 
remaining workers are equally related to the old queen, their mother, and the new 
queen, their half-sister, and they should assort randomly between the two queens 
at swarming time. Getz et al. (1982) found evidence for this assortment, but sub-
sequent studies did not replicate this result (Kryger and Moritz 1997; Rangel 
et al. 2009).

A second set of hypotheses about nepotism in honeybees center on selection of 
eggs or young larvae for queen rearing. Of the hundreds or thousands of female 
eggs or larvae in a honeybee colony at any given point in time during the spring 
and summer, only a few are selected for rearing into queens. Studies on this type 
of nepotism in honeybees conducted between 1970 and 1990 showed that work-
ers did not preferentially direct their behavior to their most highly related eggs 
and larvae and found no support for the hypothesis that workers rear queens that 
are more closely related to them as a result of selecting genetically matching lar-
vae for queen rearing (Breed et al. 1984; Visscher 1986, see also review by Breed 
et al. 1994). Rangel et al. (2009) used more contemporary genetic techniques to 
test the hypothesis of within colony nepotism and obtained negative results, as 
did Koyama et al. (2009). On the other hand, worker policing has the potential 
for removing evidence for kin-biased behavior through the destruction of eggs 
that represent the workers’, rather than the queen’s, genetic interests (Visscher and 
Ratnieks 1989).

Breed et al. (1995c) looked at this same type of question of within colony nepo-
tism in interactions among adult workers using color phenotypes as a proxy for 
genetic identification of subfamilies. Breed et al. (1994) also demonstrated that, in 
the absence of comb wax cues workers could express an ability to preferentially 
associate with more related workers. However, these findings did not establish a 
direct link to the behavior of bees in more naturally constructed colonies, and it 
was not clear from these results whether this type of social recognition persists in 
the presence of comb wax.

The question of nepotism in eusocial insect colonies has been addressed in 
other species, as well. Several studies of ants have noted an absence of nepotistic 
behavior within colonies (Zinck et al. 2009; Kellner and Heinze 2011; Friend and 
Bourke 2012). In eusocial wasps the chemical information necessary for discrima-
tions that would support nepotism is available, at least in some species (Dani et al. 
2004) and data suggests that this information can be used in Polistes dominulus 
(Leadbeater et al. 2014). The negative results in honeybees and ants in the search 
for evidence of nepotism do not preclude the possibility that further studies using 
different methods might reveal nepotism in these species. However, the fact that 
the negative result has been repeatedly obtained by different investigators using a 
variety of methods suggest that the likelihood of this is small.
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Information Processing and Discriminations

Surprisingly few studies address how recognition information is perceived and 
processed in honeybees, or for that matter, in social insects in general. Crozier 
and Dix (1979) and Getz (1982) explored models for how recognition information 
might be processed by guards at nest entrances of eusocial insects. A key element 
of their models was consideration of what rules social insects might use in making 
nestmate-non-nestmate discriminations. The models also considered how alleles 
might match with odor cues, so that population genetic models could be applied 
to analyses of cue evolution. Breed and Buchwald (2008) summarized these earlier 
modeling efforts and discuss their implications in light of improved knowledge 
about the chemical cues involved in nestmate recognition.

Few papers have explored the details of how potential information in surface 
compounds on insects might translate into actual usage by workers to make dis-
criminations. Breed et al. (2004c) presented bees with differing ratios of free fatty 
acids in a nestmate recognition bioassay and found that bees could possibly make 
use of information concerning compound ratios, but the data suggested that the 
information is processed in the context of the presence of other cues. Costanzi 
et al. (2013) explore how changes in cuticular hydrocarbon proportions affect nest-
mate recognition in a social wasp.

Another theoretical issue is whether the information present is adequate to make 
the hypothesized discriminations. For example, an investigator might hypothesize 
abilities of worker bees to discriminate subfamily membership, age, and current 
task of other bees, but is the variation in surface chemistry among bees organized 
in ways that allow all of these discriminations? This is not known in honeybees, 
but in the sweat bee Lasioglossum malachurum Soro et al. (2011) found a weak 
correlation between cuticular chemistry and the genetic distance among bees. This 
variation is not adequate to support within colony discriminations based on related-
ness (Soro et al. 2011). Breed and Buchwald (2008) modeled how olfactory and 
neural abilities predict the number of compounds available for discrimination; they 
found that if an animal can make moderately fine distinctions among compound 
concentrations, rather than just assess the presence or absence of a compound, then 
eight to ten cue compounds in a cue profile should be adequate for discriminations 
among colonies. This matches well with the number of relatively abundant alkenes 
and free fatty acids on the surface of honeybees. There are also quite a few alkanes 
on bees, but the use of these in discrimination is less likely (Breed and Stiller 
1992), but see Chaline et al. (2005) for a conflicting point of view.

Response Thresholds

One of the major conflicts in our understanding of honeybee nest defense is 
between our knowledge of the ability of honeybees to discriminate nestmates from 
non-nestmates and the common observation that honeybee workers “drift” among 
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colonies, resulting in much larger worker forces in downwind colonies in apiaries. 
In part the explanation for this seeming contradiction comes from understanding 
that the threshold for expression of defensive behavior by honeybees depends on 
season and food availability (Reeve 1989). The presence of drift was well known 
among beekeepers and early studies on nestmate recognition in honeybees may 
have overly discounted the potential importance of drift as a symptom of laxity 
or flexibility in the social recognition system of honeybees. Given the number of 
species of Apis that nest in aggregations, the tolerance of drift in A. mellifera is a 
bit surprising, as drifting workers could represent potential robbers or inquilines 
(Chapman et al. 2010). Speculatively, the tolerance of drift in A. mellifera could 
either represent the result of selection balancing the costs and benefits of exclud-
ing non-nestmates.

Discussion and Conclusions

Social recognition in A. mellifera operates on several levels. The best studied 
contexts are recognition of queens and discrimination of nestmates from non-
nestmates. Queens are recognized individually and fatty acid esters have been 
implicated, but not conclusively tested, as queen recognition cues. Nestmate work-
ers are discriminated from non-nestmates using cues transmitted via the comb 
wax. Candidate cue compounds include fatty acids, which are strongly supported 
by data, alkenes, which also have strong support, and alkanes, which are less well 
supported as cue compounds. Variation in compound concentrations for all three 
of these classes is significant among combs from different colonies, suggesting 
that nestmate recognition includes some genetic information. More detailed infor-
mation about individual bees may be held in chemical signatures that underlay 
the colony-level signature. This could include information about age, task per-
formance, and potential reproductive status, but this form of social recognition is 
less well investigated in honeybees. The use of nesting materials as an interme-
diary in nestmate recognition has analogies with other social insects, including 
paper wasps and some species of ants. This commonality suggests an evolu-
tionary thread that favors group over individual recognition under at least some 
circumstances.

However, there are underlying differences in surface chemistry among honey-
bees, even among nestmates, that in theory could support kin recognition and nep-
otism. The numerous papers published on nepotism in honeybees report studies 
that on the whole do not support hypotheses of preferential allocation of resources 
within honeybee colonies through identity by descent. It appears that fine discrimi-
nation information is not perceived by honeybees, is perceived but not used, or is 
perceived and used in as yet unmeasured ways.

One aspect of the commentary that developed about nestmate recogni-
tion as a form of social recognition was that many investigators made an argu-
ment that nestmate recognition must be a form of kin recognition. This line of 
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reasoning noted that nestmates are usually genetic relatives. However, the  ability 
to  discriminate a nestmate from a non-nestmate does not necessarily equip a social 
insect worker to make finer distinctions based on identity by descent, which is a 
reasonable requisite for kin recognition. Nepotism within colonies should, based 
on kin selection theory, be based on such fine discriminations and requires a rec-
ognition system in which the recognition phenotype is correlated with genetic 
identity. As our picture of honeybee nestmate recognition developed over the last 
30 years it has become apparent that selection has favored uniformity of nestmate 
recognition cues among nestmate honeybees, rather than the phenotypic diversity 
required to make within colony distinctions.

Perhaps the most interesting aspect of this field of research is that research-
ers have been interested and motivated enough to re-test each other’s hypotheses 
and to deeply explore the interaction between experimental design and result. Few 
areas in animal behavior and behavioral ecology have been so rich with efforts 
to determine the repeatability of experimental results. Most interpretations have 
withstood time and re-testing, but there is still much work to be done in under-
standing how guards as well as policing workers process and use information, as 
well as the exact cues they use in making discriminations.
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Abstract The ability to discriminate between friends and foes is a central feature 
of social life. In social insects, nestmate recognition is mediated by colony spe-
cific cuticular hydrocarbons (CHCs) (label) that are perceived by an individual and 
compared with its neural representation of the colony odour (template). Although 
numerous advances have been made in understanding the identity, origin and pro-
duction of recognition cues in social hymenoptera, relatively little is known about 
the ontogeny of nestmate recognition, and the learning processes that might be 
involved. It appears that wasps and bees learn the recognition cues required for 
template formation from their nest/comb odour, while ants learn principally from 
their nestmates. In general, the referent template is learned during the early stages 
of adult life, although pre-imaginal learning might play a role. The CHC blend can 
change over time; cue-exchange among nestmates is therefore needed to reduce 
chemical variability among individuals and to integrate environmental compounds 
into the colony odour. As a result of this process, the referent template is updated 
during life. This relative plasticity of the recognition system can be exploited by 
insect social parasites to integrate themselves within the host colonies and to fool 
host workers about their real identity. By studying the chemical integration strate-
gies of social parasites new insights on the ontogeny of nestmate recognition could 
be acquired. However, further studies are needed to reveal the neural substrates 
implicated in learning and memory at different stages of social insect life to better 
understand how and when template formation occurs.
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Introduction

Recognition plays a central role in parent-offspring interactions, competition, mat-
ing and cooperative behaviours such as group defence, brood care, foraging and 
grooming (e.g., Waldman 1988). Although evidences of recognition abilities in dif-
ferent invertebrate taxa have rapidly accumulated during the past decades (this book), 
social living certainly generates the most sophisticated and efficient recognition sys-
tems. Among invertebrates, insects with eusocial organization represent the most 
fascinating examples of cooperative group living. Different species of ants, wasps 
and bees have been traditionally used as model organisms for studying the evolu-
tion of cooperative behaviour and recognition systems (Starks 2004). Recognition of 
group members, i.e., the ability to discriminate between foes and friends, is essential 
to maintain sociality because it allows altruistic acts to be directed towards related 
recipients (Hamilton 1987), while excluding competitors and parasites. Differential 
treatment of relatives and non-relatives, or of different classes of relatives, constitutes 
kin discrimination. In social insects, colonies typically consist of related individuals, 
and thus recognition of group membership can act as a proxy for kin recognition (cf. 
Lenoir et al. 1999). Indeed, no clear evidence of within-colony discrimination based 
on degree of kin has been provided so far (Boomsma and d’Ettorre 2013).

Here we focus on recognition of group identity (nestmate recognition), the 
most widespread form of recognition in social insects (d’Ettorre and Lenoir 2010). 
Group members are usually directly recognized because of traits they express 
(label) that are perceived by conspecifics and compared with an internal reference 
(template) stored somewhere in the nervous system. Recognition occurs through 
the evaluation of how well the label matches the template. This form of identity 
assessment may be imperfect, leading to acceptance/rejection errors (see Ratnieks 
1991), but social insect evolved mechanisms to optimize the system by achiev-
ing a unique colony label/template, shared by all colony members, and with mini-
mal overlapping among neighbouring colonies (van Zweden and d’Ettorre 2010). 
Although we know a great deal about the nature of recognition cues in social 
insects (which are mainly chemicals, see Fig. 10.1 and this volume Breed et al. and 
Steiger), we are just starting to understand the perception rules of these nestmate 
recognition cues and their information processing (Ozaki and Wada-Katsumata 
2010; Ozaki and Hefetz 2014). However, relatively little is known about the ontog-
eny of nestmate recognition, and in particular about the template formation and 
timing processes. By manipulating individuals’ opportunities to interact with con-
specifics and/or environment during their life, or part of their life, we may gain a 
better understanding of the mechanisms underlying nestmate recognition.

Here we present a general overview of the studies that have addressed the 
ontogeny of nestmate recognition in social hymenoptera, by paying particu-
lar attention to the process of template acquisition. Moreover, we will discuss 
the potential future directions to better understand how recognition information 
is  represented and processed at the peripheral and central level. We begin our 
 overview with highlighting the main general mechanisms that have been proposed 
to be at the basis of the recognition process.
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Fig. 10.1  Recognition cues: cuticular hydrocarbons (CHCs) in social insects. a  Example 
of chromatogram resulting from CHC analysis by gas chromatography coupled with 
mass  spectrometry (GC-MS). Each peak represents one hydrocarbon (or a mixture of few 
 co-eluding hydrocarbons). b Examples of the different structural classes of hydrocarbons that 
can be  typically found on the cuticle of social insects. The main structure of hydrocarbons is 
 generally a backbone of carbon atoms with hydrogen atoms attached on empty binding sites.  
Cuticular hydrocarbons in social insects generally range in size from about 20 to over 40 car-
bon atoms. CHCs are part of the lipid layer present on the cuticle that protects the insect body 
against desiccation (Hadley 1994), abrasion and micro-organism infection (Lockey 1988). How-
ever, CHCs have assumed a communicative role in several behavioural contexts, especially in 
social insects where they communicate identity (van Zweden and d’Ettorre 2010; Bruschini et al. 
2010). A typical chemical profile of ants, bees and wasps is a complex blend of CHCs, which 
gives a specific odour to different species and, within a species, to each colony (Singer 1998; 
Dani 2006; Hefetz 2007; Bruschini et al. 2010; van Zweden and d’Ettorre 2010). There are dif-
ferent classes of hydrocarbons on the cuticle of social insects, although not all of them appear 
to have the same importance as recognition cues (Châline et al. 2005; Dani 2006; Hefetz 2007; 
Zweden and d’Ettorre 2010). Methyl-alkanes and alkenes are considered to be relevant nestmate 
recognition cues (Dani et al. 2001, 2005; Châline et al. 2005; Cervo et al. 2008; Martin et al. 
2008; Guerrieri et al. 2009; van Zweden et al. 2010), possibly due to their complex chemical 
structure compared to linear alkanes, which are more likely involved in water-loss prevention. On 
the other hand, in the ant Formica japonica, all CHC classes appear to be important to achieve 
discrimination (Akino et al. 2004). The colony odour is generally uniform, but small differences 
in CHC profiles within the colony can correlated to task (e.g., Greene and Gordon 2003) or caste 
(Liebig 2010). Moreover, some hydrocarbons, overproduced by queens relative to workers, can 
act as queen pheromones regulating worker sterility (Peeters et al. 1999; Liebig et al. 2000; Hol-
man et al. 2010, 2013; Monnin 2006; van Oystaeyen et al. 2014)
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Recognition Mechanisms

During the last three decades different potential mechanisms underlying recog-
nition of identity have been proposed (reviewed in: d’Ettorre and Lenoir 2010). 
There is general agreement that these mechanisms are not mutually exclusive or 
necessary exhaustive, and that their generalization is difficult because ecological 
constraints and life history trade-offs could affect the recognition mechanism of a 
particular species (cf. Dreier and d’Ettorre 2009). Generally, recognition could be 
based on an indirect or a direct assessment. In the first case recognition is context-
based and individuals recognize group members not by their phenotype, but for 
instance by the specific spatial location where they are encountered. A location, 
such as the nest site, predictably indicates group membership and all conspecifics 
encountered therein are recognized as relatives. Alternatively, individuals might 
recognize group members in a more accurate way, i.e., by directly assessing their 
phenotypic cues through different mechanisms.

Prior association: During social life an individual learns cues from other individ-
uals that are regularly encountered (e.g., group members). These become ‘famil-
iar’ individuals and in subsequent encounters they will elicit acceptance and/or 
cooperative behaviour. This type of mechanism requires that each individual must 
be encountered to become familiar, and thus the recognition process takes place 
at individual level. There are few examples of individual recognition in social 
insects, which could be based on this mechanism (Tibbetts 2002; d’Ettorre and 
Heinze 2005; Dreier et al. 2007; Foubert and Nowbahari 2008). Usually, individ-
ual/familiar recognition could work only in small societies, such as those of prim-
itively eusocial wasps (e.g., Polistes and Stenogastrinae wasps), in which visual 
cues are used for the discrimination process (Tibbetts 2002; Baracchi et al. 2013, 
2015). On the other hand, ants appear to use chemical cues to achieve individual 
recognition. For instance, unrelated founding queens of the ant Pachycondyla vil-
losa likely use cuticular hydrocarbons (CHCs) to recognize each other individu-
ally (d’Ettorre and Heinze 2005).

Phenotype matching: This mechanism allows discrimination of individuals not 
encountered before. Here, an individual compares the phenotypic cues (label) 
of the encountered individual with an internal representation (neural template) 
(Reeve 1989; Crozier and Pamilo 1996; Mateo 2004; d’Ettorre and Lenoir 2010; 
van Zweden and d’Ettorre 2010). Acceptance/rejection will depend on the simi-
larity/dissimilarity between the template and the label. The template is usually 
acquired by a learning process. This mechanism is considered as the most used by 
social insects, being the phenotype (its own or that of nestmates/nest material) a 
reliable source of cues for recognition of group members (Fig. 10.2).

Recognition alleles (green beard):  According to this mechanism, an allele at a single 
locus (or closely linked genes) should code for three traits linked together: a detectable 
phenotypic cue (green beard), the ability to recognize this cue and the expression of 
altruistic behaviour towards individuals with this cue (Hamilton 1964; Dawkins 1976; 
Holmes and Sherman 1982). In this case, no learning experience is needed.
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Source of Recognition Cues for Template Formation

In order to build a template, each individual must be in contact with some 
 relevant recognition cues (see Fig. 10.1) during at least part of its life. A parsi-
monious mechanism for providing all colony members with similar recognition 
cues could be the exposure to a common source of cues, such as the nest material 
(Gamboa et al. 1986a). Social wasps of the Polistes genus often transfer  chemical 
cues from  themselves to the nest material (paper, which easily adsorbs  chemical 
cues) through specific behavioural patterns (Cervo and Turillazzi 1989; Dani et al. 
1992; van Hooser et al. 2002). The presence of these cues on the nest surface pro-
vides information about colony membership to any new member of the colony 
(Gamboa et al. 1986a, b). Chemical analyses revealed that the nest material of 
Polistes wasps possesses the same chemical compounds present on the cuticle of 
the resident wasps (Espelie and Herman 1990; Espelie et al. 1990; Lorenzi 1992; 
Singer et al. 1992; Cotoneschi et al. 2007). Recognition cues deposition on nest 
material could thus be important for creating uniformity in the odour label, the so 
called “Gestalt odour” (cf. Crozier and Dix 1979), and may also contribute to the 

Fig. 10.2  Schematic view of the ontogeny of nestmate recognition ability in ants, wasps and 
bees according to the phenotype matching model (a possible mechanisms of direct recognition, 
see text). For each taxonomic group, life stages in which recognition cues can be learned (when) 
and their source (source of recognition cues) are represented. Continued lines indicate factors 
that have been experimentally shown to play a role in the ontogeny of nestmate recognition, 
while dotted lined indicate factors that are possibly involved
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formation of the referent  template. Cues involved in nestmate recognition process 
are spread within the colony so that nestmates acquire the same or a very simi-
lar odour (Crozier and Dix 1979), i.e., a common colony phenotype acting as a 
uniform identity badge. The Gestalt model implies a continuous exchange of rec-
ognition cues among nestmates; such mechanism could minimize fluctuation of 
colonial and individual odours during time due to environmental factors (Carlin 
and Holldobler 1983; Dahbi and Lenoir 1998; Dahbi et al. 1999; van Zweden et al. 
2010). According to the Gestalt model, each member of a colony has an odour 
which is representative of the entire colony. This common odor can thus be used 
for the formation of the referent template.

There is evidence that some species of Polistes wasps learn the referent col-
ony odour (template) from their natal comb early during adult life (Pfennig et al. 
1983a, b; Gamboa et al. 1986b; Gamboa 2004; Singer and Espelie 1992). It has 
been experimentally shown that the presence of the nest material, but not neces-
sarily of nestmates, is important in the ontogeny of nestmate recognition ability in 
Polistes fuscatus wasps (Shellman and Gamboa 1982). P. fuscatus gynes (repro-
ductive females) isolated from their natal nest, and gynes exposed only to nest-
mates after emergence, do not discriminate later between nestmates and unrelated 
individuals. Similarly, young Polistes metricus workers fail to recognize nestmates 
if they have spent the first four days of their adult life on a comb washed with 
solvent to remove nest surface compounds (Singer and Espelie 1992). However, 
in Polistes dominula workers, template formation appears to happen in a differ-
ent way since the absence of nest material (or the presence of alien nest material) 
during the first four days of adult life does not affect nestmate recognition ability 
(Signorotti et al. 2014a).

Honeybee guards learn their colony odour from the wax combs in their 
nest similarly to social wasps (Breed et al. 1995, 1998; d’Ettorre et al. 2006; 
Couvillon et al. 2007). On the other hand, evidence that nest cues have a recog-
nition function in ants is lacking, although in Camponotus aethiops it has been 
reported that recognition cues can be transferred from one ant to another via the 
nest soil and this action could affect recognition behaviour (Bos et al. 2011). 
Ants can leave chemical recognition cues passively on the nest substrate through 
the contact of their body; however, the resulting deposit is not necessarily col-
ony specific (Lenoir et al. 2009). In ants, template formation appears to be based 
on cues learned from nestmate workers (e.g., Boulay and Lenoir 2001; Boulay 
et al. 2003) or from the queen in small colonies (Carlin and Hölldobler 1986). In 
two Camponotus species, there is also evidence that newly eclosed ants familiar-
ize with recognition cues of adult nestmate workers assisting them during eclo-
sion (Morel 1983, 1988). Whatever the source of recognition cues, social insects 
must be able to identify the common colonial phenotype (e.g., a mix of individ-
ual odours to form a single common Gestalt odour), perceive it, possibly learn it 
and form the referent template, on the basis of such phenotype, during a given 
period of their life.
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Timing of Template Formation

Upon emergence, social insects are surrounded by a world of odours that could 
contain the recognition cues. For the recognition system to be effective, social 
insects must learn the odour of their specific colony. The role of learning in nest-
mate recognition is still debated and it remains unclear whether the process of cue 
learning and template formation is acquired through familiarization during a spe-
cific sensitive period (e.g., Jaisson 1987), and when this sensitive period occurs. 
Indeed, learning could occur at different stages of the insect life (Fig. 10.2).

Early learning: The ability to learn environmental cues during the first moments 
of life as imago insect (adult) has been investigated since long time. For instance, 
Camponotus vagus and Formica polyctena ants develop a preference for a specific 
habitat as consequence of an early exposure to particular environmental cues, e.g., 
thyme aroma (Jaisson 1980). In most of the social insect species studied so far, 
the nestmate recognition cues necessary to build the referent template appear to be 
learned during the early stages of adult life.

Honeybees learn colonial cues from the wax comb even within an hour after 
emergence (Breed and Stiller 1992). Studies on the ontogeny of the olfactory nerv-
ous system of honeybees have suggested the existence of a critical period, rang-
ing from 3 days before to 4–8 days after emergence, during which the olfactory 
system appears very flexible in response to environmental changes (Masson et al. 
1993). Similarly to honeybees, in Polistes wasps early experience after emergence 
affects nestmate recognition (Gamboa 2004). Gynes of P. carolina and P. fuscatus 
isolated at emergence both from their natal nest and their nestmates later failed 
to recognize nestmates (Pfenning et al. 1983b; Gamboa et al. 1986b). This means 
that early experience after emergence is crucial for the template development in 
these species. It has been suggested that the template acquisition in Polistes wasps 
is complete within the first hours after emergence (4 h) (Gamboa 2004); indeed, 
longer exposure of newly emerged P. fuscatus gynes to their natal nest has no 
effect on discrimination abilities (Pfenning et al. 1983a). P. fuscatus wasps are 
able to remember recognition cues learned during the first hours of adult life up to 
20 days later (Pfenning et al. 1983a).

Although numerous evidences suggest that this recognition model is wide-
spread within the genus Polistes (including more than 200 species; Carpenter 
1996), further investigations are needed since almost all studies were performed 
on gynes’ recognition ability and on limited number of North American species 
(P. fuscatus, Pfenning et al. 1983a; P. carolina, Pfenning et al. 1983b; P. metricus, 
Singer and Espelie 1992). Indeed, a recent study conducted on P. dominula, an 
Old World species, suggested the possible implication of other life stages, such as 
pre-imaginal ones, in which the learning process for the template formation could 
occur (Signorotti et al. 2014a).
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The timing of template formation in ants appears to follow the same general 
mechanisms as for wasps and bees (Hölldobler and Michener 1980; Jaisson 1991; 
Lenoir et al. 1999). Early in adult life, each ant learns the colonial cues, which, 
when encoded as a neural template, serve for colonial membership determination 
of each encountered individual (Crozier and Pamilo 1996). In C. vagus (Morel 
1983) and Camponotus floridanus (Morel 1988), interactions with older nestmates 
during the first hours of adult life are necessary to a young worker both to be 
fully recognized as a nestmate and to develop the ability to recognize nestmates. 
In some species of ants the recognition of brood can be influenced by the post-
eclosion experience (Jaisson 1991). For instance, in Ectatomma tuberculatum, an 
early familiarization of workers with foreign conspecific larvae induces a subse-
quent preference directed towards them, compared to their own non-familiar lar-
vae (Fénéron and Jaisson 1995). The fact that young workers usually spend the 
first few days of their life inside the brood chamber may facilitate this learning 
process (Fénéron and Jaisson 1995).

The use of experimental mixed species groups of ants (rare in nature with the 
exception of colonies invaded by social parasites) has provided further insight 
into the timing of template acquisition and its memorization. For instance, newly 
eclosed workers of Formica selysi and Manica rubida, reared in artificial mixed 
colonies, were able to learn allospecific recognition cues, to integrate them into 
their “colonial template” and to retain them even after one year of separation 
(Errard 1994a). This implies long-term memory of the template (Errard 1994b), 
suggesting that the template resides in higher brain centers, such as the mushroom 
bodies, although, after the long separation, traces of heterospecific hydrocarbons 
were still present on the cuticle of ants, and could have served as reference (cf. 
Bos and d’Ettorre 2012).

Pre-imaginal learning: In some ant species, individuals acquire a recognition 
template for queen recognition (Berton et al. 1991), brood and nestmates recog-
nition (Isingrini et al. 1985; Carlin and Schwartz 1989; Signorotti et al. 2014b) 
during the pre-imaginal life (i.e., before eclosion). Pre-imaginal olfactory experi-
ence affects colony-brood recognition, particularly when experience starts during 
the first stages of larval development in the ant Cataglyphis cursor (Isingrini et al. 
1985). Therefore, the first larval instars might be more sensitive to environmental 
social cues, and/or the total duration of the exposure to the colony odour during 
pre-imaginal life might affect brood recognition in C. cursor adult ants. Similarly, 
in the ant Aphaenogaster senilis, the odour experience during early stages of larval 
development affects recognition in an adult-adult context (nestmate recognition) 
(Signorotti et al. 2014b).

Memories from pre-imaginal olfactory experiences can survive after metamor-
phosis suggesting that the template is probably stored in the higher brain centres. 
Social insects during their pre-imaginal life are often in contact with recognition 
cues (nest material/nestmates), therefore the learning process could start dur-
ing immature stages, when the olfactory system is being formed. Very little is 
known about structural modifications of social insects’ brain during development 
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(Gronenberg et al. 1996; Farris et al. 1999). The mushroom bodies (higher brain 
centres) are involved in higher associative functions (learning and memory) and 
play a key role in the neuronal control of adaptive behavioural modifications and 
in the processing and storage of chemosensory information (Erber et al. 1980; 
Menzel 1993; Heisenberg 1994). Certain brain structures, such as the mushroom 
bodies, develop during larval life (Farris et al. 1999). Indeed, studies on adult 
mushroom bodies in Apis mellifera showed that there are no signs of cell prolif-
eration (neurogenesis) after pupation (Fahrbach et al. 1995; Cayre et al. 1996). 
Similarly, in the ant C. floridanus, neurogenesis is complete in young pupae and 
no new Kenyon cells (intrinsic neurons of the mushroom bodies), that might con-
tribute to mushroom bodies growth, are produced in adults. Thus, the increase of 
mushroom bodies’ volume in adults is most likely the result of an outgrowth of 
existing neurons (Gronenberg et al. 1996). The connection between pre-imaginal 
experience and adult behaviours could be a consequence of the survival of larval/
pupal neurons during metamorphosis in the higher brain centres, enabling the per-
sistence of memories formed during pre-imaginal stages in the adult brain (Tully 
et al. 1994; Lee et al. 1999; Ray 1999).

There are no specific studies on pre-imaginal learning of nestmate recogni-
tion cues in social wasps, although some insight comes from studies on faculta-
tive social parasites (Lorenzi et al. 2007, 2011; Costanzi et al. 2013). Usually, 
Polistes dominant female performs a typical abdomen stroking behaviour over 
the nest surface to possibly release chemical cues on the comb, thus spreading 
her own odour (Dani et al. 1992; van Hooser et al. 2002; Dapporto et al. 2007). 
Wasp social parasites also perform this behaviour after invading the host nest 
(Cervo and Turillazzi 1989; Zacchi et al. 1996; Turillazzi et al. 2000). Costanzi 
et al. (2013) suggested that P. dominula workers could memorize the colony 
odour experienced during pre-imaginal development. They performed an experi-
ment in which natural nests of P. dominula wasps were divided into two parts 
and brood emerged either in the part marked by their genetic mothers or in the 
part overmarked by Polistes nimphus usurpers, in absence of adults. P. dominula 
workers emerged in usurped nests accepted both their usurper and their genetic 
mother, suggesting that they could have learned their mother’s odour during pre-
imaginal life. Moreover, worker discrimination abilities were lowest in colonies 
where the odour changes due to usurpation were largest, indicating a possible 
process of comparison between the previously learned odour and the new one, 
i.e., the odour of the parasite (Costanzi et al. 2013). The occurrence of pre-
imaginal learning for template formation in P. dominula wasps has been recently 
proposed also by us (Signorotti et al. 2014a). We showed that workers, taken 
from their natal comb when the natural emergence occurs, displayed correct dis-
crimination abilities at the age of five days, regardless of their olfactory expe-
rience during the first four days of adult life. Ecological pressures might have 
led to the evolution of an advantageous precocious cues learning in P. dominula 
wasps (Signorotti et al. 2014a), a species characterized by high rate of inter- and 
intraspecific social parasitism (Cervo 2006).
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In the Stenogastrinae wasp Liostenogaster flavolineata, chemicals on the nest 
material are scarce since the comb is made with mud; however, in this species an 
abdominal substance secreted by the Dufour’s gland, rich of the same compounds 
as the wasp cuticle (Cervo et al. 2002; Keegans et al. 1993), is transferred directly 
on eggs and small larvae (Turillazzi 1985). Although this secretion could contain 
suitable cues for the acquisition of the recognition template during pre-imaginal 
stages, behavioural experiments did not confirm the use of this abdominal sub-
stance for the formation of the template (Cervo et al. 2002; Turillazzi et al. 2008). 
Further studies on different species are needed to clarify the possible implication 
of pre-imaginal learning in template formation.

Template updating during adult life: The occurrence of early and/or pre-
imaginal template formation does not exclude a subsequent template updating 
during adult life. Individual odour and thus colonial odour are dynamic and 
change over time (Vander Meer and Morel 1998; Lahav et al. 2001; Sledge et al. 
2004; Dapporto et al. 2005; van Zweden et al. 2009; Newey et al. 2009; Sturgis 
and Gordon 2012), suggesting that the template should be updated through-
out the adult life for an effective recognition system to be maintained (Liu 
et al. 1998). We have direct evidences that in several species of Myrmicinae, 
Formicinae and Ponerinae ants, workers exchange recognition cues (Vienne 
et al. 1995; Meskali et al. 1995; Soroker et al. 1995, 1998; Dahbi et al. 1999; 
Boulay et al. 2000; van Zweden et al. 2010) allowing the formation of a unique 
colonial odour; therefore workers need frequent social contacts with nestmates 
to maintain an accurate referent template reflecting the current shared odour. 
In the ant Camponotus fellah, the isolation of adult workers for 20 days from 
the colonial cues can partially erase the workers’ template, leading to errors in 
nestmate recognition due to the impossibility to update the template (Boulay and 
Lenoir 2001). Social contact during adult life appears to be necessary to main-
tain a referent template and thus the capacity to discriminate between aliens and 
nestmates.

Studies with artificial mixed-species groups provided further insight 
regarding cue-exchange among colony members and the template forma-
tion using “collective” nestmate recognition compounds (Stuart 1988; Errard 
et al. 2006). Ant workers reared in mixed-species groups learn and memorize 
the homo- and heterospecific chemical cues (i.e., mixed colonial odour) and 
they  incorporate them into their recognition template (Errard 1994b). This 
 template reformation, on the basis of the presence of heterospecific cues into 
the  colonial odour, likely allows the cohabitation of two species in the same 
nest without displaying interspecific aggression (Vienne et al. 1990; Errard 
1994a). Two hypotheses have been suggested (Errard 1994b) to explain the tol-
erance between two different cohabiting species in mixed colonies: (1) workers 
could learn two different recognition template (homo- and heterospecific); or 
(2) workers could compare during each encounter the chemical cues  exhibited 
by the encountered individual with its own chemical profile that possesses 
 heterospecific cues.
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Even though no direct evidences for a template updating process are available 
for social wasps, some information comes again from studies on social parasit-
ism in Polistes wasps and indirectly indicates a similar process of updating. For 
instance, Polistes biglumis wasps recognize only the odour of their species in non-
parasitized colonies, but learn a template that fits the odour of their own species 
and that of the social parasite, Polistes atrimandibularis, in parasitized colonies 
(Lorenzi et al. 1999). The process of template updating has also been shown in 
Apis mellifera: guard bees change their referent template after a unidirectional 
combs transfer from a ‘donor’ hive to a ‘receiver’ hive. Couvillon et al. (2007) 
suggested that the wax comb transfer increases the acceptance of non-nestmates 
belonging to the ‘comb donor’ not by changing the odour of the bees, but by 
updating their colony odour template directly from the wax comb rather than from 
the contact with conspecifics.

Individual Acquisition of Colonial Cues

Several strong evidences indicate that CHCs are involved in nestmate recogni-
tion in social insects (see Fig. 10.1). A particular CHC blend provides the label 
to each individual, which reveals colony membership. Young individuals produce 
their own CHCs (genetic components) and later adsorb colonial cues from nest-
mates or surrounding environment (environmental components) (Vander Meer 
and Morel 1998; van Zweden et al. 2009), in order to achieve a chemical integra-
tion by developing a Gestalt odour (Dahbi et al. 1998; Lenoir et al. 1999). Indeed, 
newly eclosed social insects appear to be “chemically insignificant”, i.e., they have 
only low amounts of CHCs. This allows acceptance of newly eclosed individuals 
in foreign colonies (Stuart 1992; Lenoir et al. 1999; Breed et al. 2004; Lorenzi 
et al. 2004; Mitra et al. 2014), since the total quantity of the CHCs on their cuticle 
is probably below the quantitative perceptual threshold for nestmate recognition 
(Cini et al. 2009; Ichinoise and Lenoir 2010; Cappa et al. 2014). The acceptance 
threshold may shift in an adaptive way according to environmental conditions 
(e.g., Downs and Ratnieks 2000), although how this behavioral shift relates to the 
underlying perceptual mechanisms is not known.

Newly emerged honeybees gain tolerance inside their colony by presenting the 
so-called “blank state”, i.e., fewer total quantity of chemicals on the cuticular sur-
face than older bees (Breed et al. 2004). P. fuscatus adult wasps do not discrimi-
nate between nestmate and non-nestmate young gynes (less 48 h-old). Indeed, 
these young gynes show a slightly quantitatively different chemical profile than 
72 h-old gynes, which are instead well recognized (Gamboa et al. 1986b; Panek 
et al. 2001). It has been shown that P. fuscatus and P. dominula young wasps 
change significantly their CHC blend between 24 and 72 h particularly in respect 
of abundance, relative abundance, and colony specificity of compounds (Panek 
et al. 2001; Lorenzi et al. 2004). In P. dominula wasps, the percentage of certain 
hydrocarbon classes in the profile decrease significantly during the first 72 h after 
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emergence together with the increase of other hydrocarbon classes. This suggests 
that certain CHCs may be more important for recognition in younger Polistes 
wasps and/or newborns are recognized by adults as a group with a specific collec-
tive profile (Lorenzi et al. 2004).

Likewise, recognition cues of newly emerged bees are consistent across colo-
nies. This suggests that newly emerged bees could have a typical profile that may 
serve as a cue to older bees for recognizing the newly emerged bee’s status (Breed 
et al. 2004). Laboratory reared A. mellifera younger than 12 h are accepted in 
alien conspecific nests, but acceptance rapidly declines when introduced bees are 
older (Breed et al. 1988). In many ant species, newly eclosed workers are readily 
adopted by an unrelated colony (Jaisson 1991). In the ant, Camponotus pennsyl-
vanicus, the acceptance of young workers in alien conspecific nests is maximal 
during the first hours after birth and gradually decreases from 5–8 days after eclo-
sion (Carlin and Hölldobler 1986). Adult C. cursor workers are accepted in alien 
colonies if 4 days old or younger (Nowbahari and Lenoir 1989). However, this 
is not always the case. In three North American species of Leptothorax ants, the 
transfer of workers 8 months after birth between groups originating from the same 
colony caused very little aggression (Stuart 1987a). It has also been suggested that 
young workers might be highly acceptable in alien colonies because they produce 
an attractive secretion that inhibits the aggression of older workers (Jaisson 1972), 
but chemical data supporting this hypothesis are still lacking. Callow workers of 
the slave-making ant Polyergus rufescens appear to emit a secretion that is very 
attractive for Formica host workers; they excrete fluid droplets from the tip of the 
gaster and Formica workers actively lick these secretions (proctodeal trophallaxis). 
This fluid might act as an appeasement signal facilitating the adoption of the slave 
makers (d’Ettorre and Errard 1999).

Overcoming the Recognition System: Social Parasites

The recognition system as well as its constituent parts (template and label-CHCs) 
is flexible. As explained above, individual recognition cues can change over time 
due to environmental factors, and thus the referent template needs to be updated 
accordingly. This flexibility can be exploited by social parasites to infiltrate the 
host colonies. The study of parasite strategies to overwhelm the host colony’s 
defence gives the opportunity to better understand the mechanisms at the basis of 
nestmate recognition process.

Insect social parasites use the social system of other species to exploit the 
 colony worker-force over an extended period of time so that host workers rear par-
asite reproductives (Wilson 1971). The first problem the parasite has to solve is 
to be accepted into the host colony as nestmate. One strategy, named  “chemical 
insignificance” (also “blank state”), is to possess a weak quantity of labels on 
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the cuticle that allows the parasite being undetected by the host (Lenoir et al. 
2001). For instance, Acromyrmex insinuator, social parasite of the leaf-cutting ant 
Acromyrmex echinatior, appears to adopt this strategy: even if they show remark-
ably different cuticular hydrocarbon profiles compared to the host, they possess a 
lower total amount of compounds, which are possibly not perceived by the hosts 
(Lambardi et al. 2007). Such feature, present in most of newly emerged social 
insects, could represent an effective strategy employed by the parasites to usurp 
host colonies. An “insignificant status” could allow parasites to initially gain 
entrance into a host colony, before achieving chemical integration (Lenoir et al. 
2001). Two other strategies are possible to reach some degree of chemical con-
gruency with the host: chemical mimicry (in which the parasite actively biosyn-
thesizes the host cues) or camouflage (in which the parasite gets the cues from 
the host both by passive acquisition, i.e., via contact with host and nest material, 
and by active acquisition, i.e., via allogrooming and trophallaxis) (Dettner and 
Liepert 1994; Lenoir et al. 2001). Before usurpation of a P. dominula nest, females 
of the obligate social parasite Polistes sulcifer have a chemical profile both sim-
pler and different from that of the host species. A chemical integration process to 
match the host odour occurs as soon as 90 min after usurpation (Turillazzi et al. 
2000). Similarly, chemical analysis of P. rufescens ant parasites and its host spe-
cies revealed that the newly hatched slaver-markers lack a chemical signature at 
emergence but later develop or acquire a chemical profile matching that of the host 
species present in the nest (d’Ettorre et al. 2002). Queens of Polyergus breviceps 
and P. rufescens fatally attack the resident queen of their Formica host species and, 
during aggressive interactions, cuticular compounds from the host queen are pos-
sibly transferred to the parasite queen (Johnson et al. 2001; Lenoir et al. 2001). 
Parasites often exhibit behaviours involving physical contacts with both the nest 
surface and their hosts, which may facilitate the mutual transfer of cuticular chem-
icals (Turillazzi et al. 1990; Lenoir et al. 1992, 2001 Cervo and Dani 1996; Errard 
et al. 1997; Cervo 2006).

Although the parasite’s chemical integration strategies are fundamental  during 
colony invasion, it is possible that chemical host-parasite  congruency is not fully 
achieved at this stage. Therefore, host acceptance could later be improved by 
 modifying the host’s referent template. If the host  workers,  emerging in parasitized 
colonies, find a good match between the template  (referent colonial chemical pro-
file) and the parasite’s odour, the parasite will be recognized as nestmate. Indeed, 
as outlined above, early experiences can be crucially important for the development 
of the recognition template. Social parasites can exploit early experiences of their 
hosts by intervening at the right time. For example, slave-making ants during raids 
usually pillage host pupae so that new host workers will emerge in a colony con-
taining the  slave-makers’ odour on which they will form the template. This appears 
to be an  effective strategy, indeed, among the ten ant genera  displaying interspe-
cific slavery, only one is known to form slave-maker colonies resulting from the 
mix with adult host workers (Hölldobler and Wilson 1990). Early experience 
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with the odour of parasites in Temnothorax unifasciatus ants, the  principal host 
 species of Chalepoxenus muellerianus and Myrmoxenus ravouxi  slave-makers, 
affects nestmate discrimination ability and the successful enslavement by two 
slave-maker species. However, this is not the case of Temnothorax parvulus,  
a species that in nature is never parasitized. This could be due to a  genetically based 
system of odour discrimination or to an earlier sensitive period for the  template 
 formation, namely the pre-imaginal stages (Blatrix and Sermage 2005).

Nestmate discrimination has been shown to be less influenced by social 
environment during early stages in the ant genus Camponotus than in the 
genus Formica (Carlin et al. 1987). Interestingly, no species of Camponotus is 
parasitized by slave-makers, while many Formica species are regular hosts to 
slave-makers. Early behavioural plasticity could thus facilitate the evolution of 
parasitism. Coevolution occurs between parasites and their hosts (Foitzik et al. 
2001; Hare and Alloway 2001) and hosts and parasites species usually show 
similar cuticular hydrocarbon profiles (Kaib et al. 1993; Brandt et al. 2005), 
which might facilitate learning of the parasite profile by the host species. Slave-
making P. rufescens workers are able to adopt a different cuticular  signature, 
both qualitatively and quantitatively, when reared by different Formica hosts 
species as a result of certain plasticity; however, when reared in isolation 
they show higher chemical similarities with their primary host F. cunicularia 
(d’Ettorre et al. 2002). This similarity could promote the formation of the host 
template based on the odour of the parasite. In parasitized wasp colonies, the 
hosts’ early experience is also important for the parasite acceptance. Wasp 
social parasites normally usurp the host nest before emergence of the first gen-
eration of workers (Cervo 2006), thus having the opportunity to manipulate the 
colony odour in absence of workers. This process could allow both the usurpers 
and their future brood to be recognized as nestmates. Young P. atrimandibula-
ris parasites already possess the specific compounds that allow discrimination 
in P. biglumis non-parasitized colonies, however, they are accepted in para-
sitized nests because of the incorporation of the parasite-specific components 
in the referent template of the host species (Lorenzi et al. 1999). Parasites could 
manipulate colony odours by supplementing with their specific compounds 
the nest material on which the hosts likely form the template (Lorenzi and 
Bagnères 1996; Lorenzi et al. 1996; Turillazzi et al. 2000).

Social insects’ referent template must be flexible to incorporate all the changes 
of colonial recognition cues due to the environmental factors, for instance to avoid 
rejection errors (rejection of nestmates). Yet, this plasticity represents a weakness 
of the recognition system because the parasites can be part of the environmental 
factors that cause fluctuations of recognition labels (by depositing their own cues 
and rearing their own brood). Moreover, parasites developing strategies to mask 
themselves as nestmates, are more easily accepted. In a cost–benefit balance the 
host should accept the parasites if the costs of correct discrimination exceed the 
benefits (Zahavi 1977) because recognition errors in which nestmates would be 
rejected are very costly.
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Concluding Remarks and Future Directions

Social insects have been largely used as models for studying detection, perception, 
learning and memory of recognition cues through the manipulation of their olfac-
tory experiences and their consequent behavioural responses. Workers in a colony 
gather experience during their whole life, and almost all behavioural responses are 
fine-tuned through learning (cf. Jeanson and Weidenmüller 2013). Despite this, 
some fundamental aspects of nestmate recognition system, such as the timing of 
template formation and its neural location, remain to be clarified.

Self-Referent Phenotype Matching for Recognition

During the last decades, studies on the ontogeny of nestmate recognition have 
revealed the presence of a sensitive period for learning, during which the template 
for the colony odour is formed. Social insects appear to learn the crucial recogni-
tion cues (heritable, environmental or both) during a sensitive temporal window 
after birth (early learning) and then use them as referent according to a pheno-
type matching process. However, they could also use their own phenotypes as ref-
erent for nestmate recognition and theoretically this would be the most accurate 
way to assess relatedness (Mateo 2004). Self-referencing might turn out to be the 
mechanism of recognition in several contexts that had previously been thought to 
depend solely on genetic (innate) cues (Jutsum et al. 1979; Getz and Smith 1983; 
Mintzer and Vinson 1985; Breed et al. 1985; Stuart 1987b). Nevertheless, in the 
case of social insects, self-referencing could lead to evaluation problems. First, the 
individuals of a colony usually show differences, although small, in their chemi-
cal profile and so every slightly “different” nestmates could be rejected. Indeed, 
optimal acceptance thresholds theory predicts when an individual should accept or 
reject in a given encounter, despite incurring the double costs of errors in rejecting 
true nestmates and accepting alien individuals (Reeve 1989; Johnson et al. 2011). 
Second, phenotypes used for self-referencing are themselves malleable con-
structs because CHCs can be subjected to changes due to environmental factors 
and/or the physiology of the individuals (Wagner et al. 1998; Nielsen et al. 1999; 
Buczkowski et al. 2005; Provost et al. 2008). Third, in multiple paternity or mater-
nity systems, this process of learning and discrimination could favour nepotistic 
behaviours and thus it would not be advantageous in ants, bees and wasp societies 
where such mating systems can be present (Boomsma and d’Ettorre 2013).

Self-referent phenotype matching could be favoured when there is a high risk 
to learn from foes, such as social parasites. Living in different habitats and under 
different ecological pressures (e.g., social parasitism) could promote the devel-
opment of recognition systems with different characteristics. Few studies have 
reported self-matching in eusocial hymenoptera (Page and Breed 1987; Michener 
and Smith 1987). Other sources of recognition cues appear to be important in 
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the template acquisition process, such as experience with nest material (Gamboa 
2004) or nestmates (Jaisson 1991; Lenoir et al. 1999) during the early stages of 
life. However, an individual can never be separated from self-cues. Exclusion of 
self-referencing in P. fuscatus gynes was supported by the fact that individuals iso-
lated from eclosion were not able to develop correct recognition ability but were 
recognized by the adults. This suggests that the recognition cues were present on 
the young gynes’ body but were not used by them to form the referent template 
(Gamboa et al. 1986b). However, P. dominula workers reared in isolation (without 
nestmates or nest material) for four days from birth are able to perform correct dis-
crimination between nestmates and non-nestmates (Signorotti et al. 2014a), sug-
gesting the possible occurrence of self-referencing for template formation during 
the first days of life, at least in this species.

Learning cues from self during the first hours of adult life implies that such 
recognition cues are already present and perceptible. However, most of the stud-
ies report that newly eclosed individuals possess low amounts of recognition cues 
(see above). More studies are needed to investigate whether the amount of CHCs 
present on young individuals is over the perception thresholds (cf. Cini et al. 2009; 
Ichinose and Lenoir 2010; Cappa et al. 2014). Evidence for self-referent pheno-
type matching in honeybees (Getz and Smith 1983, 1986) has been criticized due 
to the difficulty of entirely eliminating pre-imaginal and social learning. Futures 
studies manipulating the breeding environment are needed to elucidate whether 
self-referent phenotype matching occurs in social insects.

Pre-imaginal Learning and the Neural  
Machinery at the Basis

Despite prenatal olfactory learning has been demonstrated in a wide variety of ani-
mals (Hepper and Waldman 1992; Hudson 1993; Schaal et al. 2000; Hepper 2003; 
Caubet et al. 1992), the possible importance of learning during immature life in 
the ontogeny of recognition abilities and social memories has been neglected so 
far in social insects. The ability of individuals to learn prenatally may be of par-
ticular importance in the development of social recognition by ensuring that indi-
viduals learn about genetically related conspecifics (Hepper 1987; Robinson and 
Smotherman 1991). There is evidence that pre-imaginal experience affects recog-
nition abilities in Myrmicinae (Signorotti et al. 2014b) and Formicinae (Isingrini 
et al. 1985; Carlin and Schwartz 1989) ants. This means that some important infor-
mation could be processed during the larval stages, retained across the pupal stage, 
and then integrated into the adult nervous system. Adults and larvae of holome-
tabolous insects are morphologically divergent, reflecting their different lifestyles. 
Metamorphosis could imply dramatic changes in larval organization, including 
replacement of the integument and many other tissues, and histolysis of almost all 
muscles. However, radical changes in neuronal design from the larval to the adult 
system is not very likely, given that the metamorphosis of the nervous system is 
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largely parsimonious (Tissot and Stocker 2000). Persistence of neurons is not only 
economic in terms of minimal numbers of neurons to be formed, but might also 
be crucial for complex metamorphic processes such as axon guidance or memory 
retention (Tissot and Stocker 2000). Most of the studies on larval chemosensory 
system have been conducted using Drosophila as model (Singh and Singh 1984; 
Ito and Hotta 1992; Heimbeck et al. 1999; Lee et al. 1999). The larval olfactory 
circuit of Drosophila shows a strong overall similarity to the adult design, but it is 
organized in a numerically much reduced and almost completely non-redundant 
way (Ramaekers et al. 2005; Python and Stocker 2002). Young individual neu-
rons could possess integrative capacities as high as that of their adult counterparts; 
indeed, larvae already exhibit appetitive olfactory learning that relies on a small 
subset of embryonic-born Kenyon cells (Cobb and Domain 2000; Pauls et al. 
2010). Very little is known about the development of larval chemosensory system 
in social insects.

To elucidate unexplored phenomena, such as pre-imaginal learning, it is essen-
tial to determine the actual cognitive load of this particular process and identify 
how many neurons, connections, and sequential stages of information processing 
are required to form stable memories until the adult age. From the experimental 
point of view, one of the major problems in studying pre-imaginal learning lays in 
the difficulty to assess the behaviour of individuals just after emergence (in most 
cases they will not respond because too young), and thus there might always be a 
component due to early learning during the first phase of adult life. Moreover, it 
could be hard to differentiate between pre-imaginal and self-referent learning if 
some recognition cues are transferred from the pupal to the adult stage (see Corbet 
1985 for discussion on the “chemical legacy hypothesis”). Although recognition 
cue exchange is possible between adult-adult or adult-nest material (Soroker et al. 
1994, 2003; Dahbi et al. 1999; Breed et al. 1995), we do not know whether the 
larval-adult cue-transfer is possible in social insects.

Regardless of the cue-source, sensitive periods are reflected in behaviour but 
they are actually a property of neural circuits: behavioural responses are not pos-
sible without the processing of the information in the neural machinery. We think 
that much needs to be learned about nervous system development, neuronal plas-
ticity and the adaptation by studying the brain of social insects. For instance, there 
are no studies on olfactory organ and receptor cells in ants, bees or wasp larvae.

The Neural Substrates for Nestmate Recognition

Memory has an important role in the discrimination process, both in pre-imaginal 
and early learning. Several species of ants and paper wasps show long-term mem-
ory of nestmate cues, even after overwintering, and there are some evidences that 
their templates, formed through an imprinting-like process, are maintained over 
time (Ross and Gamboa 1981; Pfennig et al. 1983b; Gamboa 1988; Jaisson 1991; 
Errard 1994b; but see Dapporto et al. 2004). However, some characteristics of the 



182 L. Signorotti et al.

recognition system (see above) suggest that the template is not as stable as pre-
viously thought and that it could be reformed during life (template updating). It 
is largely accepted that the neural substrates of memories are parts of the higher 
brain centers such as mushroom bodies and/or lateral horn (d’Ettorre and Lenoir 
2010; Bos and d’Ettorre 2012), but how do they contribute to the behavioural plas-
ticity is less well understood (Heisenberg 1998).

Template updating may result from the formation of new memories each time 
the referent colonial odour changes or from sensory adaptation or habituation 
processes, thus the template could be decentralized. In Camponotus japonicus 
ants, the olfactory sensilla have been proposed as processing organs for nestmate 
recognition cues (Ozaki et al. 2005). These sensilla show a physiological activ-
ity only if exposed to CHCs of non-nestmates, suggesting sensory adaptation as 
proximate mechanism of nestmate recognition due to the permanent exposure 
to the colonial odours. However, there are neurophysiological evidences that, 
for instance in C. floridanus ants, colony odours from both nestmates and non-
nestmates are perceived and produce a response in the antennal lobes, the first-
order integration centers of the central nervous system, contradicting the sensory 
adaptation hypothesis for nestmate recognition (Brandstaetter et al. 2011). The 
template reformation is a relatively slow process, taking several hours (Leonhardt 
et al. 2007; Stroeymeyt et al. 2010) while sensory adaptation at antennal level is 
much faster. Template adjustment could probably not reverse immediately the own 
colonial template previously learned (Leonhardt et al. 2007; Harano and Sasaki 
2006). During the early phase of template renewal, old memories could be use-
ful to avoid recognition errors while the colony odour is changing. Even if mem-
ory is costly (Guerrieri et al. 2011), it could play a key role in the discrimination 
process. Habituation and/or sensory adaptation, being less costly, could partly 
replace the use of long-term memory to discriminate nestmates and could be use-
ful during template updating, but the use of memories from the pre-imaginal and/
or early adult stages of life remain a key feature in the ontogeny of recognition. A 
fundamental debate that continues to the present is whether specific mechanisms 
underlie sensitive periods for learning recognition cues, or whether the presence of 
sensitive periods is a natural consequence of functional brain development. Future 
integrated studies are needed to establish how social insect brains develop to allow 
the complex communication signals to be generated and processed, enlightening 
certain unclear phenomena such as pre-imaginal learning.
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Abstract Communication and social regulation are among the distinguishing 
features of termites: they are part of all basic aspects of termite biology, from 
ontogeny and caste differentiation to social behavior and cooperation. As in other 
highly social taxa, communication in termites predominantly relies on a complex 
network of chemical signals, which are complemented by vibration-based sig-
nals. In contrast to other social taxa, the role of visual cues is negligible. In this 
chapter, we review the recent literature on the different components that make up 
termite communication and social regulation systems by tracing termite evolution 
and examining the role played by different factors, such as sex and caste, and dif-
ferent behaviors, such as those related to defense, nestmate recognition, egg and 
brood care, foraging, and nest building, among others. The main characteristics 
of termites are compared to those of other social insects in the introduction. In the 
first section, we review the most important researches on termite communication 
and social regulation that are related to social activities in the basal phylogenetic 
lineages, and in the Termitidae (higher termites), the most advanced and diversi-
fied family. The abundant literature on the best studied genera, Reticulitermes, 
Coptotermes, and Heterotermes, which are considered for the purposes of this 
chapter to be intermediate termites, is reviewed and discussed separately in the 
second section. By using this approach, we seek to describe communication and 
social regulation systems in basal and primitive termites and illustrate how they 
have evolved to become more complex in intermediate and higher termites.
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Introduction

Termites are classified in the order Isoptera, which contains nearly 3000 species 
organized into 282 genera (Krishna et al. 2013). Traditionally, seven families are 
recognized, ranging from the most basal to the most advanced (Mastotermitidae, 
Termopsidae, Hodotermitidae, Kalotermitidae, Serritermitidae, Rhinotermitidae, 
and Termitidae) (e.g., Cancello and DeSouza 2004; Inward et al. 2007a), although 
some new phylogenetic scenarios split the basal lineages into more families (e.g., 
Engel et al. 2009). Termites evolved from non- or subsocial wood-feeding cock-
roaches, and the sister taxon for the group is the cockroach genus Cryptocercus. 
Some authors have even described termites as social cockroaches (Inward et al. 
2007b) and have recently placed them in the order Blattodea in the superorder 
Dictyoptera, making them the only eusocial members of these taxa (Pellens et al. 
2007). Here, however, we will use the more conventional classification scheme, 
considering Isoptera as an order containing the seven traditional families (Misof 
et al. 2014). The Rhinotermitidae occupy a key position on the evolutionary path-
way of Isoptera: they mark the separation between lower and higher termites. This 
family contains socially primitive termites, such as the genera Prorhinotermes 
and Termitogeton, as well as more socially advanced genera, such as Coptotermes 
and Reticulitermes. The most advanced termites form a monophyletic family, the 
Termitidae, which is ecologically dominant in terms of abundance and species 
richness; over 70 % of all living termite species belong to this group (Krishna 
et al. 2013). Termites are of crucial ecological significance since they decompose 
plant material, such as wood, grass, and leaf litter, and modify the distribution and 
properties of soils (Bignell and Eggleton 2000). Even though termites are, by far, 
the most abundant in the tropics, their distribution in nature is actually very broad, 
ranging from the northern Palearctic to the temperate rainforests of New Zealand. 
African rainforests contain the greatest number of genera, whereas temperate rain-
forests are generally species poor; termites also occur in semi-desert and savanna 
woodland ecosystems (Jones and Eggleton 2011). Their distribution range greatly 
expands when we take into account urban habitats and introduced ranges, but cit-
ies such as Toronto or Hamburg seem to represent their northern limits. In this 
introduction, we review the primary reasons why communication and social regu-
lation are so important in the different termite families.

Studies on termite social evolution and phylogeny mainly focus on the evolu-
tion of the worker caste, but they also examine differences in nest building and 
foraging patterns as well as the presence or absence of symbionts and their co-
evolution with termite hosts (Eggleton 2011; Lo and Eggleton 2011). While the 
evolutionary origin of true workers (i.e., workers that remain workers and cannot 
further develop into other castes; also see below) is still a topic of debate, it is 
nonetheless helpful to separate termite lineages and genera according to the com-
plexity of their life histories (Lo et al. 2009) since the occurrence of true work-
ers is linked with complex nesting patterns and foraging for food outside the nest 
(Legendre et al. 2008, 2013). The presence of a true worker caste is a key feature 
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when it comes to classifying termites, with a few exceptions in the case of the 
Mastotermitidae and Hodotermitidae; it is assumed that this feature is a syna-
pomorphy shared by the more advanced Rhinotermitidae and all the Termitidae 
(Legendre et al. 2013). Thus, termites without a true worker caste are called 
“one-piece-type” termites: they form small colonies and inhabit a single piece of 
wood upon which they also feed. This type of social organization, which is found 
in the Kalotermitidae, Termopsidae, and some Rhinotermitidae (Prorhinotermes, 
Termitogeton), as well as the Serritermitidae (Glossotermes), is generally consid-
ered to be primitive (Roisin and Korb 2011). More advanced social organization is 
observed in “separate-type” termites: they are characterized by a true worker caste, 
forage for food outside the nest (which they often build de novo), and usually 
live in large colonies, which can reach up to a few million individuals in extreme 
cases (Abe 1987, 1990; Shellman-Reeve 1997). In termite evolution, the transi-
tion from one-piece-type nesting to separate-type nesting was accompanied by an 
increase in the complexity of social interactions and communication as well as by 
the development of different modes of signaling; for instance, there was a switch 
from short-range to long-range signals. Since this major transition in termite biol-
ogy has occurred several times in various lineages over the course of termite social 
evolution (Legendre et al. 2008), it is not easy to address all these specific cases 
in a comprehensive way. Therefore, for simplicity’s sake, we have structured 
this chapter as mentioned above. First, we describe and contrast social recogni-
tion in basal versus more advanced termites. Second, we focus in greater detail 
on the best studied genera in the family Rhinotermitidae, namely Coptotermes, 
Reticulitermes, and Heterotermes, which are intermediate termites.

During the complex evolution of sociality, some insect taxa have not become 
eusocial because the different types of intragroup cooperation (parent/offspring, 
brood care, etc.) in which they engage do not involve overlapping generations, 
and more importantly, no reproductive division of labor is present (Costa 2006). 
In their comparison of the social biology of basal ants and termites, Thorne and 
Traniello (2002) explain that disease resistance and management, which influ-
ence the reproductive organization of colonies and their division of labor (which 
are also strongly influenced by nesting and feeding ecology), may have been 
significant factors in the evolution of sociality since social insects are particu-
larly vulnerable to infections (Wilson-Rich et al. 2009). Self-medication is wide-
spread in animals (de Roode et al. 2013), but social insects develop a plethora 
of other strategies to resist pathogens, including associations with symbiotic 
organisms (Chouvenc et al. 2013; de Souza et al. 2013). Corpse management is 
another essential adaptation to social life (Sun and Zhou 2013). The soldiers of 
many termite species produce potent defensive secretions that can have antifun-
gal and antibacterial properties (Rosengaus et al. 2000; Zhao et al. 2004; Fuller 
2007). Furthermore, in some species, workers that have been inoculated with an 
entomopathogenic fungus may respond by rapidly initiating cellular encapsula-
tion; this individual immune reaction can save the entire colony (Chouvenc et al. 
2009). The benefits of a better defense against pathogens may have driven cer-
tain aspects of social life, such as allogrooming, brood care, and intracolonial 
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communication (Roisin and Korb 2011; Korb et al. 2012). Greater group size not 
only increases a group’s ability to defend against all kinds of predators, but it also 
protects that group against disease (Gao et al. 2012). In termite species that have 
large colonies, more and more sophisticated solutions must have been evolving in 
terms of the division of labor between and within castes. Defense against macro-
predators such as ants may have also played a key role in shaping termite caste 
evolution; for instance, more vigorous dealate males seem to be under selective 
pressure to become better fighters (Li et al. 2013). Altruistic behavior thus pro-
vides a further layer of colony protection. The chemical, mechanical, and behavio-
ral adaptations of soldiers, which are permanently sterile defenders, appear to have 
been shaped above all by the predation pressure exerted by ants.

The development of termite castes is of particular interest when studying the 
evolution of sociality because, in comparison to other eusocial insects, termites 
demonstrate a high degree of polymorphism as well as a significant amount of 
polyphenism as a result of their hemimetabolous development. Both males and 
females are present in all societies, although the sex ratio may vary depending 
on the caste (Muller and Korb 2008; Roisin and Korb 2011). Hemimetabolous 
 development in termites allows for a significant degree of plasticity: an undif-
ferentiated larva can become either a worker or a nymph and more advanced lar-
val stages (workers and nymphs) can eventually develop into soldiers, neotenics 
(brachypterous neotenics that develop from nymphs and apterous neotenics that 
develop from workers), or adults (alate imagoes, i.e., primary reproductives). This 
temporal developmental polymorphism appears to be unique among insects (Noirot 
1989). Termites also exhibit a high degree of neoteny (the ability of immature 
forms to reproduce); workers and nymphs can rapidly initiate individual repro-
duction without leaving the natal nest and without becoming adults. This trait is 
essential to their remarkable reproductive flexibility (Myles 1999) and has led to 
a wide variety of social structures (Shellman-Reeve 1997), from the one-piece-
type termites, whose immatures retain the ability to reproduce at all stages, to the 
advanced separate-type species, whose workers are almost all permanently ster-
ile. Nevertheless, in one-piece-type termites, for whom wood serves as both food 
and shelter, workers take less risks and have more developmental plasticity; how-
ever, the probability that a given reproductive couple will successfully found a new 
nest is very low, because of the risky dispersal option, as it has been shown for 
Cryptotermes secundus with less than 1 % success of new foundings. In contrast, 
in multiple-site nesters, who take more risks foraging outside, the different castes 
have irreversible development but more individuals are available for nest defense 
and there is a greater probability that a given colony will persist (Roisin and Korb 
2011). It is therefore more common to find completely sterile workers among 
hymenopterans than termites (Howard and Thorne 2011). The extremely altruistic 
defense behavior displayed by some termite castes is remarkable. For instance, sol-
diers of some species sacrifice themselves for the colony by causing their dehis-
cent defense glands to explode, a specialized suicidal adaptation (Bordereau et al. 
1997); in other species, aged termites carry out suicide missions on behalf of their 
nestmates (Šobotník et al. 2010, 2012). Although the soldier caste in termites is 
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relatively well defined, the worker caste, which has played a crucial role in the 
group’s evolutionary success, is subject to much more debate with regards to its 
development, evolutionary origin, and function (Noirot 1982; Roisin and Korb 
2011). In social insects, the processes underlying caste differentiation are often 
debated, but it is commonly thought that identifying the proximate mechanisms that 
lead to caste differentiation will yield a better understanding of termite phenotypic 
plasticity. Frequently, debate centers on the relative effects of genetics versus the 
environment (or ecology) on this type of polymorphism (Lo et al. 2009; Schwander 
et al. 2010; Simpson et al. 2011). Since the work of Prestwich et al. (1987), much 
has been discovered about the molecular, genomic, and integrative aspects of ter-
mite biology that has added to our understanding of termite caste differentiation 
(Brent 2009; Miura and Scharf 2011). In parallel, the processes involved in caste 
communication are much better characterized (see later in the chapter).

Social behavior and cooperation in termites have recently been thoroughly 
reviewed, in particular by Gardner and Foster as well as by Komdeur and col-
leagues in the Korb and Heinze book published in 2008. In social insects, the 
group benefits from the occurrence of large families. In termites, it would seem 
that the benefits of having numerous altruist individuals and enhanced repro-
ductive efficiency have served to overcome the barriers to altruism linked with 
diplodiploidy. It is for this reason that the studies on certain termite species 
that show limited sociality, such as the wood-dwelling termites (C. secundus; 
Kalotermitidae), are of great interest. For instance, C. secundus has non-helping 
workers; its ecology also shows that when the termite nest is a bonanza-type food 
resource, there is no local resource competition between parents and their off-
spring or among siblings (Korb 2009). In this species, development is completely 
flexible and all workers are totipotent; this contrasts with what is seen in higher 
termites, which demonstrate much more rigid caste determination that yields true 
workers or terminally differentiated soldiers. In general, recognition processes 
allow individuals to determine whether their siblings will cooperate or compete 
with them. For example, in another kalotermid species, members of mature (i.e., 
alate-producing) colonies sabotage their siblings; they damage the wingpads of 
nymphs to prevent them from developing into new sexuals (Zimmermann 1983). 
One of the important recognition processes is trophallaxis, which is a behavior 
involved in sibling care. Brood care was a particularly important part of the phylo-
genetic switch from a wood-dwelling to a foraging lifestyle, a switch that occurred 
at the level of the Rhinotermitidae family. Interestingly, termites belonging to this 
latter family, such as the Reticulitermes, show more communication (Korb et al. 
2012; Fig. 11.1).

Communication plays a central role in the recognition of nestmates or foreign-
ers by social groups, which fits with the idea that communication is a key element 
in all social behavior. Indeed, Holldobler made the following comment in refer-
ence to EO Wilson’s work (Costa 2006): “Study of communication mechanisms 
is at the core of any attempt to analyze social organization.” Communication is 
particularly important for termites because they live in dark environments and 
most castes are blind. As a result, visual signaling does not appear to mediate 
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recognition in termites; instead, other means of communication are well devel-
oped. Communication mechanisms vary depending on nesting and foraging habits 
and are also affected by social organization. For instance, intracolonial vibroa-
coustic communication in social insects was reviewed in a publication by Hunt 
and Richard (2013). In termites, as in other social insects such as ants, wasps, 
or bees, social discrimination relies to a great degree on chemical cues, and cue 
diversity plays an important role in recognition (Breed and Buchwald 2009). 
Krasnec and Breed (2012) even compared social discrimination to self/non-self-
recognition systems, such as the major histocompatibility complex. Adams (1991) 
was one of the first researchers to discover that nestmate recognition in termites 
is based on heritable odors. However, in general, reviewing literature on termites 
is lacking, which is reflected by the fact that, since the publication of Grassé’s 
Termitologia in 1982, 1984 and 1986, only two books entirely dedicated to ter-
mites have come out (in 2001 and 2011), and they contained limited informa-
tion on communication processes. In all of the older literature, termites were 
largely left out of the study of eusocial insect recognition systems. In particular, 

Fig. 11.1  Results of the comparison of interactive behaviors between species (Basal = Cryp-
totermes secundus (Termopsidae): C. sec., Zootermopsis nevadensis (Kalotermitidae): Z. nev., 
Prorhinotermes simplex (Rhinotermitidae): P. simp.; Intermediate = Reticulitermes flavipes (Rhi-
notermitidae): R. flavi.). Shown are mean values (±SE) of the frequency (#) during 30 min of 
focal observation for recipients of antennation. Lower case letters indicate significant differences 
between species (P < 0.05). From Korb et al. (2012) Brood care and social evolution in termites. 
Proc R Soc B, 279:2662–2671. http://rspb.royalsocietypublishing.org/content/suppl/2012/03/06/r
spb.2011.2639.DC1.h

http://rspb.royalsocietypublishing.org/content/suppl/2012/03/06/rspb.2011.2639.DC1.h
http://rspb.royalsocietypublishing.org/content/suppl/2012/03/06/rspb.2011.2639.DC1.h
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information on their chemical communication and chemical ecology is scarce. A 
review by Clément et al. on the chemical ecology of European termites came out 
in 1988; however, general papers on the topic failed to follow. Fortunately, more 
recent reviews on chemical communication in social insects have included ter-
mites (Richard and Hunt 2013), and some have been entirely dedicated to termite 
communication (Costa-Leonardo et al. 2009; Costa-Leonardo and Haifig 2010, 
2014). In the most recent book on termites (2011), one chapter on communica-
tion, written by Bordereau and Pasteels (2011), was included; it dealt with disper-
sal and foraging pheromones, which are only one small part of termite recognition 
systems. Recognition is a complex form of chemical communication. Thus, in 
the course of the social evolution of Isoptera, new exocrine glands were added to 
those already in existence; these glands are responsible for short- and long-range 
signaling and recognition. Containing less than twenty exocrine glands, the termite 
glandular set is rather small and conservative when compared to those of the social 
Hymenoptera (Gonçalves et al. 2010); the most important glands involved in com-
munication, social regulation, and recognition are the sternal gland, the tergal 
glands, the labial or salivary gland, and the frontal gland. Many messages are con-
veyed by volatile signals and can generally be perceived at a distance or require 
only limited contact. However, physical contact is also a necessary part of numer-
ous behaviors. As a general rule and as in other eusocial insects (ants, wasps, 
and bees), social recognition in termites is mediated by chemical communication 
and contact is often required. Indeed, some older publications indicate that con-
tact-mediated signals are involved in termite recognition, with epicuticular com-
pounds, namely cuticular hydrocarbons, playing a primary role. Clément’s work 
(1982a) was one of the first to report this finding. These long-chain hydrocarbons 
have now been found to be involved in most insect recognition systems (Blum 
1987; Singer 1998; Howard and Blomquist 2005; Blomquist and Bagnères 2010). 
Evidence for their role as recognition cues was discovered 25–30 years ago in ants 
(nestmate recognition: Bonavita-Courgourdan et al. 1987) and termites (species 
recognition: Howard et al. 1982a). In some social insects (notably ants), nestmate 
discrimination is based on variation in cuticular hydrocarbon blends, which are 
perceived upon antennal contact (by a peripheral organ) (Ozaki et al. 2005); this is 
also true in termites (Huang et al. 2012a). If, upon contact, the hydrocarbon blend 
is not recognized as a signal coming from a nestmate, aggressive behavior follows. 
The various information that is conveyed by hydrocarbons in social Hymenoptera 
has been well described in recent literature (e.g., Greene and Gordon 2003; 
Châline et al. 2005; Smith et al. 2009; Eliyahu et al. 2011; Bonckaert et al. 2012; 
Bos et al. 2012; Van Oystaeyen et al. 2014). Cuticular hydrocarbons play a promi-
nent role in nestmate recognition in both ants (D’Ettore and Lenoir 2010) and 
termites (Clément and Bagnères 1998). Cuticular hydrocarbons have also been 
described as primer pheromones maintaining the worker sterility in Hymenoptera 
(LeConte and Hefetz 2008; Van Oystaeyen et al. 2014), which underscores the 
multifaceted role of these compounds in social insects. We believe that, particu-
larly in blind insects such as termites, frequent cuticular contact is likely to play 
a regulatory role in processes such caste epigenetic development. As we conclude 
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our introduction, we wish to point out that, in contrast to the literature on hyme-
nopteran social insects, the termite literature is relatively depauperate, particularly 
with regards to the topic we are discussing here. It is only over the last decade that 
a broad range of studies have been published on various aspects of termite biology.

Communication and Social Regulation in Basal Families 
and Higher Termites

This section reviews communication and social regulation in the most basal 
termite families, including the less advanced termites belonging to the 
Rhinotermitidae family, and the most advanced termite family, the Termitidae.

Vibratory Communication

The perception and active production of vibrations are relatively well documented 
in termites; vibrations are used in a variety of contexts from the exploration of 
the abiotic environment to social interactions such as alarm and disease signaling. 
Virtually all termite species demonstrate sensitivity to vibrations propagated by 
the substrate, and they respond immediately to mechanical disturbances, showing 
accelerated movement and alarm behavior.

Vibratory Alarm Signals

Body vibration is a widespread behavior observed in various castes in a number 
of termite species. It is characterized by a series of bursts of movement, each of 
which comprises several horizontal or vertical body jerks, and is often accompa-
nied by the drumming of the head or the abdomen against the roof (and/or floor) 
of a gallery or nest (e.g., Stuart 1988; Connétable et al. 1999; Röhrig et al. 1999; 
Hertel et al. 2011). Vibrations are most often used to propagate alarm signals in 
response to biotic and abiotic disturbances. Vibratory movements belong to one 
of three categories: (a) longitudinal oscillatory movement (LOM); (b) vertical 
oscillatory movement (VOM) or head-banging/drumming; and (c) complex oscil-
latory movement (COM) or zig–zag movement, which comprises a combination 
of horizontal and vertical jerking motions (Stuart 1963; Howse 1965; Leis et al. 
1992, 1994). The function of vibratory movements has been studied in detail in 
Zootermopsis (Termopsidae) (Stuart 1963; Howse 1964a, 1965; Stuart 1988; 
Kirchner et al. 1994) and has been associated with two different types of alarms. 
First, specific alarms involve the local excitement of one or a few individuals. 
Upon inspecting the source of a disturbance, the alerted termite may perform a 
LOM and then retreat while laying down an odor trail. When it comes in contact 
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with a nestmate, it may perform a COM and bump into the other termite. The 
recruited individual or individuals then follow the odor trail to the location of the 
disturbance. General alarms take place when a strong disturbance is perceived 
at all once by a group of termites. Within the group, a majority of soldiers and a 
minority of workers will begin to perform a VOM, and the resulting drumming 
alarm will be perceived by any nestmates nearby. However, it does not elicit a 
positive feedback response, and the termites receiving the signal will not produce 
vibrations themselves.

LOMs appear to be ancestral behavioral patterns; they occur as a component of 
social interactions even in undisturbed groups, in many species and various castes, 
including reproductives (Sbrenna et al. 1992; Maistrello and Sbrenna 1996; Hertel 
et al. 2011). Similarly, the directional recruitment seen during specific alarms has 
been observed in many species, and what is seen in Zootermopsis is fairly simi-
lar to what is seen in Macrotermes or Nasutitermes (Traniello and Beshers 1985; 
Kettler and Leuthold 1995).

In contrast, VOMs accompanied by head-drumming are likely derived sig-
nals with considerable evolutionary flexibility. They probably evolved from the 
widespread LOM behavior, as evidenced by direct observations of LOMs turn-
ing into VOMs following strong disturbances and by the structural similarities 
between LOMs and VOMs within and among species (Röhrig et al. 1999; Hertel 
et al. 2011). VOMs appear to be absent in the dry-wood termites Kalotermes and 
Incisitermes, which live in small colonies whose members remain in close con-
tact (Sbrenna et al. 1992; Hertel et al. 2011). In Zootermopsis, drumming behav-
ior occurs in both soldiers and workers, but its alarm propagation capacity is low 
(Howse 1964a; Stuart 1988; Kirchner et al. 1994) if not absent (Stuart 1963) 
and elicits no positive feedback. In socially advanced and large colonies, such as 
those of Pseudacanthotermes and Macrotermes, the drumming alarm has become 
a spectacular signaling strategy that allows signal transmission over large dis-
tances; head-drumming is a behavior largely restricted to soldiers and elicits an 
immediate positive feedback reaction from other soldiers (Stuart 1988; Connétable 
et al. 1999; Röhrig et al. 1999; Hertel et al. 2011). A chain of vibrating soldiers 
can spread an alarm across a distance of more than a meter in less than a second 
(Röhrig et al. 1999). The reaction to the drumming alarm is polyethic in advanced 
termites: soldiers are recruited to drum while workers usually retreat (Stuart 1988; 
Connétable et al. 1999; Röhrig et al. 1999).

Although termite-produced drumming is audible to humans even at considera-
ble distances, its perception as air-borne sound has not been confirmed in termites 
(Kirchner et al. 1994; Connétable et al. 1999). Nevertheless, this possibility cannot 
be ruled out since low-frequency body vibrations may be accompanied by high-
frequency sounds produced by stridulatory structures, such as those described in 
Kalotermes flavicollis (Sbrenna et al. 1992). It has also been hypothesized that the 
synchronized drumming of Macrotermitinae, which evokes a rhythmical hissing, 
may act as an aposematic signal to warn away predators or as a territorial signal 
(Howse 1984; Connétable et al. 1999; Röhrig et al. 1999).
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Other Functions of Vibratory Communication

Substrate-borne vibrations have also been shown to convey messages other than 
those of alarm. Zootermopsis angusticollis nymphs inform their nestmates of the 
presence of infections. When exposed to high concentrations of fungal spores, 
they perform longitudinal and vertical vibrations, seemingly different from the 
LOMs and VOMs described above. Unexposed termites respond to these vibra-
tions by keeping their distance from infected termites (Rosengaus et al. 1999). 
The vibrations produced by foraging and feeding can also be used as signals. Dry-
wood termites of the genus Cryptotermes choose optimal food sources based on 
the substrate-borne vibrations produced by their own activity, which are modu-
lated by the size and the other properties of the wood upon which they are feed-
ing (Evans et al. 2005; Inta et al. 2007). At the same time, they are attracted by 
vibrations produced by their nestmates, and thus the social cohesion of the colony 
is maintained as a result of the perception of passive signals produced by forag-
ing and wood-chewing (Evans et al. 2007). This same informational cue has been 
shown to help drywood termites assess the presence of heterospecific competitors 
in the same block of wood (Evans et al. 2009).

Visual Communication and Recognition

Developed compound eyes are only found in imagoes, future kings and queens, 
who use them during their dispersal flights. The subsequent search for mates is 
mediated chemically, and vision plays a negligible or no role (Nutting 1969). The 
single exception to this rule is the family Hodotermitidae, whose workers possess 
functional compound eyes. Hodotermes mossambicus workers forage at night or 
during the day in the open air. They employ a more individual style of foraging as 
opposed to the classical column foraging seen in most other termites. When light 
conditions are favorable, they visually orient themselves using an internal compass 
that responds to sunlight or moonlight; simultaneously, they mark their path using 
pheromones produced by their sternal glands. Optical cues are given preference 
over chemical cues and are more precise. However, when light conditions are poor 
and also in the vicinity of their foraging holes, chemical communication domi-
nates and workers are perfectly able to find their way back home solely on the 
basis of the chemical trail (Leuthold et al. 1976; Heidecker and Leuthold 1984).

Chemical Communication and Recognition

As mentioned before, the dominant role of chemicals in communication, orienta-
tion, and recognition is an undisputable characteristic of social insects in general, 
and termites are no exception. The variety of chemical signals used by termites 
and their production organs are depicted in Fig. 11.2.
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Foraging and Food Marking

Collective foraging in termites has received much attention over the past two 
decades, including exhaustive reviews by Traniello and Leuthold (2000) and 
Bordereau and Pasteels (2011). Although termites demonstrate diverse feeding 
ecologies and nesting habits, their capacity to mark and follow trails is ubiquitous, 
suggesting a common evolutionary basis in all extant termites. This idea is sup-
ported by the universal presence of the sternal gland, as well as by the uniformity 
of the pheromonal compounds used by evolutionarily distant taxa.

The sternal gland is present in all termite castes and all species studied to date. 
It occurs as three unpaired glands in the middle of sternites 3, 4, and 5 in the most 
primitive family, Mastotermitidae. In contrast, it is a single gland on the ante-
rior end of sternite 4 in Termopsidae and Hodotermitidae and a single gland on 
the anterior margin of sternite 5 in Kalotermitidae and all of the advanced fami-
lies (Noirot 1969; Quennedey et al. 2008) The glandular secretion is released 
from the extracellular storage space and from the cuticular fold of the preceding 
sternite when the walking termite presses its abdomen against the substrate. In 
Hodotermitidae, the gland is partially evaginated during pheromone deposition 
(Quennedey et al. 2008).

Foraging consists of two phases: exploration and recruitment. During the 
search for food, scouts lay down an exploratory trail. Once food has been found, 
the termites return to the nest using this exploratory trail while simultaneously 
laying down a recruitment trail that is far more attractive to foragers (Oloo and 
Leuthold 1979; Traniello 1982). It is difficult to determine whether exploratory 

Fig. 11.2  Schematic drawing of a termite body depicting major glandular sources or deposition 
sites for chemicals used in communication and defense in the termite genus Prorhinotermes. The 
legend shows the chemical identity of the secretion, the function of the secretion (if known), and 
the caste in which a chemical function has been observed. Based on Piskorski et al. (2007, 2009), 
Šobotník et al. (2008), Hanus et al. (2009, 2010), and Sillam-Dussès et al. (2009a)
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and recruitment trails only differ quantitatively, as suggested by the fact that 
workers lay down a dotted exploratory trail but a continuous recruitment trail, or 
whether they also differ qualitatively as a result of differences in chemical com-
position (Affolter and Leuthold 2000). Foraging is often initiated by workers, who 
are later eventually accompanied by soldiers (e.g., Heidecker and Leuthold 1984; 
Lys and Leuthold 1991; Reinhard et al. 1997a). However, in many cases, the sol-
diers themselves precede the foraging columns and patrol foraging trails and sites; 
this behavior is particularly seen in species that forage freely, without using pro-
tective galleries or tunnels (Eisner et al. 1976; Stuart 1981; Traniello 1982; Kaib 
1990; Miura and Matsumoto 1998; Connétable et al. 1999). In Nasutitermes corni-
ger and Schedorhinotermes lamanianus, the soldiers may even serve as scouts and 
thus actively participate in the exploratory phase: they are the first to search for 
food and first they attract other soldiers, but mass recruitment takes place only 
after workers appear on soldier-produced trails (Traniello 1981; Traniello and 
Busher 1985; Schedel and Kaib 1987; Kaib 1990). The caste specificity of trail-
following behavior appears to arise from quantitative differences in trail deposition 
and pheromone sensitivity between workers and soldiers (Traniello and Busher 
1985; Wolfrum and Kaib 1988).

In advanced separate-type termites, feeding strategies are more complex and 
foraging-related tasks are divided up among two or even three morphs of the dif-
ferent instars and sexes within the worker caste (McMahan 1970; Watson and 
McMahan 1978; Traniello and Busher 1985; Miura and Matsumoto 1995; Miura 
et al. 1998). Within the polymorphic worker and soldier castes of Macrotermes 
subhyalinus, major workers are predominately responsible for extranidal activities; 
until the onset of mass foraging, they repeatedly lay down deposits on the foraging 
trail while carrying food to the nest (Badertscher et al. 1983; Affolter and Leuthold 
2000). In contrast, in Macrotermes bellicosus, minor workers are responsible for 
exploration, recruitment, and gallery construction, while major workers are tasked 
with foraging (Lys and Leuthold 1991; Gessner and Leuthold 2001). In this case, 
it has been proposed that the pheromones of major and minor workers are qual-
itatively different (Gerber et al. 1988; Gessner and Leuthold 2001). In addition, 
a worker’s relative age is correlated with the type of activity it performs; shortly 
after molting, workers are more likely to perform tasks within the nest, while older 
workers are more likely to perform foraging-related tasks (Badertscher et al. 1983; 
Hinze and Leuthold 1999; Hinze et al. 2002).

The chemical diversity of termite trail-following pheromones is surprisingly 
low; less than ten compounds have been unambiguously identified across more 
than sixty species from all termite families (Bordereau and Pasteels 2011). In basal 
families, C13, C14, or C18 branched saturated or unsaturated aliphatic alcohols or 
aldehydes occur, most likely as single-component pheromones. The shift in ster-
nal gland location and morphology seen in the advanced families (Kalotermitidae, 
Serritermitidae, Rhinotermitidae, and Termitidae) appears to be accompanied by 
a transition to unbranched mono-, di-, or tri-unsaturated C12 alcohols, in some 
cases occurring in a combination with the diterpene hydrocarbons neocembrene 
or trinervitatriene (Quennedey et al. 2008; Bordereau and Pasteels 2011). An 
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exception to this rule is the peculiar family Serritermitidae, which uses unsatu-
rated C19 ketone as its trail-following pheromone (Hanus et al. 2012). The degree 
to which termite trail-following pheromones have been conserved across taxa is 
rather intriguing, because even very distantly related species, such as the one-
piece-type Prorhinotermes and the very advanced separate-type Macrotermitinae 
or Nasutiterminae, use the same pheromonal compounds, despite dramatic dif-
ferences in their nesting habits and ecologies (Peppuy et al. 2001; Sillam-Dussès 
et al. 2009a, b, 2010). As argued below, trail-following ability seems to have 
evolved before foraging, and the chemistry of trail-following pheromones has 
apparently been influenced only minimally by this major transition in feeding 
ecology.

Some studies have shown that trail-following pheromones have a dual behav-
ioral function in that they promote both ephemeral recruitment and long-lasting 
orientation (Traniello 1982; Runcie 1987; Affolter and Leuthold 2000). However, 
most trail-following pheromones identified to date consist of single components. 
In part, this assertion may be due to past omissions of minor components and 
soon after the very first two-component trail pheromone was reported (Sillam-
Dussès et al. 2009a), a few more multicomponent pheromones emerged (Kotoklo 
et al. 2010; Sillam-Dussès et al. 2010). Nevertheless, the ability of these compo-
nents to differentially function as recruitment and orientation cues has yet to be 
confirmed.

Because they show low chemical diversity, it is hard to understand how trail-
following pheromones could serve as species recognition cues. Since no spe-
cies-specific trail-following compounds have been identified, chemical species 
specificity, if it exists, may be due to quantitative differences in pheromones or 
their components (Bordereau and Pasteels 2011). Likewise, there is no evidence 
that trail-following pheromones can be used to distinguish between competing 
conspecific colonies.

It would seem that in primitive one-piece-type societies, trail-following abilities 
would be useless. However, these termites nonetheless have active sternal glands 
and successfully follow artificial trails (Sillam-Dussès et al. 2009b; Bordereau 
et al. 2010), which suggests that they may be using trails to orient themselves 
within the network of galleries located in the wood they inhabit. Trail-following 
behavior is sometimes considered to have originated from the recruitment associ-
ated with specific alarms, during which trail-following pheromone is used to guide 
the recruited nestmates to the disturbance site. Termites also respond to specific 
alarms with building behavior, another crucial activity in the construction of cov-
ered galleries by foraging species (Stuart 1967; Traniello and Leuthold 2000). 
Thus, sternal gland presence, trail-following ability, and building behavior appear 
to be good preadaptations for the evolution of external foraging and a true worker 
caste. This assertion is supported by the transitional situation of the one-piece-type 
termite Prorhinotermes: it is able to leave the nest and search for new food sources 
during food shortages using foraging trails and covered galleries (Rupf and Roisin 
2008). At the same time, as argued below, trail-following behavior is also thought 
to have originated from the ancestral behaviors of airborne mate attraction and 
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trail-mediated pair cohesion. Observations of the foraging behavior of the primitive 
termite Mastotermes darwiniensis support this hypothesis; unlike all other termites, 
which forage in columns, M. darwiniensis workers proceed either alone or in tan-
dems (Sillam-Dussès et al. 2007). Thus, the most parsimonious scenario describing 
the evolution of trail-following is as follows: mate attraction and tandem behav-
ior in solitary ancestors, then alarm recruitment in primitive societies, and finally 
external foraging (Rupf and Roisin 2008; Bordereau and Pasteels 2011).

Once food has been located, termites often tend to aggregate at that spot and 
feed in groups. It has been shown in a number of species that aggregation is medi-
ated by the saliva secreted from the labial (salivary) glands (Kaib and Ziesmann 
1992; Reinhard and Kaib 1995; Sillam-Dussès et al. 2012). Hydroquinone has 
been identified as the active chemical in the saliva and is thought to be the food-
marking pheromone and a general phagostimulant in termites (Reinhard and Kaib 
2001b; Reinhard et al. 2002).

Pheromone communication is also used during building, which has reached its 
most complex form in the fungus-growing termites of the genus Macrotermes. The 
coordinated action of thousands of workers during the construction of spectacu-
lar mounds is modulated by the presence of previously built structures via stig-
mergy, or self-organized mass action (Grassé 1959a, b; Bonabeau et al. 1997). 
Macrotermes workers use soil pellets that are cemented together using salivary 
secretions. Freshly deposited pellets are attractive to workers and stimulate them 
to add new pellets. According to the shape and size of the structure already in 
place, the construction continues vertically (pillar construction) or laterally (lamel-
lar construction). This building behavior is coordinated by a “cement pheromone”, 
whose chemistry is unknown; it is secreted by workers during pellet deposition 
and combined with trail-following pheromone from the sternal gland (Bruinsma 
1979). It is apparent that a tight link between trail-following pheromones and 
building exists in many other termite species, including lower termites, namely 
during the construction of galleries along foraging trails and repairs; builders are 
recruited to damaged nest areas using a pheromone trail (Stuart 1967).

Mate Attraction and Recognition

Long-range, short-range, and contact chemical cues are used by future kings 
and queens in mate attraction, recognition, and choice, following their dispersal 
flights from their natal nests. Typical post-flight behavior consists of a sequence 
of activities: long-range attraction, pair formation, and tandem promenade of the 
partners to the future nesting site. Sex pheromones, also known as sex-pairing 
pheromones (Bordereau and Pasteels 2011), are produced by the sternal glands, 
posterior sternal glands, tergal glands, or a combination thereof. While all castes 
have sternal glands, which are also used for trail marking, only the imagoes of 
some species possess posterior sternal glands and tergal glands (Bordereau et al. 
2002; Quennedey et al. 2004). In the basal families, both males and females 
(Termopsidae; Bordereau et al. 2010) or exclusively males (H. mossambicus; 
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Leuthold and Bruinsma 1978), produce sex pheromones. In the more advanced 
families, only the females call the males (Bordereau and Pasteels 2011). Once a 
pair has formed, the male usually follows the female during the search for a suit-
able nesting site in a “tandem run”, during which the male touches the female’s 
posterior abdomen with his antennae and mouthparts. In some species, the female 
may use her sternal gland to mark the trail during the tandem run to prevent acci-
dental separation. The mating itself takes place only after the nesting site has been 
chosen and the future royal chamber has been built (Nutting 1969; Bordereau and 
Pasteels 2011).

In spite of the fact that the chemistry of sex pheromones is less well known 
than that of trail-following pheromones, many important characteristics common 
to both these modes of communication are obvious. First, the sex pheromones 
demonstrate a low chemical diversity and are mostly composed of single compo-
nents. Second, the sex pheromones identified in individual species often also act 
as trail-following pheromones or are structurally very similar. Thus, branched C13 
or C14 alcohols and aldehydes, unbranched unsaturated C12 alcohols and diter-
penes neocembrene and trinervitatriene occur as sex pheromones, with just one 
additional molecule, the sesquiterpene alcohol (E)-nerolidol, being a sex phero-
mone component unrelated to the trail-following pheromones (Bordereau and 
Pasteels 2011; Bordereau et al. 2011). When compared with trail-following com-
munication, the specificity of mate attraction results either from (a) different major 
components, (b) different, and sometimes much higher, concentrations of the sex 
pheromone, or (c) the occurrence of one or more additional, minor components 
(Bordereau and Pasteels 2011). The widespread use of the sternal gland in court-
ship behavior as well as the frequent occurrence of the same pheromone (or com-
ponents) in both contexts support the hypothesis that the trail marking is probably 
derived from the mate attraction of termite imagoes during dispersal (Traniello 
and Leuthold 2000; Bordereau and Pasteels 2011).

Reproductive isolation of sympatric species was logically thought to be main-
tained by differences in the chemical composition of the sex pheromones, or per-
haps by the addition of species-specific minor components to the shared major 
component. While this appears to be true in some species (e.g., Peppuy et al. 2004; 
Bordereau et al. 2011), in others only pheromone quantities differ between conge-
nerics (Bordereau et al. 1993, 2010; Connétable et al. 2012). As a result, reproduc-
tive isolation is probably maintained by other mechanisms, such as the differential 
timing of the dispersal and contact species recognition cues (Connétable et al. 
2012), which are further discussed below.

Sex pheromones advertise the presence of the opposite sex but probably do not 
drive partner choice, which is expected to occur in termites given the long-term 
biparental care provided by kings and queens to their offspring and the strict life-
long monogamy characteristic of many termite species. Indeed, more and more 
experimental evidence suggests that the pairing of males and females is controlled 
rather than random and mates are chosen based on numerous criteria, such as part-
ner relatedness (Shellman-Reeve 2001), size and body mass (Shellman-Reeve 1999; 
Kitade et al. 2004), and level of heterozygosity (Husseneder and Simms 2008).
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Chemical Alarm

Chemical alarms serve to initiate local recruitment by means of short-
range attractants. Secretions produced by the frontal glands of soldiers are 
involved and thus chemical alarms are only found in the Rhinotermitidae, 
Serritermitidae, and Termitidae. Alarm pheromones are included in the blend 
of defensive chemicals and are released when excited and/or fighting sol-
diers discharge their frontal glands. It is to note that today we don’t know any 
work on chemical alarm system on soldierless species. This type of alarm ini-
tiation has been observed in a few rhinotermitids, such as Prorhinotermes, 
Schedorhinotermes, and several Reticulitermes species, as well as numerous ter-
mitids, including many species belonging to Nasutitermitinae (Šobotník et al. 
2010). All termite alarm pheromones confirmed as yet were identified to be of 
a terpenoid structure. Sesquiterpene hydrocarbon (E,E)-α-farnesene has been 
described as alarm pheromone in Prorhinotermes canalifrons (Šobotník et al. 
2008). Monoterpene hydrocarbons elicit alarm in Nasutitermitinae, namely 
α-pinene in Nasutitermes princeps (Roisin et al. 1990) and a blend of several 
monoterpenes in N. rippertii (α-pinene, limonene and β-pinene) and N. costa-
lis (3-carene, limonene, β-pinene, α-pinene, terpinolene) (Vrkoč et al. 1978). 
The role of these compounds in communication is supported by their enantio-
meric purity, which is a common feature of pheromones (Lindström et al. 1990; 
Valterová et al. 1992, 1993).

The reaction elicited in nestmates by alarm pheromones is caste specific: sol-
diers are always attracted to the odor source while workers are attracted in some 
species while in others they escape. They are sometimes attracted to the distur-
bance site only after a certain amount of time has passed, and they eventually 
participate in the defense of the colony, either by fighting or by building and 
depositing fecal material on enemies (Eisner et al. 1976; Stuart 1981; Traniello 
1981; Kaib 1990). An alarm signal mediated by worker feces has been observed in 
H. mossambicus (Wilson and Clark 1977).

Nestmate Recognition and Agonism

Theories regarding the evolution and maintenance of eusociality predict that subtle 
mechanisms are involved in nestmate and kin recognition in social insects (Breed 
1987), resulting in colony cohesion on the one hand and agonistic interactions 
between non-relatives, intercolonial hostility, and territoriality on the other hand. 
Indeed, termites have aggressive encounters with heterospecific competitors, and 
agonistic, often lethal interactions between conspecifics from different colonies 
frequently take place—these ultimately lead to the territorial isolation, usurpation, 
or death of the defeated colonies (reviewed in Thorne 1982; Thorne and Haverty 
1991; Shelton and Grace 1996; Clément and Bagnères 1998). Depending on the 
context, various castes, namely soldiers, workers, or reproductives, may display 
aggressive behavior.
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Agonistic interactions may occur as early as during colony founding. In H. 
mossambicus, the onset of aggressiveness towards conspecific reproductives 
can be observed as soon as the royal pair is established (Nel 1968; Hewitt et al. 
1972). Early-stage competition is particularly intense in one-piece-type termites. 
Founding reproductives of Zootermopsis nevadensis cooperatively defend their 
nest sites in wood against other pairs of reproductives and/or unpaired newly 
flown reproductives (Shellman-Reeve 1994, 1999). Conflicts take place as the 
colonies develop and compete for food and space within a single log, and these 
conflicts often result in the death of one or both primary reproductives; colonies 
may subsequently merge and behave as a single unit, and the lost reproductives 
are replaced by neotenic reproductives (Johns et al. 2009). It has been suggested 
that the occurrence of fertile soldiers in Termopsidae is an adaptation of the future 
potential replacement reproductives for such conflicts (Thorne et al. 2003). Colony 
fusions that result from conflicts and the elimination of primary reproductives also 
occur in other one-piece-type termites, such as C. secundus (Korb and Schneider 
2007; Korb and Roux 2012) and K. flavicollis (Luchetti et al. 2013a). In contrast, 
the rare cases of cooperative colony founding are largely restricted to the higher 
termites (Hacker et al. 2005; Hartke and Rosengaus 2013).

In separate-type termites, aggressive encounters between foraging parties are 
common and both soldiers and workers participate in the agonism. In soldierless 
Apicotermitinae (Sands 1982) and Hodotermitidae, which forage without sol-
diers (Nel 1968), workers are particularly aggressive; however, even in the higher 
termites, workers are active fighters even though they are protected by numer-
ous soldiers (Thorne 1982; Leponce et al. 1996; Jmhasly and Leuthold 1999a). 
Intercolonial interactions can involve thousands of individuals and may wipe out 
entire colonies (Levings and Adams 1984; Leponce et al. 1996) or, more often, 
lead to the spatial separation of territories. Territory boundaries are dynamic and 
defined by repeated encounters between neighboring colonies, and the former 
zones of contact are lined with dead bodies generated by past conflicts (Darlington 
1982; Levings and Adams 1984; Jmhasly and Leuthold 1999b). When two col-
onies interact, whether more or less aggressively and with or without ensu-
ing mortality, intensive building activities often follow. The acts of building and 
depositing materials result in the divergence and displacement of foraging trails 
(Levings and Adams 1984; Leponce et al. 1996), thus preventing or resolv-
ing conflicts, both within pieces of wood as well as in subterranean tunnels and 
aboveground covered galleries (Darlington 1982; Pearce et al. 1990; Schuurman 
and Dangerfield 1995; Jmhasly and Leuthold 1999b, c). The intensity of ago-
nism between conspecific colonies is highly variable. While, in most cases, overt 
aggression results from the encounter, sometimes aggression is limited or absent. 
Agonism varies among species, colonies, and nests (Jmhasly and Leuthold 1999b; 
Adams et al. 2007), as well as among individuals; therefore, a colony’s response 
may change over time as the most aggressive individuals are killed off in conflicts 
(Leponce et al. 1996).

A few studies have found a direct correlation between the level of aggres-
sion and the genetic distance between colonies, such as in Schedorhinotermes 
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lamanianus (Husseneder et al. 1997, 1998) or Microcerotermes arboreus (Adams 
1991); however, others have not found such a relationship (e.g., Husseneder 
and Grace 2001). Low genetic diversity due to the “founder effect” may explain 
reduced agonism in introduced populations, resulting in open societies with a ten-
dency to form supercolonies (Perdereau et al. 2010a; also see below). However, in 
contrast, increased genetic diversity appears to be responsible for the low level of 
aggressiveness in colonies founded cooperatively by several unrelated reproduc-
tives (pleometrosis), as observed in N. corniger (Adams et al. 2007) and possi-
bly also in M. bellicosus and M. michaelseni (Schuurman and Dangerfield 1995; 
Jmhasly and Leuthold 1999a; Hacker et al. 2005).

The spatial distance between colonies has been examined in a few studies that 
have aimed to test the “dear enemy” hypothesis (or the “neighbor-stranger” effect), 
which predicts that frequently encountered colonies will be attacked less often 
than non-neighbors. While this hypothesis has been supported in some cases (e.g., 
Macrotermes falciger, Kaib et al. 2002), several other cases suggest that distance 
does not influence the pattern of aggressiveness (Leponce et al. 1996; Jmhasly and 
Leuthold 1999a; Adams et al. 2007; Marins and de Souza 2008), and in fact, the 
opposite trend has been observed in N. corniger (Dunn and Messier 1999).

The aggressiveness of colonies may also vary with seasonal and geographical 
factors. During some seasons of the year and in some parts of a species’ range, 
colonies may behave as open societies, demonstrating low levels of agonism, 
allowing colony fusions, permitting fluctuations of individuals, and tolerating 
numerous reproductives; in contrast, during other seasons and in other locations, 
colonies may remain closed familial units that are isolated by means of aggres-
sive interactions (Clément 1986; Kaib and Brandl 1992). Instantaneous levels of 
aggression are also fine-tuned based on the actual caste composition of the colony 
at the site of the conflict. Zootermopsis pseudergates are more aggressive towards 
intruders when they are close to reproductives or when only a few soldiers are 
around (Ishikawa and Miura 2012). When there is a high proportion of nymphs 
in a colony, the level of agonism may be decreased, which facilitates the colony’s 
acceptance of and potential fusion with a conspecific colony that has a lower pro-
portion of nymphs. This type of situation may occur because it is beneficial for 
the host colony: it recruits more workers to care for the nymphs (Matsuura and 
Nishida 2001). Nymph-containing colonies of Macrotermes gilvus and M. carbon-
arius always reject reproductives, while nymphless colonies may eventually accept 
them (Neoh et al. 2012). The adaptive value of this acceptance is questionable, as 
are a few other examples of low levels of intraspecific agonism.

Chemical Cues Involved in Nestmate Recognition

The recognition process, which leads to the acceptance or rejection of an individ-
ual as a nestmate or non-nestmate, appears to rely on direct contact involving the 
antennae and/or palps that takes place during the behavioral inspection sequence 
(Clément 1981). The blend of cuticular hydrocarbons (CHCs) contained in the 
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hydrophobic epicuticular layer most likely serves as one of the major  contact 
 recognition cues. CHCs have been receiving more and more attention for their 
role as recognition cues in social hymenopterans, and their significance in termites 
is now being studied as well. Summaries of the chemistry and biology of CHCs, 
with an emphasis on social insects, have been provided in several reviews and 
review chapters (e.g., Blomquist et al. 1998; Clément and Bagnères 1998; Howard 
and Blomquist 2005); the two topics have also been the subject of an entire book 
(Blomquist and Bagnères 2010).

CHCs are a rich mixture of straight-chain, methylated, saturated, and unsatu-
rated hydrocarbons. The expected low volatility of contact recognition cues 
matches well with the chain lengths of CHCs, which usually range from over 
20 to 40 carbon atoms when analyzed using gas chromatography (the predomi-
nant technique) but can exceed 70 carbons when different analytical tools are 
employed (Cvačka et al. 2006; Sutton et al. 2013). Generally, CHC patterns dif-
fer qualitatively among individual species and quantitatively among populations 
and colonies of the same species (van Zweden and d’Ettorre 2010). This finding, 
which dates back to late 1970s and early 1980s (Howard et al. 1978; Blomquist 
et al. 1979) has paved the way for CHC analysis to be used to identify cryptic 
species and to be employed in studies on the biogeography of populations and 
species, including termites (reviewed in Bagnères and Wicker-Thomas 2010). 
In addition to the extensive use of CHCs as taxonomic markers in subterranean 
termites (see below), CHC analysis has also been used to distinguish among spe-
cies of lower termites, such as Zootermopsis (Haverty et al. 1988; Korman et al. 
1991), Glyptotermes (Takematsu and Yamaoka 1997), and Cryptotermes and 
Incisitermes (Haverty et al. 2000), as well as among species of higher termites, 
such as Nasutitermes (Howard et al. 1988), Odontotermes (Bagine et al. 1990; 
Thorne and Page 1990; Kaib et al. 1991), Macrotermes (Bagine et al. 1994), and 
Drepanotermes (Brown et al. 1996a), among others. Using CHCs to distinguish 
species has some limitations; for instance, within Macrotermes, dramatic differ-
ences in CHC phenotypes do not necessarily translate into differences in species 
identity (Kaib et al. 2002; Marten et al. 2009). Nevertheless, CHC analysis con-
tinues to serve as a complement to the genetic tools predominately used in termite 
taxonomy.

Support for the hypothesis that CHCs serve as nestmate recognition cues in 
termites has accumulated over the past decades, mainly in the form of indirect 
correlative observations that show that differences in CHCs among colonies are 
correlated with aggression levels or genetic distances. A good match between 
CHC patterns and either aggression or genetic distance or both has been observed 
in a number of subterranean termites (e.g., Dronnet et al. 2006; see below), a few 
lower termites, such as Zootermopsis (Haverty and Thorne 1989; Korman et al. 
1991), and some higher termites, such as Macrotermes (Kaib et al. 2002, 2004). 
Finally, colony-specific CHC patterns have been observed to be transmitted via 
termite feces, which may therefore potentially serve as a signal source in some ter-
mites (Lewis et al. 2010). Direct evidence for the role of CHCs in recognition has 
been found in some intermediate termites (see later).
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Another source of intercolonial chemical variability in addition to CHC blends 
is the defensive chemicals produced by the frontal glands of soldiers. Interspecific 
differences in frontal gland chemistry are well known (Šobotník et al. 2010) and 
can be used as chemotaxonomic markers along with CHCs (e.g., Bagnères et al. 
1990a). Conspicuously different defense compound chemotypes have also been 
observed within species (e.g., Valterová et al. 1989) or even among colonies with 
the same CHC chemotype (Šobotník et al. 2010; Krasulová et al. 2012), which 
may reveal another level of intraspecific polymorphism that can be used when dis-
entangling the relatedness and dispersal history of populations. Whether defense 
compound chemotypes are also used by the termites themselves in intercolonial 
recognition is unknown, but it is a relevant hypothesis that remains to be tested.

Caste Recognition and Social Regulation

Mutual recognition of caste identity within the colony is vital to the effective 
division of labor, the coordination of social activities, and the care of dependent 
immatures, soldiers, and reproductives. Caste recognition involves an instantane-
ous contact event that is followed by mutual antennal inspection. Therefore, once 
again, non-volatile chemical signatures on body surfaces are likely to serve as 
recognition cues and CHCs may potentially be involved. Indeed, several studies 
focusing on intercaste differences in CHC profiles have detected more or less pro-
nounced caste specificity in CHC signatures, which would allow caste discrimi-
nation based on quantitative patterns of CHCs in lower, intermediate, and higher 
termites (Howard et al. 1982a; Haverty et al. 1988, 1996; Bagnères et al. 1990b, 
1998; Brown et al. 1996b; Sevala et al. 2000; Klochkov et al. 2005). Quantitative 
caste-specific CHC signatures are neither conserved nor consistent across all colo-
nies of a given species; instead, they change from one colony to the next (Haverty 
et al. 1988). In spatially distant colonies of Drepanotermes perniger, one specific 
compound has been observed to be overrepresented in larvae and young nymphs 
(Brown et al. 1996b). The specificity of the chemical signature of immature ter-
mites is also evidenced by repeated observations that immatures are seldom 
attacked in intercolonial conflicts and are therefore recognized and tolerated, or 
only eventually non-recognized as being foreign (Traniello and Beshers 1985; 
Thorne and Haverty 1991). The mechanism of caste-specific CHC divergence in 
genetically identical nestmates is not well understood. Some observations suggest 
that the common pool of CHCs in the hemolymph differentiates into caste-spe-
cific cuticular profiles during CHC externalization due to the regulatory action of 
hemolymph transport proteins, lipophorins (Sevala et al. 2000). However, all of 
these findings provide only indirect evidence of the possible role of CHCs in caste 
recognition; to date, no empirical studies have clarified the mechanism at work.

Information on caste ratios is of crucial importance in the social homeostasis of 
the colony. Species- and context-dependent optima in the ratio of soldiers (Haverty 
1977) are regulated (stimulated or inhibited) by the proportions of other castes. 
It has been well documented that the differentiation of soldiers can be stimulated 
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by the presence of reproductives (Bordereau and Han 1986) or nymphs (Lenz 
1976). Caste inhibition is a regulatory feedback mechanism that is complemen-
tary to caste stimulation. The presence of soldiers has frequently been shown to 
inhibit the formation of additional soldiers (e.g., Miller 1942; Springhetti 1970; 
Nagin 1972; Lenz 1976; Renoux 1976; Haverty 1979; Haverty and Howard 
1981; Lefeuve and Bordereau 1984; Okot-Kotber 1985; Okot-Kotber et al. 1991). 
Even in incipient colonies, the first soldier(s) efficiently inhibit(s) the production 
of other soldiers, often for up to one or two years (e.g., Castle 1934; Light and 
Weesner 1955; Grassé and Noirot 1958). It is thought that primer pheromones, 
produced by the soldiers present, are responsible for inhibition and that their trans-
mission requires direct contact between the soldiers and the undifferentiated indi-
viduals (Springhetti 1970; Okot-Kotber 1985), which implies that the pheromones 
would have low volatility.

Inhibitory primer pheromones are hypothesized to come from the frontal glands 
of soldiers. In Schedorhinotermes lamanianus, the primer pheromone is thought 
to be tetradec-1-en-3-one, which is produced by the frontal gland. However, its 
inhibitory activity was found to be accompanied by high mortality; as a result, 
the decrease in soldier production cannot be separated from the toxic effect of the 
compound (Renoux 1976). The inhibitory effect of soldier body extracts and fron-
tal gland extracts on the production of additional soldiers has also been clearly 
demonstrated in Nasutitermes lujae (Lefeuve and Bordereau 1984). Significant 
progress has been made towards understanding the role of the frontal gland in reg-
ulating soldier production in Coptotermes and Reticulitermes, as discussed below. 
However, these results cannot be generalized to all termites because only the 
advanced lineages possess frontal glands. Thus, it would seem that two fundamen-
tally different methods of caste inhibition have evolved in termites. For instance, 
soldier head extracts have been shown to inhibit soldier differentiation in C. secun-
dus, a species without a frontal gland, which suggests that the source of the inhibi-
tory compound is located in the head (Korb et al. 2003). Therefore, another source 
for the soldier’s primer pheromone must exist; for instance, the unicellular glands 
on the surface of soldiers’ heads are a possibility (Grassé 1986).

Recognition of Reproductives, Reproductive Status,  
and Queen Dominance

The reproductive division of labor between the minority of breeders and the ster-
ile majority of helpers requires that nestmates effectively recognize the presence 
of reproductives in a variety of contexts. First, reproductives convey that they 
are present and fertile, thus maintaining their reproductive dominance and inhib-
iting the development of neotenic reproductives (primer pheromone function). 
Second, kings and queens signal their presence to elicit tending behavior, such 
as grooming, feeding, defense, and egg care (releaser pheromone function; see 
Fig. 11.3). These two types of signaling, referred to as fertility signals for simplic-
ity’s sake, are not mutually exclusive; based on our current understanding, there 
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is no evidence that these different effects are the consequences of discrete sig-
nals as opposed to a single, multifunctional signal emitted by mature or maturing 
reproductives.

Traditionally, the control exerted by reproductives over the reproductive poten-
tial of their nestmates has been considered to be inhibition or manipulation. The 
social aspects of this inhibition were described in pioneering studies on K. fla-
vicollis, Zootermopsis, and Reticulitermes (Pickens 1932; Light 1944; Grassé and 
Noirot 1946; Lüscher 1956) and have been situated in the classical model of social 
control: king(s) and queen(s) inhibit, in concert, the formation of neotenics using a 
putative, non-volatile, inhibitory chemical substance, which is spread among nest-
mates by mutual contact, grooming, and/or trophallaxis (Lüscher 1961). When this 
inhibitory signal is decreased or absent, neotenics form from the immature termites 
and culled down to a species-specific optimum by siblicidal fights and cannibalism 
(Lüscher 1952; Nagin 1972; Lenz 1985). Over the long span of research on the 
topic, several hypotheses related to the mechanisms of reproductive control have 
been advanced. For instance, it has been proposed that the inhibitory substance is 
transmitted by proctodeal feeding by reproductives (Lüscher 1955), a hypothesis 
that has been rejected several times (Nagin 1972; Stuart 1979; Greenberg and 
Stuart 1980, 1982). It has also been suggested that the substance is secreted by the 
mandibular gland or accessory glands (Lebrun 1972; Greenberg and Plavcan 1986), 
via the cuticle (Lüscher 1974; Bordereau 1985; Šobotník et al. 2003) or that inhibi-
tion is due to the pheromonal action of the juvenile hormone (Lüscher 1972; Myles 

Fig. 11.3  A physogastric 
primary queen, a neotenic 
king, soldiers, and workers of 
the neotropical higher termite 
Silvestritermes holmgreni. 
Note the worker removing the 
eggs laid by the queen. Photo 
by R. Hanus
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and Chang 1984). None of these hypotheses have received decisive support, and the 
major mystery of termite biology has long remained unresolved.

The past few years have brought new insights and ideas to the field of termite 
reproductive control. It is now thought that non-reproducing individuals in insect 
societies are not necessarily helpless victims of manipulation, but rather decision-
making subjects that choose the best option in terms of inclusive and exclusive 
fitness benefits. The signals emitted by functional reproductives can therefore 
be viewed as honest signals, which announce the presence of fertile individuals 
(Keller and Nonacs 1993) and prevent overt conflicts over reproduction (Ratnieks 
et al. 2006). In eusocial hymenopterans, such fertility signals have repeatedly 
been ascribed to CHCs (Monnin 2006; Peeters and Liebig 2009; van Zweden and 
d’Ettorre 2010; Van Oystaeyen et al. 2014). In 2009, two independent studies on 
Cryptotermes and Zootermopsis reported that the CHC signatures of functional 
neotenics demonstrate both quantitative and qualitative specificity, and the stud-
ies concluded that, in termites, CHCs may also be involved in fertility signaling 
and/or reproductive control (Liebig et al. 2009; Weil et al. 2009a). Interestingly, 
in both species, reproductives were characterized by the occurrence of long-chain 
and branched alkanes or alkenes, which are compounds that are also present in the 
fertility signals of some social Hymenoptera. Furthermore, king- and queen-spe-
cific peptides and proteins were recently found on the body surfaces and in the anal 
secretions of reproductives of Prorhinotermes simplex, Reticulitermes flavipes, and 
K. flavicollis, and they were present in quantities that correlated with estimates of 
the reproductives’ fertility (Hanus et al. 2010). Along with the search for fertility-
related chemicals, molecular biology has also recently provided insight into differ-
ential gene expression by neotenic queens and sterile individuals in Cryptotermes; 
these findings have thus helped pinpoint specific genes that are linked with repro-
ductive status (Weil et al. 2007). Among these queen-specific genes, three are 
conserved across several species of the genus (Weil et al. 2009b). Silencing one 
of these genes (neofem2) in queens of C. secundus resulted in an increase in 
aggressive behavior among sterile individuals, just as if the colonies had become 
queenless (Korb et al. 2009). The authors concluded that this gene is responsi-
ble for controlling the reproduction of sterile immatures. This gene appears to be 
homologous to the β-glycosidase gene and thus could have evolved from having 
an ancestral role in cellulose digestion to having a role in signaling; for instance, 
it may release signaling molecules from sugar complexes. Unfortunately, the long-
term impact of neofem2 silencing on the reproductive potential of colony members 
could not be studied. Additionally, the putative pheromone signals involved in the 
proposed β-glycosidase mechanism and their ultimate origin are as yet unknown. 
In 2010, the search for termite royal pheromones resulted in the identification of 
the first queen-produced primer pheromone regulating neotenic differentiation in 
the Japanese termite Reticulitermes speratus (Matsuura et al. 2010; see also the  
second part of this chapter for details). These findings represent great progress in 
our efforts to understand the regulatory processes present in termite colonies and 
show that the queen pheromone has multiple impacts on the maintenance of social 
homeostasis (Bussell and Vosshall 2010; Matsuura 2012).
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The need for a volatile long-range signaling of the presence of reproductives 
is obvious in colonies of higher termites, which sometimes contain millions of 
individuals. Indeed, queens in higher termite species have previously been found 
to release volatile compounds. Any observer opening a termite royal cell hous-
ing a large, physogastric queen would immediately notice the dramatic impact 
that the queen’s presence has on the behavior of the sterile castes (see Fig. 11.3). 
The queen is surrounded by numerous workers, and her entire body is continu-
ously groomed; workers pay particular attention to the posterior part of her abdo-
men, and along with removing the eggs she lays, they lick the liquid secretions 
released by her anus and/or gonopore. Simultaneously, workers feed the queen 
with their salivary fluids. The attraction the queen exerts on the workers, the result 
of which is analogous to the retinue that forms around the honey bee queen, has 
been observed by numerous researchers in a number of termite species (e.g., 
Grassé 1986). The production of a volatile “building” pheromone by Macrotermes 
queens was postulated a long time ago, and it has been suggested that it regulates 
the building behavior of workers as they construct the royal chamber around the 
physogastric queen (Bruinsma 1979; Bonabeau et al. 1998). Similarly, primary 
queens of Nasutitermes tasakagoensis have been reported to release volatiles of 
yet unknown function (Himuro et al. 2011).

Kin Recognition and Nepotism

Since monogamy predominates in the early stages of colony foundation and per-
sists for the whole existence of the colony in many species, the potential for kin-
biased behaviors, such as nepotism, is limited and has seldom been studied. In 
colonies of C. secundus that arise from the fusion of two colonies, termites prefer 
to cooperate and interact exclusively with their relatives during unfavorable con-
ditions (i.e., food shortages) (Korb 2006). In contrast, no evidence of nepotism 
has been observed in multiple-queen colonies of N. corniger in terms of the care 
provided to related and unrelated queens by workers (Atkinson et al. 2008). Kin-
biased foraging has been reported in polygamous colonies of Schedorhinotermes 
lamanianus; workers were grouped into foraging parties based on kinship (Kaib 
et al. 1996).

Communication and Social Regulation in Intermediate 
Termites

In this section, we review communication and social regulation in the three inter-
mediate termite genera: Reticulitermes, Heterotermes, and Coptotermes. In the 
most parsimonious phylogenetic tree inferred from mitochondrial genes (Lo et al. 
2004), the three genera cluster together on a branch that includes the advanced 
termites (Inward et al. 2007a; Engel et al. 2009; Legendre et al. 2013). All three 
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genera feed on dead wood. Some authors place the genera in two different subfam-
ilies: the Coptotermitinae, which contains Coptotermes, and the Heterotermitinae, 
which contains Reticulitermes and Heterotermes. They all have a subterranean 
life style and, for this reason, similarities in their biology, including communica-
tion and recognition, are to be expected. These termites, like most other termite 
species, have only a single caste that demonstrates positive phototaxis: the alates, 
which have well-developed compound eyes and ocelli, move towards light sources 
during their dispersal flights. The other castes demonstrate light sensitivity that 
results in negative phototaxis (Hertel et al. 2011). The other types of communica-
tion used by the intermediate termites depend more on the particular life style and 
evolutionary history of the species.

Vibratory Communication

Like most other pterygote insects, termites can also perceive substrate-borne 
vibrations with a complex chordotonal organ, the subgenual organ, located in their 
tibias (Howse 1964b). Even if termites all have cryptic life styles, mechanical 
communication (called vibroacoustic communication in Hunt and Richard 2013) 
is not universally used across all species. Jerking or whole-body movement is 
performed by Coptotermes and Reticulitermes when they are disturbed, and this 
behavior is generally accompanied by mandible spreading. However, head-drum-
ming is not a general feature of all intermediate termite species. Both workers 
and soldiers perform this behavior, generally considered to be an alarm behavior 
(Hertel et al. 2011), but the presence of workers is crucial in this form of commu-
nication (Reinhard and Clément 2002).

Chemical Communication and Recognition

As said before, in the whole of the living world, communication takes place first 
and foremost via chemical means, as already stated. In animals, most chemical 
communication takes an olfactory form (and also occasionally a gustatory form). 
It is clear that chemical communication is the primary tool used by social insects, 
and thus in intermediate termites, to recognize and be recognized by congeners.

Communication in Foraging Behavior

Foraging is one of the primary collective behaviors that is mediated by chemical 
communication. Intermediate termites are separate-type termites, meaning they 
have multiple nest sites (Abe 1987, 1990). Foraging involves a division of labor, 
with workers serving as the main foragers. They excavate tunnels and galleries 
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in their search for food and then recruit nestmates using semiochemicals (Runcie 
1987). The main trail-following pheromone described in Reticulitermes is (Z,Z,E)-
dodeca-3,6,8-trien-1-ol, which is released by the sternal gland (Saran et al. 2007; 
Bordereau and Pasteels 2011). Building activity, which is a non-centralized coop-
erative behavior, is considered to be one of the best examples of stigmergy, as 
indicated earlier, and involves a stimulus–response pattern. In addition to the ster-
nal gland, the salivary glands likely play a role in releasing chemicals that mediate 
building activity; however, to date, no such pheromones have been described. R. 
speratus shows colony-specific architectural variation in shelter tube construction, 
which reflects intercolonial differences in foraging strategies. These differences 
may have significant fitness consequences depending on how food is distributed 
in the environment (Mizumoto and Matsuura 2013). In R. flavipes, most of the 
workers demonstrate feeding site fidelity, which suggests that they may be leav-
ing chemical markers in galleries and nodes, depending on the task they are per-
forming. Observations of termite foraging and travel between resources suggest 
that communication is uninterrupted within the subterranean polydomous network 
(Long and Thorne 2006).

Feeding behavior is influenced by semiochemicals released by the labial gland, 
both in Coptotermes and Reticulitermes (Reinhard et al. 1997a, b; Reinhard and 
Kaib 2001a; Casarin et al. 2003); these chemicals are called phagostimulants. 
Hydroquinone, the primary phagostimulant, must continuously be reapplied 
(Reinhard and Kaib 2001b). This compound may play a role in regulating food 
consumption rate, depending on its concentration over time. Furthermore, labial 
gland extracts are not appealing to soldiers, but glandular secretions could modu-
late soldier recruitment (Casarin et al. 2003).

Communication in Defense and Alarm Behavior

Defense is another collective behavior that involves chemical communication. 
This category includes both alarm and defense (protection against predators and 
intraspecific competition) mechanisms. The defense glands found in the heads of 
soldiers release the semiochemicals involved in both. As mentioned in the pre-
vious section, alarms can either be general, i.e., elicited by the vibratory move-
ments of soldiers liberating frontal gland secretions, or specific, i.e., elicited by 
physical contact between alerted and recruited termites (Šobotnik et al. 2010). 
In intermediate termites, defensive secretions are released from the frontal gland 
and combined with mechanical defense-mandibular opening and biting. Soldiers, 
and often also the workers, are attracted by the volatiles from the soldier frontal 
gland and perform a series of alarm behaviors (Reinhard et al. 2003; Nguyen et al. 
2011). In Reticulitermes grassei, the alarm reaction is elicited by the sesquiter-
pene hydrocarbon γ-cadinene, in R. banyulensis by the diterpene alcohol geranyl-
linalool, in R. flavipes by the monoterpene hydrocarbons α-pinene, β-pinene and 
limonene, and diterpene alcohols geranyllinalool and geranylgeraniol, and finally 
in R. lucifugus by the sesquiterpene hydrocarbons germacrene A, germacrene 
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C, β-selinene, γ-selinene, γ-cadinene and the diterpene alcohol geranyllinalool 
(Quintana et al. 2003).

In Coptotermes, secretions are composed of various compounds such as  simple 
hydrocarbons, aromatic compounds, ketones, alcohols, and ceramides that may act 
as fumigants (Chen et al. 1998, 1999; Zhang et al. 2006; Ohta et al. 2007), and 
the presence of Coptotermes formosanus soldiers has been shown to inhibit the 
formation of additional soldiers (Park and Raina 2003, 2005). This primer effect 
produced by the soldiers requires direct contact between the soldiers and the undif-
ferentiated individuals (Dong et al. 2009). Interspecific variation in the terpenoid 
content of Reticulitermes frontal gland secretions was observed by Quintana et al. 
(2003), and the chemical components present in R. flavipes frontal gland secre-
tions have been particularly well described (Zalkow et al. 1981; Bagnères et al. 
1990a; Tarver et al. 2009). It has also been shown that the terpenoids released by 
Reticulitermes soldiers have a regulatory effect on the differentiation of soldiers 
as seen in Coptotermes (Park and Raina 2003, 2005). This primer effect (which 
is distinct from the different releaser effects described at the beginning of the par-
agraph) is attributed to two sesquiterpenes, namely γ-cadinene and its aldehyde, 
which enhance the effect of the juvenile hormone (JH) on R. flavipes soldiers 
(Tarver et al. 2009, 2010, 2011). Two hexamerin proteins, which are controlled 
by two genes (Hex-1 and Hex-2), suppress JH-mediated differentiation of work-
ers into soldiers (Zhou et al. 2006); JH and soldier head extracts have opposing 
effects on several regulatory genes but have few regulatory effects on the gut 
microbiome (Sen et al. 2013). Watanabe et al. (2011) obtained other results in  
R. speratus. They found that soldier presence inhibits pre-soldier differentiation by 
decreasing the JH level, which is of primary importance in soldier development. 
JH is released by the corpora allata of insects. Different castes have been found to 
have different JH levels: levels are low, high, and intermediate in workers, apterous 
neotenic reproductives, and pre-soldiers, respectively (Chan et al. 2011). Isolated 
workers that develop into soldiers or neotenic reproductives show different lev-
els of JH synthesis depending on the species (Leniaud et al. 2011). Workers that 
become pre-soldiers have higher levels of JH synthesis than workers that develop 
into neotenics. This pattern suggests that, in order to become a soldier, an individ-
ual must have high JH levels during its worker and pre-soldier stages (Elliot and 
Stay 2008). Interestingly, one study shows that JH can have an effect on cuticular 
hydrocarbon signatures. The hydrocarbon signatures of workers fed filter paper to 
which a JH analog had been applied were different than those of control workers. 
Additional differences were found to exist between pre-soldiers and soldiers; fur-
thermore, as soldiers matured, their signatures changed dramatically (Darrouzet 
et al. 2014). In contrast, JH did not appear to affect cuticular structural constitu-
ents in R. flavipes (Sen et al. 2013). Mao and Henderson (2010) showed that group 
size had an effect on both worker JH titers and soldier differentiation in C. for-
mosanus: groups of five workers failed to induce soldier differentiation. When 
soldiers were present, the differentiation of workers into soldiers was less effec-
tive; as the number of soldiers present increased, less differentiation occurred. The 
levels of JH and pheromones are proportional to the ratio of workers to soldiers 
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and thus certainly play a role in upregulating and downregulating the production 
of the respective castes; furthermore, caste production may also be controlled at 
the level of the whole colony. However, these various findings may not actually be 
contradictory because hormone levels and regulatory steps may differ. In these two 
genera (i.e. Coptotermes and Reticulitermes), the defensive secretions of soldiers, 
such as α-pinene and limonene, have not been shown to be antiseptic, as they are 
in Nasutitermes termites (Rosengaus et al. 2000), even though those compounds 
are produced by soldiers of some R. flavipes populations (Quintana et al. 2003). As 
was mentioned in the introduction, social interactions within R. flavipes colonies 
play a major role in the defense against pathogens, and pathogen defense is a more 
complex mechanism than previously thought (Chouvenc et al. 2009); this fact is 
particularly well illustrated by the presence of actinobacteria in the walls of the 
subterranean nests of Coptotermes (Chouvenc et al. 2013).

Caste Social Regulation

As previously discussed, caste regulation involves chemical communication and 
physical contact between nestmates. Even if Coptotermes and Reticulitermes are 
the best described termite genera in the literature, most likely because they are 
urban pests and thus of great economic importance, we still know very little about 
the genetic or environmental factors acting on their undifferentiated larvae (i.e., 
their very first larval instars). In these genera, some undifferentiated larvae develop 
into nymphs (immature instars with wing pads), and nymphs can become alates or 
brachypterous (nymphoid) neotenics. Undifferentiated larvae may also follow the 
apterous line of development (the most common fate), in which workers become 
true workers, soldiers, or apterous (ergatoid) neotenics. This developmental flex-
ibility, first observed by Buchli in 1958 in Reticulitermes (and reviewed by Lainé 
and Wright in 2003), has also been seen in Coptotermes species. Since Buchli’s 
work, observations of caste differentiation have mainly taken place in laboratories, 
sometimes over the course of long-term experiments (Long et al. 2003). Scharf 
et al. (2003) confirmed the polyphenism that Buchli had observed as well as the 
caste differentiation and developmental processes that Buchli had described ear-
lier. In addition, they also identified several differentially expressed genes involved 
in these processes in the main Reticulitermes species found in North America:  
R. flavipes. Hayashi et al. (2007) found evidence in R. speratus, the Japanese ter-
mite, for genetic control of the early developmental bifurcation described above. 
This flexibility was previously thought to be exclusively regulated by environmental 
factors, and the epigenetic hypothesis was also well supported. These same authors 
have observed parthenogenic reproduction in R. speratus neotenics (Hayashi et al. 
2003; Matsuura et al. 2009a; Matsuura 2011). Parthenogenic reproduction has also 
been described in other species, such as R. virginicus (Vargo et al. 2012), which is 
endemic to USA, and R. lucifugus, which is found in Italy (Luchetti et al. 2013b; 
see also the following part on Reproduction). This reproductive peculiarity helped 
reveal that caste determination is the result of a single locus in R. speratus (Hayashi 
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et al. 2007). The locus, which is called dubbed worker, is X-linked and has two 
alleles, A and B. They have opposite effects in each sex, but B is always dominant. 
AA females have the nymph phenotype, as do males with one copy of B. The BB 
genotype is lethal for females. All other genotypes result in the worker phenotype. 
However, R. speratus’ situation may not be reflective of those of all Reticulitermes 
species, and especially not those of species with a slightly biased or unbiased sex 
ratio, such as the species found in Europe (Lo et al. 2009).

Colonies of Coptotermes and Reticulitermes that are found in nature in any part 
of the world can contain several hundreds of thousands of individuals (Forschler 
and Townsend 1996; Tsunoda et al. 1999); those individuals may forage several 
dozen or even hundreds of meters away from the nest (Tsunoda et al. 1999; Dronnet 
et al. 2005). Colonies, particularly those of invasive populations of Reticulitermes, 
may extend across several hectares (Leniaud et al. 2009). This is the reason why 
colony observation in natura is quite impossible. However, genetic tools, such as 
microsatellite markers that follow Mendelian inheritance, are useful when studying 
the family structure of colonies, and they can help estimate the number and type 
of reproductives via F-Statistics and genetics relatedness comparisons (Thorne 
et al. 1999; Bulmer et al. 2001), and other methods (Vargo and Husseneder 2011). 
Termite markers were first developed in two intermediate termites (Vargo 2000; 
Vargo and Henderson 2000; for a review, see Vargo and Husseneder 2009, 2011).

The division of labor between reproductives and workers was probably 
achieved through minor evolutionary changes; it may be regulated by single genes, 
such as the neofem2 gene in the basal termite genus Cryptotermes (Weil et al. 
2009b; Korb et al. 2009). Although reproduction is genetically or epigenetically 
controlled, pheromonal cues nonetheless must have an influence. For example, 
the trade-off between the production of alates and neotenics is mediated by phero-
mones that act on nymphs or eggs.

Recent research on R. flavipes has shown that the presence of soldiers and 
neotenic reproductives affects the gene expression profile of worker gut symbionts 
(Sen et al. 2013). Termite gut symbionts may indeed play a role in the regulation 
of hormones and semiochemicals (such as pheromones) (Wheeler et al. 2010). 
It has even been speculated that the intestinal bacteria of R. speratus may be 
involved in nestmate recognition (Matsuura 2001). However, the symbiotic com-
munity (microbiome), which includes flagellates and bacteria, is poorly described 
when it comes to its involvement in behavior and caste regulation in intermediate 
termites (Hu et al. 2011; Boucias et al. 2013; Dedeine et al. in prep). Since stomo-
deal trophallaxis is relatively common in Reticulitermes (Korb et al. 2012), it may 
play a regulatory role in the transfer of symbiotic fauna.

Sex Recognition, Reproduction, and Fertility Signals

Research examining the reproductive castes, neotenics, and winged imagoes (alates) 
has suggested that chemical communication plays a key role in reproduction. 
Clément (1982b) and Clément et al. (1989) were the first to describe pheromone 
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attraction in Reticulitermes alates. Subsequently, Raina et al. (2003) showed that  
C. formosanus uses a contact sex pheromone: males with ablated antennae failed  
to demonstrate tandem contact behavior. However, C. formosanus does not appear 
to perform calling behavior as some Reticulitermes species do; furthermore, sex 
pheromones appear to operate in Reticulitermes at both short and long distances 
(Clément 1982b). However, it is interesting to note that the same Reticulitermes 
species, R. flavipes, has been found to release different chemical compounds in its 
populations in France (Laduguie et al. 1994) and in the USA (Clément et al. 1989). 
Although the compounds are supposedly released by the same gland (the sternal 
gland located on sternite 5), this assertion is problematic (Bordereau and Pastels 
2011); however, different compounds could come into play at different distances 
and be released by the same or different glands. According to electrophysiologi-
cal recordings conducted in C. formosanus, males respond best to female abdomi-
nal tip extracts (Raina et al. 2003); abdominal semiochemicals are assumed to be 
released by the tergal gland. Antennae play an essential function in communication, 
especially at the colony foundation stage. Antennal cropping has been observed in 
paired termites, and it may be used to impair the reception of olfactory signals com-
ing from other potential sexual partners; this behavior could therefore play a role in 
the pair’s transition from group to partnered life (Nalepa et al. 2011). Cues could 
also potentially be perceived via gustatory organs (the maxillary and labial palps), 
but this type of perception likely plays a secondary role (Raina et al. 2003). The 
functions of volatile and contact sex pheromones are still not well described, and 
the literature is not clear on how the different compounds released by the differ-
ent glands (sternal, tergal, epidermal, or others yet undescribed) influence behavior. 
It is possible that the sternal gland produces more volatile compounds, such as the 
short-chain alcohols (dodecatrienol) used during calling behavior, and that the tergal 
gland, which is only present in the reproductive caste, produces contact compounds 
used during tandem behavior; these latter compounds may be lipidic, as in the case 
of trilinolein or glycerol trilinoleate (Bland et al. 2004). The level of complexity of 
the different stages of reproductive behavior (pre-swarming involving calling behav-
ior, flight, post-swarming involving tandem running, and mating) varies across spe-
cies and genera. Dealation (i.e., loss of wings in alates) can provoke a change in 
the production or composition of chemical compounds, in terms of quality or quan-
tity. The releaser pheromones used by the three genera of intermediate termites (and 
especially Coptotermes and Heterotermes) have yet to be clearly identified, even 
if Batista-Pereira et al. (2004b) have shown that Heterotermes tenuis demonstrates 
somewhat of an electroantennographic response to synthetic dodecatrienol; their 
effects on behavior and their glands of origin also remain poorly characterized. The 
role that contact compounds such as long-chain hydrocarbons may play as fertility 
cues and signals of reproductive status was examined only in lower termites (Liebig 
et al. 2009); they have been shown to have these functions in other social insects, 
and it has been suggested that termites might have put to social use the compounds 
that their cockroach-like ancestors used for sexual communication (Weil et al. 
2009b). Nevertheless, reproductive isolation is undoubtedly reinforced by species-
specific recognition factors (see the paragraph below on cuticular compounds).



22311 Communication and Social Regulation in Termites

The inhibition of nestmate fertility by reproductives was described in the 
 honeybee many years ago. However, this phenomenon has long been the subject 
of speculation in termites, and many authors have suggested that a primer phero-
mone exists in this group. An inhibitory pheromone used by R. speratus queens 
was recently described by Matsuura et al. (2010): it is a volatile pheromone that 
suppresses the differentiation of new nymphoid queens, but not kings, when a 
functional queen and other castes are present together. When a functional queen 
is accompanied by only workers, some workers differentiate into male erga-
toid (apterous) neotenics and a few others become female ergatoids. The phero-
mone, which is only described in secondary queens, was found to be a mixture 
of n-butyl-n-butyrate (an ester) and 2-methyl-1-butanol (an alcohol). The same 
pheromone blend was found on their eggs and serves to attract the workers. The 
queen pheromone also regulates egg production (Yamamoto and Matsuura 2011). 
The alcohol lacks chiral specificity, and both its enantiomers ((R) and (S)), either 
isolated or present in a racemic mixture, have an inhibitory effect when they co-
occur with the ester (Yamamoto et al. 2012). This pheromone is highly volatile 
and can be described as an honest signal: it disappears when the queen stops lay-
ing eggs and it is not transmitted by workers (Matsuura and Yamamoto 2011). The 
eggs may not only carry this fertility signal but could also potentially synthetize 
it, as they do synthesize lysozyme, a protein that acts as an antibacterial agent and 
egg recognition signal (Matsuura et al. 2009b); however, the possible de novo syn-
thesis of this signal remains to be confirmed. Clearly, these volatile pheromones 
have a multifaceted role: they act as a fertility signal, attract workers, mediate 
queen-to-queen communication, and serve as antibacterial agents. As a result, 
they help maintain both reproductive harmony and hygiene in R. speratus colonies 
(Matsuura 2012). As discussed by Blum in various reviews, this type of evolution-
ary chemical parsimony is commonly seen in the chemical ecology of insects; the 
same compound, or mixture of compounds, often has various functions in different 
contexts. Cuticular compounds clearly illustrate this idea, as shall be seen later.

Agonistic behavior, or direct aggressive physical contact among reproductives 
and/or between reproductives and other castes, is an important part of the control 
exerted on reproductives. Ghesini and Marini (2009) observed caste differentia-
tion and colony growth in different laboratory colonies of the newly described spe-
cies R. urbis (Bagnères et al. 2003; Uva et al. 2004b). Ghesini and Marini (2009) 
also showed that nymphs are not able to found viable colonies on their own; they 
need workers. In colonies containing workers, newly emerged reproductives were 
eliminated by workers, who allowed only one pair to develop. More importantly, 
in several experimental colonies, workers eliminated all neotenics that developed 
from nymphs (nymphoid or brachyperous) but not those that developed from other 
workers (ergatoid or apterous). This finding is the inverse of what was found in  
R. speratus (Miyata et al. 2004). Nevertheless, workers are perfectly able to differ-
entiate between the different types of secondary reproductives and behave so as to 
enhance their own indirect fitness, as has been seen in Pterotermes (Zimmermann 
1983). It is assumed that most neotenics develop from nymphs in Reticulitermes 
species found in nature; however, apterous neotenics may occur when a colony (or 
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part thereof) is left with only a few workers after a natural accident (e.g., a flood 
or fire), a predator attack, or displacement by humans (Pichon et al. 2007; Leniaud 
et al. 2011).

Certain conclusions may be drawn from the current state of knowledge on ter-
mite fertility signals that have relevance for the directions future research may take. 
First, the putative fertility signals are species-specific in their chemistry because 
different queen- and king-specific volatiles have been identified in various species 
(Himuro et al. 2011) and they differ from the R. speratus pheromone. Second, royal 
pheromones may be much more volatile than assumed in traditional models, which 
hypothesized that direct physical contact between reproductives and receivers was 
necessary (Matsuura 2012). Third, it is likely that royal pheromones consist of mul-
tiple components (Matsuura et al. 2010; Matsuura 2012). Fourth, in addition to non-
polar hydrocarbons, many other classes of more polar and more volatile compounds, 
such as alcohols, esters, and acids, should be considered as candidate compounds 
(Matsuura et al. 2010; Himuro et al. 2011). Fifth, at the same time, non-volatile and 
non-polar compounds, including CHCs, should not be ruled out, because several lev-
els of signaling are likely. For instance, signals may include the following: (a) long-
range inhibitory signals (primer function); (b) fertility-related recognition cues linked 
with the onset of feeding, tending behavior, or eventual agonism towards superflu-
ous reproductives (releaser function); and (c) sex-specific recognition cues that elicit 
mating behavior on the part of reproductives of the opposite sex (releaser function). 
In both (b) and (c), immediate contact recognition of the reproductives is likely and 
it may be based, for instance, on non-volatile compounds found on the cuticular sur-
face (Matsuura 2012). Sixth, the putative signals should be studied in parallel with 
possible proteinaceous mediators, carriers, or binding compounds, which may be 
responsible for the transport, binding, or release of the signal molecules (Hanus et al. 
2010; Korb et al. 2009). Seventh, a deeper understanding of these chemical regula-
tion processes requires the identification of the source of the relevant compounds 
in reproductives. Finally, the chemical profiles of eggs should be studied because 
egg-produced signals may efficiently convey queen presence and actual fecundity 
(Bussell and Vosshall 2010; Yamamoto and Matsuura 2011; Matsuura 2012).

Brood Care Behavior

In a subterranean nest, brood (undifferentiated larvae and eggs) are gener-
ally clustered in a few nodes of the dispersed polydomous network (Long 
and Thorne 2006). They may elicit brood care behavior by generating odors 
that accumulate in the nodes. Brood care has recently been shown to com-
prise several interactive behaviors in various termites from different taxonomic 
groups, such as Cryptotermes (Kalotermitidae), Zootermopsis (Termopsidae), 
Prorhinotermes (one-piece-type Rhinotermitidae), and Reticulitermes (separate-
type Rhinotermitidae) (Korb et al. 2012). A greater degree of egg care and com-
municative behavior was observed in the most advanced Rhinotermitidae, such as 
Reticulitermes (see Fig. 11.1).
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Egg protection and care are among the basic behavioral activities observed in 
insect societies. Termites are not an exception in this respect; the eggs laid by the 
queen(s) are collected, handled, piled at specific spots by workers (and in excep-
tional cases by soldiers; Hanus et al. 2005), and protected from pathogens and des-
iccation by worker saliva. The recognition of eggs by termite workers has been 
studied in detail in Reticulitermes (Matsuura 2005, 2006; Matsuura and Kobayashi 
2007; Matsuura et al. 2007, 2009b). Eggs are recognized by workers on the basis 
of their shape and surface structure, as well as by chemical cues (Matsuura 2006): 
the antibacterial protein lysozyme combined with the cellulose-digesting enzyme 
β-glucosidase, which is produced by the eggs themselves and the salivary glands 
of tending workers (Matsuura et al. 2007, 2009b). Thus, termites use proteins to 
mark their eggs. Consequently, the specificity of termite egg recognition is some-
what limited with regards to egg origin, and thus eggs from different colonies and 
even congeneric species are accepted (Matsuura et al. 2007).

Because of the strong attractive power of these egg pheromonal signals, 
Matsuura’s group has submitted a patent for a termite egg mimic, which could 
potentially be used in pest control. In different Reticulitermes species found in 
Japan, the USA, and Europe (and studied by the Matsuura and Bagnères groups), 
cuckoo fungi have been observed to mimic termite eggs, forming what are called 
termite balls (Yashiro and Matsuura 2007). When they occur in R. speratus, the 
fungi produce lysozyme and β-glucosidase (Matsuura et al. 2009b), which are also 
found on real eggs, as mentioned above; however, fungal growth can also be inhib-
ited by the two volatile pheromones n-butyl-n-butyrate and 2-methyl-1-butanol. 
The proteinaceous compounds are only detected upon contact, while the volatiles 
act as attractants (Matsuura 2012; Matsuura et al. 2009b).

Altogether, these findings show that brood care behavior has played an 
important role in termite social evolution. However, apart from the pheromones 
described by Matsuura et al. (2010) in R. speratus, no other egg-produced phero-
mones have been found in intermediate termite species. Furthermore, no work has 
yet been done on odor differences between trophic and fertile eggs, a possible area 
of interest.

The Multifaceted Roles of Cuticular Hydrocarbons in Recognition

Cuticular hydrocarbons are mixtures of several dozen long-chain hydrocarbons 
that typically contain 20–40 carbon atoms; these hydrocarbons can be branched 
(methylated), unsaturated (alkenes such as monoenes and dienes), or saturated 
(linear alkanes) (Blomquist and Bagnères 2010). Their role is known to be multi-
faceted (LeConte and Hefetz 2008).

Batista-Pereira et al. (2004a) performed the only electrophysiological study 
to date on termite CHCs; they used a total hexane extract from workers of 
Heterotermes tenuis. When H. tenuis antennae came in contact with pieces of 
paper impregnated with varying concentrations of the extract, an electroantenno-
graphic response was provoked that, depending on the extract concentration, was 
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usually significantly higher than the mean response to the controls. The extracts 
mostly contained methyl-branched hydrocarbons. The results of this preliminary 
experiment were supported by behavioral bioessays performed using cuticu-
lar extracts in a Y-tube choice experiment. This experiment was, curiously, never 
repeated using other termite taxa. Direct evidence were also obtained in experi-
ments in which a non-nestmate CHC blend was topically applied to termites; said 
termites were then perceived as aliens by their congeners (Howard et al. 1982a; 
Bagnères et al. 1991; Takahashi and Gassa 1995). In termites, hydrocarbons are 
secreted by oenocytes and transported to and from the cuticular surface by lipo-
phorins (Sevala et al. 2000; Fan et al. 2004). Lipophorin titers differed among 
castes and were highest in nymphs; among workers, older termites had the high-
est levels (Fan et al. 2004). It was shown some time ago that there is variation in 
cuticular hydrocarbons among castes in Reticulitermes and Coptotermes (Howard 
et al. 1982a; Haverty et al. 1996; Bagnères et al. 1998). 

In the 1998 paper, Bagnères and colleagues suggested that caste recognition 
within a colony is a sensory process during which nestmates pick up on minute 
variations in CHC mixtures. This process was modeled using a mathematical 
approach that employed artificial neural networks (ANNs) (Bagnères et al.1998). 
In the various Reticulitermes species studied, network performance allowed ter-
mites to discriminate among the chemical patterns of the different castes. It was 
assumed that this sensory process, starting with CHC perception (mediated by the 
antennae) and ending with recognition behavior, relies on minute variations in the 
relative proportions of hydrocarbons among castes. Due to the mutual transmis-
sion of CHCs, the caste specificity of CHC signatures can influence general col-
ony odor and reflect the actual caste composition of a colony. For instance, having 
a high proportion of nymphs in a colony can shift the colony’s CHC profile, which 
can thus serve as a cue for the presence of nymphs and influence the acceptance or 
rejection of non-nestmates (Uva et al. 2004a). The different castes of R. flavipes 
appear to be well differentiated in terms of their relative proportions of different 
hydrocarbons (soldiers, younger vs. older larval stages, and neotenics) (Darrouzet 
et al. 2014). In this termite species (and in other European species), caste-spe-
cific signatures are stronger than colony-specific signatures (Bagnères personal 
observation).

A number of studies examining the importance of CHCs in nestmate and 
sexual recognition have been conducted on Reticulitermes and Heterotermes ter-
mites, as CHCs have been shown to play a role in these processes in other ter-
mites (Kaib et al. 2002, 2004; Weil et al. 2009b; see also the related paragraphs). 
Shorter but not to be ignored is the list of studies showing no correlation between 
CHC patterns and aggression (e.g., Su and Haverty 1991). Cuticular mixtures form 
colonial signatures that are perceived via grooming using the whole antenna; if 
the perceived signature differs from the colony’s chemotype, agonistic behavior 
may result (Clément 1981, 1982a; Bagnères 1989; Clément and Bagnères 1998; 
Haverty et al. 1999; Batista-Pereira et al. 2004a; Costa-Leonardo and Haifig 2010; 
Huang et al. 2012a). It has also been found that, within a given colony, some 
individual termites are systematically more aggressive than others (Polizzi and 
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Forschler 1999). Colony signatures are also constantly changing (Bagnères et al. 
2011). The CHC bouquet that constitutes the specific odor of a colony is geneti-
cally determined and thus heritable; however, epigenetic and environmental fac-
tors seem to contribute to colony odor as well (Adams 1991; Husseneder et al. 
1997, 1998; Kaib et al. 2002; Dronnet et al. 2006). Individual chemical signatures 
are homogenized among nestmates by frequent mutual contacts and grooming, as 
evidenced by the fact that the artificial mixing of colonies results in a mixed CHC 
pattern (Vauchot et al. 1996, 1998). Not all the components of the CHC signature 
necessarily contribute to recognition. Just as in other social insects (van Zweden 
and d’Ettorre 2010; Constanzi et al. 2013), branched and/or unsaturated hydro-
carbons are thought to play the greatest role in conveying information, while lin-
ear alkanes appear to primarily serve to protect against desiccation, the primary 
function of CHCs. In social insects, the cognition process that underlies the per-
ception of CHCs as recognition cues seems to function by constantly comparing 
the chemical profiles of the individuals being assessed with a template of colony 
odor; it is thought that termites detect the presence of foreign elements rather than 
shared elements. Thus, recognition is less about recognizing nestmates than recog-
nizing non-nestmates with dissimilar chemical profiles (Guerrieri et al. 2009). The 
template for colony odor (Gestalt odor) seems to be generated by averaging the 
chemical profiles of nestmates; this template may simply be the consequence of 
habituation to frequently encountered odors rather than a long-term memory (see 
van Zweden and d’Ettorre 2010). However, some results suggest that termites can 
remember their colony’s odor for at least several months (Olugbemi 2013). The 
acceptance threshold would therefore be a combination of, on the one hand, the 
readiness of acceptance demonstrated by the termite performing the assessment 
and, on the other hand, nestmate CHC diversity, which is determined by genetic 
diversity and environmental factors. This model can be applied across closed 
and open societies. In societies with numerous unrelated reproductives, offspring 
will be more genetically and chemically diversified, thus the template will be 
richer and the acceptance threshold lower (e.g., Takematsu and Kambara 2012). 
The inverse should also be true; emerging populations with low genetic diversity 
may demonstrate openness because the heritable elements of CHC patterns also 
show limited diversity throughout the entire population (e.g., Dronnet et al. 2006; 
Perdereau et al. 2010a, b, 2011).

Environmental factors can modify heritable CHC signatures. Clinal variability 
and temperature are known to affect CHC patterns in termites and may thus be 
the epigenetic causes of the CHC profile divergences (Woodrow et al. 2000; Uva 
et al. 2004a) that are revealed by termite population structure (Vargo et al. 2013). 
It has been suggested that the composition of the intestinal symbiotic fauna has 
a dramatic effect on intercolonial agonism and thus acts as a recognition cue in 
Reticulitermes speratus (Matsuura 2001), C. formosanus (Wei et al. 2007), and  
H. mossambicus (Kirchner and Minkley 2003; Minkley et al. 2006). This hypoth-
esis is compatible with the CHC paradigm, given that intestinal microorganisms 
presumably supply the termite host with hydrocarbon precursors (Guo et al. 1991).  
A strong correlation between diet and aggression has been reported in a few cases, 
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which suggests that diet-derived chemicals directly contribute to the recognition 
process (e.g., Florane et al. 2004) or that the availability of CHC precursors may 
shift depending on termite diet (Rojas et al. 2005).

The importance of CHCs in termite recognition is clearly underscored by their 
role in species recognition. CHCs are an excellent chemotaxonomic tool because 
they are species-specific (Brown et al. 1990; Clément et al. 2001; Howard and 
Blomquist 2005; review in Bagnères and Wicker-Thomas 2010). Termites can 
live in natural or artificial heterospecific colonies by employing chemical mim-
icry or by modulating their species-specific CHC signatures. This observation 
shows that CHC signatures are an important part of the social life style. This 
point is further illustrated by cases in which natural or experimental cheating 
results in non-relatives or parasites being integrated into foreign colonies (Howard 
et al. 1980, 1982b; Vauchot et al. 1996, 1998), which also occurs in other social 
insects (Bagnères and Lorenzi 2010). Using de novo synthesis or passive trans-
fer, termites can change the proportion or even the type of cuticular compounds 
that make up their specific chemical signature, an ability that is key to colony life. 

Fig. 11.4   Chemical signatures from: a Reticulitermes larvae from a R. grassei homospecific 
couple; b Reticulitermes larvae from a R. flavipes homospecific couple; c Hybrid larvae from a 
heterospecific couple (♂Rg♀Rf) isolated from their parents. From De Schreyer (2011) (typical 
Rg peaks are in white; typical Rf peaks are in black)
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An experiment by the Bagnères team (De Schreyer 2011) showed that when alates 
from two different Reticulitermes species mated, their brood had a hybrid signa-
ture (Fig. 11.4). This finding strongly supports the idea that chemical signatures 
are genetically transmitted by both parents.

The similarity between the cuticular signatures of R. santonensis, found in France, 
and R. flavipes, found in the USA (Bagnères et al. 1990a), provided the first indica-
tion that an invasion had taken place. Indeed, it was later shown that R. santonensis 
had been misidentified; the “species” turned out to be R. flavipes, which had become 
established in France (and other parts of the world) after several of its founders had 
arrived from Louisiana, most likely when it was still a French colony (Perdereau 
et al. 2010b, 2011, 2013). The CHC data confirm the DNA data. They also show 
that the cuticular signature of the R. flavipes population found in France is strongly 
chemically homogenous, which may explain the lack of agonistic behavior among 
colonies; a similar pattern has been observed in other invasive species, such as the 
Argentine ant (Vasquez et al. 2009). Temperate subterranean termites belonging to 
Reticulitermes, Coptotermes, and Heterotermes live in a wide variety of ecosystems. 
They are also among the most invasive urban pests in the world. While their flexible 
reproductive development certainly contributes to their success as invaders, it may be 
that the flexibility of their chemical communication systems also plays a role.

Conclusions

It is surprising to see how few termite species have been studied in detail with 
respect to basic aspects of their biology, including communication. One can lit-
erally count the number of species with the fingers of two hands. However, the 
number of papers on termites that have come out over the last decade is prom-
ising, and we can hope that the work published thus far will encourage research 
on lesser known species in the future. Indeed, “omics” are now commonly used 
to explore the interplay between biology, physiology, genetics, and behavior. For 
example, several studies underscore the potential of molecular techniques when 
it comes to increasing our understanding of communication and social regulation 
in insects in general and termites in particular; these studies include analyses of 
the head tissue transcriptome and genes expressed during caste differentiation and 
aggression (Huang et al. 2012b), pheromone-mediated gene expression (Grozinger 
et al. 2003), trail-following behavior (Schinghammmer et al. 2011), and RNAi-
mediated gene silencing (Zhu et al. 2013). This latter study supports the idea 
that some receptors show compound specificity in relation to specific behaviors. 
Molecular tools should also be used to take a new look at less recent research on 
termite evolution. Recent high-quality work by Kobayashi et al. (2013) relied on 
an impressive collection of termite colonies obtained in the field, and their results 
have contributed significantly to the ongoing discussion on inclusive fitness the-
ory in non-hymenopteran insects. Indeed, more experimental studies should be 
 performed in the field rather than in laboratories, which is not contradictory to 
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more omic studies. At present, it is still very difficult to appreciate how a colony, 
particularly a colony of subterranean termites, really lives in natura. For exam-
ple, although we can calculate the theoretic reproductive potential of termite socie-
ties thanks to molecular tools, such as the polymorphic markers first developed 
for termites by Vargo and colleagues, we cannot estimate their actual reproductive 
potential. We are now in a post-genomic world when it comes to chemical com-
munication (Berenbaum and Robinson 2003). For instance, numerous research 
teams currently use complex, chemistry-based analytical tools to conduct chemi-
cal ecology studies, and there is shared interest in using “omics” techniques (such 
as metabolomics, proteomics, genomics, phylogenomics, etc.) to study more and 
more complex organisms and communities of organisms. In social insects in gen-
eral, more research should be devoted to studying the ancestral role of cuticular 
hydrocarbons (Van Oystaeyen et al. 2014), as well as their current multifarious 
roles; in particular, their function in regulatory processes should be examined. 
Because of the exceptional complexity of termite caste and reproductive systems, 
termites will undoubtedly become better characterized model organisms thanks to 
this fresh, multidisciplinary perspective.
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Abstract Burying beetles (genus Nicrophorus) are one of the few insect taxa that 
provide elaborate prehatching and posthatching biparental care. They reproduce on 
dead vertebrates and both parents are known to feed and defend their young. In 
this chapter, I will show that both of their key characteristics, their extended bipa-
rental care as well as their reproduction on a valuable and sought-after resource 
gave rise to the evolution of sophisticated recognition mechanisms. They are able 
to recognize the sex of a conspecific, their previous mating partner, their breeding 
partner including its reproductive sate and—using temporal cues—their offspring. 
I will provide an overview of the recent advances in elucidating the recognition 
processes of burying beetles and will demonstrate that most of the recognition 
mechanisms are mediated by chemical cues and signals.

Keywords Burying beetle · Nicrophorus · Biparental care · Chemical signals ·  
Parent-offspring interactions

Introduction

The larva is begging for food by raising its head while waving its legs and touch-
ing the mother’s mouthpart. Its mother is responding by regurgitating predi-
gested carrion food, while the father is just chasing off an intruder intending to 
kill the brood. This description reflects a typical family life in burying beetles 
(Coleoptera: Silphidae: Nicrophorus) and illustrates the importance of recognition 
processes in insect species exhibiting extended parental care.
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Family life is crucially dependent on recognition mechanisms as parents have 
to recognize their offspring, offspring their parents and in the case of biparen-
tal care, the breeding partners each other. Certainly, the recognition mechanisms 
involved might not necessarily be very sophisticated in many species: offspring, 
for example, can be indirectly recognized by correctly identifying the nest or bur-
row. The degree of complexity of the recognition system also strongly depends on 
the encounter rate with undesirable senders, i.e. brood parasites or rivals that try 
to steal or take-over important resources necessary to raise the brood. If there is 
a very low risk of encountering them, the recognition system might be not very 
fine tuned. However, in systems in which parents defend or provide a valuable 
resource (i.e. provide parental care), cheats, who attempt to acquire the resource, 
are selected for and brood parasites are usually found to be common (see e.g. 
Kilner and Langmore 2011). This in turn selects for recognition processes in par-
ents to identify and reject the parasites. A co-evolutionary arms race between host 
and parasite eventually leads to very fine tuned and complex recognitions sys-
tem. Consequently, in species with parental care, we would expect more elaborate 
forms of recognition processes than in species not engaging in any kind of social 
behavior. For that reason, it is not surprising that burying beetles, which are well-
known for their extended biparental care of young, have evolved a rather complex 
recognition system.

Nicrophorus is a northern hemisphere genus comprising about 72 species 
(Sikes and Venables 2013; Peck and Kaulbars 1987). Their peculiar habit to bury 
small vertebrate carcasses, mice or birds, as food for their larvae has fascinated 
scientists for centuries (e.g. Pukowski 1933; Scott 1998; Eggert and Müller 1997; 
Royle et al. 2013; Walling et al. 2008; Trumbo and Robinson 2004; Cotter et al. 
2010; Steiger 2013; Suzuki and Nagano 2009; Fabre 1899). Usually it is a pair of 
beetle, a male and a female, which bury a corpse, thereby rolling it up into a ball, 
removing fur or feathers (Pukowski 1933) and treating it with antimicrobial oral 
and anal secretion to defend the carcass against competing microorganisms (e.g. 
Arce et al. 2012; Cotter and Kilner 2009; Suzuki 2001; Hall et al. 2011; Steiger 
et al. 2011a). The female lays her eggs singly in the surrounding soil and after 
the larvae have hatched they crawl to the carcass (Pukowski 1933). The parents 
prepare the carrion ball by opening a small feeding depression at the top, where 
the larvae usually aggregate. At this time the feeding of the larvae with predi-
gested carrion food begins. The larvae show a specialized begging behavior in 
which they rear up and wave their legs to obtain food from their parents (Rauter 
and Moore 1999; Smiseth et al. 2003). Both parents engage in feeding, however, 
females spend more time nourishing, whereas males are more involved in defend-
ing the carcass from competitors (Fetherston et al. 1990; Trumbo 2006). Larvae 
are also able to self-feed directly from the carcass and the older they grow, the 
less time they spent begging and the more time feeding on their own. The female 
stays on the carcass until larval development is complete, the male usually leaves a 
few days earlier than the female (Trumbo 1991; Bartlett 1988; Scott and Traniello 
1990). The larvae crawl into the surrounding soil for pupation and a few weeks 
after, adult emergence takes place (Pukowski 1933). However, in some species, 
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larvae stay in the soil as prepupae, and adults do not emerge until the following 
summer (Eggert and Müller 1997).

Vertebrate carrion is a rare and ephemeral resource, but because of its high 
nutritive value, extraordinary valuable and sought-after. Not surprisingly, a car-
cass often attracts many animals, and—to be able to use it for one’s own reproduc-
tion—burying beetles have to defend it against intra- and interspecific competitors 
as well as to find appropriate mating and breeding partners (Eggert and Müller 
1997; Scott 1998). Even buried carcasses have to be protected against hetero- and 
conspecifics that try to kill the brood and use the resource for their own reproduc-
tion (Trumbo 1990a, 1994; Robertson 1993; Scott 1990). Moreover, intraspecific 
brood parasitism is known to occur: competitively inferior females do not always 
leave the carcass immediately, but may stay near the carcass and lay eggs of their 
own (Müller et al. 1990). Hence, discrimination against unrelated young should be 
selectively favored to avoid wasting resources on foreign offspring. It goes without 
saying that recognition is a necessary skill for burying beetles to either effectively 
defend the carcass, to mate with appropriate partners or to care for their own off-
spring. For the diverse task they have evolved an indirect time dependent recogni-
tion system as well as different social recognition systems, from familiar and class 
level recognition to nearly true individual recognition (see Gherardi et al. 2012 
for definition of social recognition systems). In some cases, they appear to have 
innate representations of the cues of desired individuals, in other cases they learn 
the cues of senders and use the memory as a template afterwards in their discrimi-
nation decisions. Although burying beetles are known to produce sounds through 
stridulation during fights, prior to mating and during offspring feeding (Pukowski 
1933; Niemitz and Krampe 1972; Huerta et al. 1992), all direct recognition mech-
anisms investigated to date are mediated by chemical cues and signals. Burying 
beetles release a vast array of chemicals: they possess a complex mixture of lipids 
on their cuticle (Steiger et al. 2007) and they also emit more volatile substances 
into the surroundings (Haberer et al. 2008, 2010).

In this chapter, I provide an overview of the recent advances in elucidating the 
social recognition processes of burying beetles. I start with the most fundamental 
type of recognition, the recognition of mating partners (i.e. recognition of species 
and sex), then I proceed with the more special features of burying beetles, the rec-
ognition of breeding partners and parent-offspring recognition.

Recognition Mechanisms Between the Sexes

Long-Range Mate Recognition

It has long been known that male burying beetles release a volatile sex phero-
mone, thereby adopting a headstand-like posture, pointing their head down and 
raising the abdomen (Pukowski 1933). Males engage in pheromone emission 
after having found a carcass suitable for reproduction as well as in the absent of 
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a carcass, in a daily routine towards the end of the species-typical daily activ-
ity period (Eggert and Müller 1989b; Müller and Eggert 1987; Beeler et al. 
1999). Females recognize the species-specific pheromone and are attracted to 
it from a distance. They appear not to be able to discriminate between resource 
owner and non-owner: a field study has shown that males that have buried a 
carcass prior to pheromone emission are equally effective in attracting females 
as males that have not (Eggert and Müller 1989a). Even if the males are not in 
the possession of a carcass, females are not reluctant but will accept copulation, 
although they usually fly off after one mating event (Eggert and Müller 1989a). 
In this situation, females do not gain a resource for reproduction, but they may 
still benefit by gaining fresh sperm that enables them to reproduce alone in the 
case they find a carcass suitable for reproduction later on. Interestingly, also 
conspecific males respond to the sex pheromone, most likely because there 
might be a chance to take over a carcass from the calling male or to mate with 
surplus females the pheromone emitter attracts (Müller and Eggert 1987). The 
sex ratio of the attracted beetle is, however, usually biased towards females. 
The opportunity to take-over a resource might also explain the asymmetric 
heterospecific cross-attraction that can be observed in field studies: larger, and 
therefore in a fight superior Nicrophorus species eavesdrop on and react to the 
male sex pheromone of smaller species, but not vice versa (Haberer et al. 2011; 
Müller and Eggert 1987). The larger Nicrophorus humator, for example, is 
attracted to its own as well as to the sex pheromone of the smaller Nicrophorus 
vespilloides, whereas N. vespilloides does not respond to the sex pheromone of 
N. humator and is exclusively attracted by its own male pheromone (Haberer 
et al. 2011). Although all burying beetles studied to date are known to release 
a sex pheromone, only the sex attractants of N. vespilloides and N. humator 
have been identified yet. Both species release an ester, the first species ethyl 
4-methylheptanoate (Haberer et al. 2008), the second methyl 4-methyloctanoate 
(Haberer et al. 2011).

Whether females extract more information from the male sex pheromone, 
beyond species and sex, is not very well investigated. There is only one study that 
had looked into this topic: Beeler et al. (2002) has shown that female Nicrophorus 
orbicollis discriminate males of different body sizes from a distance preferring 
males of larger size. However, as the pheromone of N. orbicollis has not identified 
yet, it is not clear, whether this preference is based on quantitative or qualitative 
differences in the sex attractant.

Short-Range Mate Recognition

A vertebrate carcass as well as a burying beetle’s sex pheromone often attracts 
several beetles of both sexes (Eggert and Müller 1989b; Müller and Eggert 1987). 
Hence, the long range sex pheromone is not enough to guarantee an appropriate 
mating partner, but the sex of an encountered conspecific has to be recognized at 
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a short range as well. Both males and females are able to discriminate between 
the sexes upon contacting them with their antennae: attracted to a carcass suit-
able for reproduction, males will fight with males, but tolerate females and vice 
versa (Pukowski 1933). Moreover, although same sex sexual behavior occasion-
ally occurs (Engel et al. 2015), males usually discriminate between the sexes and 
copulate with females only. This class level recognition is mediated by contact 
pheromones on the cuticle: males covered with female cuticular lipids are per-
ceived as females and females covered with male cuticular lipids as males (Steiger 
et al. 2009). However, although it is known that the composition of the cuticu-
lar pattern is sexually dimorphic (N. vespillpoides: Steiger et al. 2007; N. orbicol-
lis: Scott et al. 2008), the substances responsible for mate discrimination have not 
been identified yet. As in many invertebrate systems, the mate recognition process 
is innate, i.e. the beetles have not to learn the cues of a conspecific male or female 
to be able to discriminate. N. vespilloides beetles that had never contact to an 
adult male or female throughout their life, because they were raised in the absence 
of parents and afterwards kept in isolation, have still the ability to recognize an 
appropriate mating partner (personal observations).

The Coolidge Effect

If mating entails costs and there is little benefit to re-mating with the same 
female, selection should favour the evolution of mechanisms that allow males 
to preferentially mate with novel females (Adler 1978). The Coolidge effect, 
defined as a decline in the propensity of a male to copulate repeatedly with 
the same female combined with a heightened sexual interest in novel females 
(Wilson et al. 1963; Dewsbury 1981), is expected to be a widespread phenom-
enon among animals. Although the Coolidge effect has been documented in 
several vertebrates (mammals: e.g. Rodriguez-Manzo 1999; birds: e.g. Pizzari 
et al. 2003; reptiles: e.g. Tokarz 1992; amphibians: Donovan and Verrell 1991; 
e.g. fishes: e.g. Kelley et al. 1999), surprisingly few cases are known in inverte-
brates (e.g. in the red flour beetle Tribolium castaneum: Arnaud and Haubruge 
1999; in the pond snail Lymnaea stagnalis: Koene and Ter Maat 2007; but not 
e.g. in the decorated cricket Gryllodes sigillatus: Gershman and Sakaluk 2009; 
or the freshwater snail Biomphalaria glabrata: Häderer et al. 2009). One possi-
ble explanation for its rareness in invertebrates might be that the Coolidge effect 
requires an individual’s ability to distinguish between its previous partner and 
a novel mate. However, a study of Steiger et al. (2008a) has demonstrated that 
burying beetles have this ability and males show greater sexual interest for novel 
females, irrespective whether these females are virgin or had already mated with 
other males. There are at least three good reasons, why male burying beetles 
have evolved the ability to discriminate against a previous mate. First, there is 
evidence that the supply of sperm in males is not limitless and that frequent mat-
ing can leave males sperm-depleted (Eggert 1990). Hence, males should invest 



254 S. Steiger

their sperm strategically (Wedell et al. 2002). Second, the carcass as valuable 
resource for feeding and reproduction promotes a temporal clumping of beetles 
and therefore, there is a risk of remating the same female. Third, there are situ-
ations in which copulation with a particular female involves costs in terms of 
lost opportunities to copulate with other females. Frequently, several females are 
attracted to a carcass, but most of these potential mates are available for a lim-
ited time only, as same sex individuals usually engage in violent fights until only 
one of them remains in a central position of the carcass (Pukowski 1933; Müller 
et al. 1990; Eggert and Müller 1997; Scott 1998). Defeated females either leave 
the carcass immediately for the search of a new one, or stay near the carcass 
and may succeed in producing some offspring as intraspecific brood parasites 
(Müller et al. 1990, 2007; Scott and Williams 1993). Therefore, a male investing 
time by copulating repeatedly with the same female will miss the opportunity 
to sire some additional offspring with subordinate females that are ultimately 
expelled from the carcass.

But how do burying beetle males discriminate between their previous mat-
ing partner and a novel one? The possibly simplest mechanism that does not 
require any cognitive abilities, would be to chemically mark the mate during 
copulation and utilize chemosensory self-referencing to recognize recent mates. 
There would be no need for learning, rather they could directly compare their 
own scent with that of the individual with whom they interact (on-line process-
ing sensu Hauber and Sherman 2001). Indeed, this mechanism has been shown 
in the cricket G. sigillatus. In this species, it is the female that discriminates 
against a previous mate (Ivy et al. 2005). Weddle et al. (2013) has shown that 
females imbue males with their own unique cuticular hydrocarbon signatures 
during mating and identify their previous mate based on these cues. However, 
burying beetles do not appear to transfer any cuticular lipids during mating to 
mark females. Instead, experiments have shown that they learn their mates’ 
individual specific cuticular pattern during mating: when a male encounters a 
novel female that is experimentally treated with the same cuticular substances 
as his previous mate, he mistakes the novel female to be a familiar mate (Steiger 
et al. 2008a). Although this mechanism is no true individual recognition sensu 
Gherardi et al. (2012) but an example for familiar recognition, it is still quite 
sophisticated. First, the chemical cues of females have to be more or less indi-
vidual-specific, otherwise a male would not be able to discriminate between two 
random females out of a population, but would make many mistakes. Second, 
a male must be capable to perceive and learn these individual specific chemi-
cal patterns. The composition of the burying beetle’s cuticle is highly complex 
comprising about 100 substances and shows considerable inter-individual vari-
ation in their relative proportion (Steiger et al. 2007, 2008a; Engel et al. 2015). 
The variation of female patterns is even higher than that of males (Steiger et al. 
2008a). However, it is currently unknown which of the substances a male can 
perceive and how many substances he is learning. It would be interesting to see 
how accurate this recognition system is and how often novel females are con-
fused with previous ones within a population.
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Recognition Mechanisms Between Breeding Partners

Even buried carcasses have to be defended by the adult beetles as the corpses can 
still be discovered by competitors. Successful intruders kill and eat the residents’ 
brood and use the resource for their own reproduction (Robertson 1993; Trumbo 
1990c; Trumbo and Valletta 2007; Scott 1990). Infanticide can occur with both, 
hetero- or conspecifics, and by both, male and female intruders (Scott 1994; 
Koulianos and Schwarz 2000; Trumbo 1994). When resident beetles encounter 
intruders, violent fights ensue and males and females assist their mate to drive 
off intruders of either sex (Scott 1990; Trumbo and Wilson 1993; Trumbo 1991). 
Hence, individuals rearing a brood on a buried carcass are able to discriminate 
between their breeding partner and intruding conspecifics (Trumbo and Wilson 
1993). However, the beetles do not recognize their individual partners, but their 
breeding status, i.e. the fact that they have been on a carcass caring for larvae: 
familiar and unfamiliar brood caring individuals of the opposite sex are gener-
ally accepted as nest-mates, whereas non-breeding beetles are attacked (Müller 
et al. 2003; Fig. 12.1a). Individual recognition is not necessary to defend the off-
spring, as beetles that are caring for young do not kill larvae of other conspecifics 
(Müller and Eggert 1990) and are therefore no thread to the brood. Moreover, on 
larger vertebrate carcasses joint breeding of several males and/or females can be 
observed (Müller et al. 2007; Scott et al. 2007; Eggert and Müller 1992; Trumbo 
1992). Therefore, class-level recognition might be favoured, as learning the indi-
vidual signature of more than one breeding partner is likely to be a more compli-
cated mechanism than simply to recognize the breeding status of a encountered 
beetle. Behavioural assays in N. orbicollis and N. vespilloides have shown that 
the beetles use chemical recognition cues to discriminate between breeding and 
non-breeding beetles (Scott et al. 2008; Steiger et al. 2007, 2009). They accept 
dead breeding beetles and non-breeding beetles that are covered with the chemical 
cues, i.e. the whole body extract, of breeding beetles. Previous experiments could 
already exclude the possibility that the cues are merely acquired through contact 
with or ingestion of carrion (Müller et al. 2003). Chemical analysis via gas chro-
matography coupled with mass spectrometry revealed that the composition of 
the cuticular pattern changes within a breeding cycle (Scott et al. 2008; Steiger 
et al. 2007), and breeding N. vespilloides males and females are characterized by a 
higher proportion of polyunsaturated hydrocarbons, i.e. hydrocarbons with several 
double bonds, than non-breeding beetles (Steiger et al. 2007, 2008b). In addition, 
headspace analyses (a technique to elucidate the odour compounds present in the 
air surrounding an object) brought to light that at least breeding females emit high 
amount of (E)-methyl geranate, a terpenoid, that cannot be detected in females 
not caring for larvae (Haberer et al. 2010). Behavioural experiments strongly sug-
gest that males rely on both, (E)-methyl geranate and cuticular lipids to identify a 
female’s breeding state (Haberer et al. 2010; Steiger et al. 2011b). Interestingly, 
(E)-methyl geranate is structural quite similar to juvenile hormone III (JH III), 
it only lacks the epoxidised isoprenoid group of JH III. Both molecules most 
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likely share the same biosynthetic pathway, the mevalonate pathway (Bellés 
et al. 2005). In the course of a breeding attempt, females undergo major physi-
ological changes which include an increase in JHIII (Scott et al. 2001; Trumbo 
et al. 1995; Trumbo 1997; Scott and Panaitof 2004). Therefore, caring females 
are characterized by very high hormone titres in contrast to non-caring females 
and they might signal their hormone titre by emitting (E)-methyl geranate to make 
them distinguishable from non-breeding, intruding females (Haberer et al. 2010). 
Indeed, an additional study revealed that (E)-methyl geranate is a signal that has 
been selected by the effect it has on the receiver and is not simply an unintentional 

Fig. 12.1  Breeding partner recognition system of the burying beetle N. vespilloides. a Simpli-
fied scheme of the partner recognition system. Breeding males (1) behave aggressively towards 
non-breeding intruding females, (2) tolerantly towards their own breeding partner, and (3) toler-
antly towards unfamiliar breeding females. Note it also works for females as receiver and males 
as sender of the recognition cues. b Shift in acceptance threshold. (1) Before encountering an 
intruding female, breeding males accept both, a familiar and an unfamiliar breeding female and 
do not discriminate between them. (2) After encountering a female intruder, breeding males 
become more aggressive towards an unfamiliar than towards a familiar breeding female (Fisher’s 
exact test). Note the original experiment was performed with elytra of females, instead of entire 
females. n.s. = not significant. Modified after Steiger and Müller 2010
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metoabolicby-product of JH synthesis (Steiger et al. 2011b; see also Steiger et al. 
2011c for definitions of chemcial cues an signals). Female burying beetles can 
reproduce alone successfully, they do not necessarily need a male partner to bury 
a carcass and raise their young (Müller et al. 1998; Scott 1989). Uniparental care 
occurs regularly in the field (Müller et al. 2007). However, as there is no male 
partner (i.e. a receiver) in such uniparental situations, there is no need to signal 
the breeding state to make oneself distinguishable from intruders. In fact, single 
breeding females have been shown to produce only trace amounts of (E)-methyl 
geranate, 200 times less than paired females (Steiger et al. 2011b).

The chemical composition of the cuticular profile of both, males and females, 
changes with breeding status, and both, breeding males and females are discrimi-
nated from intruders by their partners. The question remains, however, why only 
breeding females, but not males emit (E)-methyl geranate. A proximate reason 
might be that males have a much lower JH titre (Panaitof et al. 2004) and are 
therefore not able to produce high amounts of (E)-methyl geranate. On an ultimate 
level, there are at least two non-exclusive explanations. Firstly, the chemical signal 
has an additional, but hitherto unknown function. Secondly, the task specialization 
of the sexes is responsible for the differences in chemical signaling. Male burying 
beetles have a greater tendency and greater ability to guard the brood against con-
specific intruders, whereas females spend more time feeding the young (Trumbo 
2006). This may lead to a slightly biased signaling system, where females have to 
be better recognizable and transmit more information than males.

Plasticity of the Partner Recognition System

In nature the cues of desirable and undesirable individuals often overlap. 
Depending where a receiver individual sets its acceptance threshold, it either runs 
the risk to make an acceptance or a rejection error. Theoretical models have shown 
that the optimal acceptance threshold depends on the relative benefits of accepting 
and rejecting desirable and undesirable senders, the costs of making acceptance and 
rejection errors and the frequency or future predictability of desirable or undesir-
able senders (Liebert and Starks 2004; Sherman et al. 1997; Reeve 1989; Davies 
et al. 1996). An acceptance threshold can be fixed within an individual, however, 
in more elaborate recognition systems, it may be flexible adjusted to the current 
situation (e.g. Hauber et al. 2006). In fact, in N. vespilloides it has been shown 
that the acceptance threshold of the breeding partner recognition system changes 
with the risk of losing the brood due to an infanticidal intruder (Steiger and Müller 
2010). As outlined above, the beetles typically discriminate between their breed-
ing partners and conspecific intruders based on a class-specific discrimination rule 
and do not discriminate between their own and unfamiliar breeding individuals, 
but are only aggressive towards non-breeding beetles (Fig. 12.1b). After they have 
encountered an intruder, however, rejection rate increases, which is manifested as a 
shift from class-specific to a more or less individual-specific discrimination: beetles 
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suddenly begin discriminating between their own breeding partner and an unfa-
miliar breeding individual, and are more aggressive towards the latter (Steiger and 
Müller 2010; Fig. 12.1b). The experiments highly suggests that breeding beetles 
learn the individual specific chemical cues of their own breeding partners and use it 
as a template, but set their acceptance threshold depending on the risk of encounter-
ing an intruder. When the risk is low, the acceptance threshold is more permissive 
and they also accept conspecifics with cues that are less similar to their template 
(i.e. unfamiliar breeding beetles). When the risk is high, the acceptance threshold 
is more restrictive and they only accept conspecifics with cues that are identical or 
almost identical to their template (i.e. own partner) (Steiger and Müller 2010).

Recognition of the Breeding Partner’s Fertility

Although burying beetle males prefer to mate with novel females, they nevertheless 
mate repeatedly with their breeding partner. In fact, video observations revealed 
that they mate on average 170 times during a breeding attempt, which lasts about 
10 days in N. vespilloides (Engel et al. 2014). However mating rate is not con-
stant; it is high in the beginning, but it drops at the time the larvae arrive at the 
carcass and no mating occurs, when young larvae are present. The copulation pat-
tern corresponds to the oviposition pattern of the females. They lay their eggs in the 
beginning of the reproductive event over a period of about two days, but during the 
time of larval feeding, they do not engage in egg laying (Müller 1987). Only if the 
brood is lost to predators or competitors, females will resume egg-laying (Müller 
1987). If females are manipulated experimentally into producing such replacement 
clutches, males do not cease to mate, but continue to engage in frequent copula-
tions (Engel et al. 2014). Further experiments brought to light, that males do not 
use the presence or absence of larvae as a cue to adjust copulation rate, but instead 
use female-produced cues/signals and are able to recognize a female’s period of 
fertility or temporarily infertility (Engel et al. 2014). During parental care, females 
might either reduce the emission of a substance that otherwise triggers male mating 
behavior (sex pheromone/aphrodisiac), or they might increase production of a new 
substance that repels males (antiaphrodisiac). Further experiments are necessary to 
unravel the exact mechanisms of this recognition process.

Recognition Mechanisms Between Parent and Offspring

The Parents’ Viewpoint

When two females compete for a small carcass the defeated females usually do 
not leave immediately, but lay eggs close to the carcass. This situation has been 
described as intraspecific brood parasitism, because (1) subordinate females 
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typically abandon the carcass prior to the appearance of larvae and do not pro-
vide parental care and (2) the reproduction of subordinate females reduces the 
dominant’s reproductive success (Müller et al. 1990). Subordinate females fre-
quently have some surviving offspring, the composition of the brood, however, 
is severely skewed in favor of the dominant female. Lab as well as field studies 
have shown that the brood contains on average 6 % parasite offspring, often not 
more than one to two young (Müller et al. 1990, 2007). Although the reproductive 
skew can partly be explained by the loser’s inability to produce as many eggs as 
the winner because of limited access to the carcass and therefore nutrition (Eggert 
et al. 2008), two different mechanisms of parent-offspring recognition has been 
found to contribute to the lower reproductive success of the subordinate female. 
In N. tomentosus (Scott 1997), but not in N. vespilloides (Eggert et al. 2008), there 
is some evidence that females increase the proportion of own offspring in a brood 
by selective ovicide. Although it is not known how they are able to discriminate 
between their own eggs and the foreign ones, it is possible that individual spe-
cific cuticular lipids or other chemicals left behind on the egg surface serve as 
recognition cues (see e.g. Endler et al. 2004). In N. orbicollis, intruders into the 
brood chambers are also known to destroy eggs of the resident pair before start-
ing their own reproductive attempt (Robertson 1993). However, this is a different 
situation, as they have not to distinguish their own eggs from the residents’ one. 
Nevertheless, it illustrates that the beetles are able to recognize conspecific eggs 
and are selected to exhibit oophagy.

The second known mechanism of parent-offspring recognition in burying bee-
tle is a time-dependent recognition mechanism. In general, parental beetles are 
unable to directly distinguish their own larvae from unrelated conspecific larvae. 
Dominant females, however, are known to kill all larvae they encounter prior to 
hatching of their own larvae (Müller and Eggert 1990; Eggert and Müller 2011). 
Females switch from infanticidal to parental behaviour at about the time their own 
larvae hatch, and subsequently, they accept newly hatched Nicrophorus larvae 
indiscriminately (Müller and Eggert 1990; Trumbo 1994; Oldekop et al. 2007). 
Once females have begun to care for larvae, they remain ‘parental’ until the larvae 
have completed development on the carcass (Müller and Eggert 1990). That indi-
viduals rely on temporal cues as indirect indicators of relatedness to distinguish 
between their own and unrelated young is not Nicrophorus-specific, but is also 
known from a range of other organisms (Elwood 1994). In burying beetle, such 
time-dependent recognition mechanism is quite effective in destroying brood-par-
asitic young: dominant females have been shown to kill over half of the subor-
dinate’s larvae by using temporal cues (Eggert and Müller 2011). Certainly, the 
prerequisite of this mechanism is that some of the subordinate’s larvae hatch ear-
lier than that of the dominant one. But exactly this is the case in N. vespilloides. 
Subordinate females have shown to start oviposition nearly one day earlier than 
dominant ones (Eggert and Müller 2011). The reason for this oviposition pattern 
is unknown. Both, dominant and subordinate would benefit from late oviposition, 
as the dominant would improve discrimination between own and foreign young 
and the subordinate would save its young. However, it is possible that subordinates 
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are constrained to oviposit earlier because of nutritional limitations or injury risk 
(Eggert and Müller 2011). Interestingly, the temporal recognition mechanism is 
plastic, too, and the dominant’s acceptance threshold depends on the presence or 
absence of a subordinate. Females breeding with a parasite remain infanticidal 
until 4 h after their own larvae begin to hatch, whereas singly breeding females 
begin accepting larvae already 8 h before their own offspring hatch (Eggert and 
Müller 2011). Though dominant females risk destroying some of their own young 
by shifting the switch from infanticidal to parental care to a later time, they may 
be able to kill a greater proportion of the unrelated larvae. Killing own larvae may 
be less costly than accepting subordinate ones, as female are anyway known to 
produce surplus hatchlings on small carcasses (Bartlett 1987; Trumbo 1990b).

Both parents are known to react towards a begging larva by providing food 
(Pukowski 1933). There is evidence that larval begging reflects hunger level, as 
larvae have been observed to increase their begging behavior following food dep-
rivation (Smiseth and Moore 2004, 2007). Parental resource distribution, in turn, is 
biased towards food deprived larvae, most certainly because hungry larvae spend 
more time begging (Smiseth and Moore 2002, 2008). As larvae touch the parent’s 
mouthpart, mechanical cues are likely to play a role in stimulating parental feed-
ing behaviour. However, it cannot be excluded that chemical cues are likewise 
important. In the earwig Forficula auraria (Mas et al. 2009) and the bumblebee 
Bombus terrestris (Den Boer and Duchateau 2006), for example, chemical cues of 
offspring contain information about nutritional condition and influence the moth-
er’s food allocation pattern. In both cases, cuticular lipids appear to be involved. 
In burying beetles it has never been investigated, whether chemical cues mediate 
parents’ resource distribution within a brood, but there is evidence that chemical 
cues must be important for offspring recognition. Although, burying beetles are 
not known to reject heterospecific larvae of the same genus or the sister genus 
Ptomascopus (Trumbo 1994; Trumbo et al. 2001), there at least able to discrimi-
nate between burying beetles larvae and Tenebrio larvae or dipteran larvae, even 
there are deposited into the cavity of the carcass together with their own offspring. 
They selectively fight (Tenebrio larvae) or kill and consume (dipteran larvae) them 
upon contacting them with their antennae (personal observation). Unfortunately, 
no study has looked into this topic in more detail.

The Offspring’s Viewpoint

Larvae do not beg randomly, but increase begging level when a parent is around. 
Hence, larvae must somehow be able to perceive the presence of a parent or at 
least a beetle. Although the stridulatory sound parents produce may help to ori-
entate towards a parent (Huerta et al. 1992), it has been shown that acoustic and 
also behavioral cues are not necessary for triggering begging behavior, as larvae 
also beg towards a dead beetle (Smiseth and Parker 2008). However, if the par-
ents’ cuticular lipids are removed by washing them in pentane, begging behavior 
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is significantly reduced (Smiseth et al. 2010). Thus, chemical stimuli from parents 
play an important role in parent-offspring interactions. Parents cannot discrimi-
nate between related and unrelated offspring based on direct cues about kinship 
and also offspring appear to lack the ability to distinguish between related and 
unrelated caretakers, at least they do not show any differences in the time of beg-
ging towards their biological mother and an unrelated breeding beetle (Smiseth 
et al. 2010). However, whereas the parents would benefit if they could discrimi-
nate against unrelated larvae based on direct kin recognition cues, the offspring 
would have no obvious advantage from kin discrimination. In contrast, as a 
larva might originate from a brood parasite, not displaying any begging behavior 
towards an unrelated caretaker would reduce its growth and therefore be detrimen-
tal. Interestingly, Smiseth et al. (2010) has shown that larvae are able to discrimi-
nate between a breeding and a non-breeding and therefore infanticidal female. 
However, the larvae do not actively avoid non-breeding female intruder, rather 
they only spend less time begging in the presence of an intruder female. Therefore 
it is likely that this discrimination is not an adaptive mechanism for avoiding 
contact with infanticidal females, but is a by-product of stimulus discrimination 
(Smiseth et al. 2010). As already outlined above, breeding beetles have a different 
chemical profile than non-breeding ones and as a result chemical cues that trigger 
begging might be expressed differently in breeding and non-breeding beetles.

Concluding Remarks

In this chapter, I provided an overview of the sophisticated social recognition 
mechanisms burying beetles have evolved. They are able to recognize the sex of 
a conspecific, their previous mating partner, their breeding partner, the breeding 
female’s readiness or unreadiness to lay eggs and—by using temporal cues—
their offspring. Their discrimination decisions are not static, but can be flexibly 
adjusted to the current situation. Recognition abilities differ between the sexes. 
Whereas males are better in defending the brood against conspecific intruders, 
females are inevitably superior in recognizing offspring, as they have exclusive 
knowledge about the time of egg laying and therefore larval hatching. Two of the 
burying beetles’ key characteristics, their extended biparental care and reproduc-
tion on a small carcass (a valuable and scarce resource), have profoundly influ-
enced the evolution of their recognition system. Biparental care promotes the 
temporal overlap of individuals for whom mutual recognition is beneficial—
breeding partners and their offspring. At the same time, the scarcity of resources 
essential to reproduction means that breeding beetles will often encounter com-
petitors that are a threat to their own brood—infanticidal intruders, brood para-
sites and unrelated offspring; recognition of these individuals is also favored. 
Consequently, neither universal rejection nor universal acceptance of all encoun-
tered individuals is an optimal strategy, but discrimination was and is selectively 
favored in burying beetles.
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