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Pheromones mediatingsocial behaviorarecritical components inthe
cohesion and function of the colony and are instrumental in the
evolution of eusocial insect species. However, different aspects of
colony function, such as reproductive division of labor and colony
maintenance (e.g. foraging, brood care, and defense), pose different
challenges for the optimal function of pheromones. While
reproductive communication is shaped by forces of conflict and
competition, colony maintenancecallsfor enhanced cooperationand
self-organization. Mechanisms that ensure efficacy, adaptivity and
evolutionary stability of signals such as structure-to-function
suitability,honestyandcontext areimportanttoallchemicalsignalsbut
vary to different degrees between pheromones regulating
reproductivedivision oflaborandcolonymaintenance. Inthisreview,
wewilldiscuss thesedifferencesalongwiththemechanismsthathave
evolved to ensure pheromone adaptivity in reproductive and
nonreproductivecontext.
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Introduction

Social insects perform collectively many types of known
animal behaviors, such as search for food and shelter, defense
againstpredatorsandparasites,reproductionand parentalcare,
buthowevervariedanddiversethesesocial behaviorsmightbe,

they all rely on effective communication. The most common
andancientmeans of communication occurring widely among
social insects are pheromones [ 1]. Ubiquitous and pervasive,
pheromones are the equivalent of mass-media in nature and,
justas with our own mass media, they have the potential for
being
)
Updates

adaptive and constructive, butalsomaladaptiveand downright
disastrous.Forthepurposeofthisreview, wediscusstwotypesof
pheromones social insects use to regulate social behavior:
reproductivesignaling (i.e. whenanindividual advertisestheir
reproductivestatus forthepurposeofregulatingreproductionin
other individuals), and maintenance signaling (i.e. when
individual uses chemical signaling to induce behavior for the
purpose of maintaining colony functions namely foraging,
defense,etc.).

Thedestructivepotentialofbothtypesofpheromonesis rootedin
their ability to influence large masses of individuals and to
manipulate individuals into seemingly acting against their
interests. Indeed, misperception and misinterpretation of
signals can (and sometimes do) resultin detrimental effects for
individuals or colonies. However, the cost of signal
misperceptiontothe individualmayvarygreatly. Hereweargue
that (1) pheromones regulating reproduction differ from
pheromonesregulatingcolonymaintenanceinthepotential cost
of erroneous response; (2) honesty and social context are of
greater importance to reproductive than to nonreproductive
signaling, allowing greater plasticity in response to these
signals;(3)themechanismsunderlying theplasticityinresponse
topheromonesevolvedtomatch thefunctionofcommunication
indifferentcontextsand arecriticaltotheevolutionary stability
ofpheromones.

Conflictsandcommonalityofinterestsin insectsocieties

Social insect colonies are frequently referred to as a super
organism — a system consisting of individuals acting in
seemingly perfect unison. Unlike a true organism, however, a
social insect colony has one domain where conflicts between

www.sciencedirect.com

CurrentOpinionininsectScience2019,35:69-76


http://www.sciencedirect.com/science/journal/aip/22145745
http://www.sciencedirect.com/science/journal/22145745/35
http://www.sciencedirect.com/science/journal/22145745/35
http://www.sciencedirect.com/science/journal/22145745/35
http://www.sciencedirect.com/science/journal/22145745/35
http://www.sciencedirect.com/science/journal/22145745/35
http://www.sciencedirect.com/science/journal/22145745/35
https://doi.org/10.1016/j.cois.2019.09.008
https://doi.org/10.1016/j.cois.2019.07.004

70 Molecularphysiology

individuals persist. The Achilles’ heel of social harmony is
reproduction[2].

Reproductive division of labor, the signature trait of eusocial
insects[3],isregulatedbysignalsthatevolved intheabsenceofa
sharedoptimumbetweenindividuals, asituationwhichcallsfor
additionalmechanismsensuring signalhonesty[4]. Thegambit
of fitness between the reproductive (queen) and her helpers
(workers) in insect societies is very similar to that between
vertebrate males and females: the latter bear the brunt of costs
associated with reproduction and investment in a low-quality
partner incurs asignificantloss of fitness. Thus, reproductive
signalinginsocialinsectslikelyevolvedalongthesame pathsas
quality-relatedsexualsignalsinvertebratemales, withtwochief
qualities in common: (1) communication takes place on inter-
individual rather than inter-group level; and (2) honesty of
signalsisofcentralimportance andisregulatedbothatthelevelof
production and perception. This is often achieved by producing
and responding to a signal only when it appears in the proper
context. The pervasive use of pheromones for regulating
reproduction in social insects highlights a third quality that is
uniqueto chemicalsignaling. Unlikeothertypesofsignals(e.g.
acoustic or visual), pheromones have the potential to become
ubiquitousandtheirsourcemaybeambiguous. Therefore, they
are predicted to be physically linked to the body of the emitter
whosequalitytheyadvertise,requiring thereceivertobeinclose
contacttoperceivethem.

Pheromones governing other aspects of colony life, such as
foraging,nestsearching,anddefense(allofwhichcanbe referred
toascolonymaintenancetasks),oftenregulate tasks,inwhichthe
emitters and receivers of the signal share a common interest.
These pheromones serve to optimize the task performance,
rather than to solve a conflict, and are predicted to be honest
simplybecausecheatingwouldbe detrimentaltoboththeemitter
and the receiver [4]. However, the regulation of such collective
behaviors has its own challenges — efficiency, flexibility, and
robustness of selforganized systems. Here, pheromone
communication is truly collective rather than inter-individual
and allows the use of rather sophisticated governance systems
where theresulting behavior of the group depends on numbers
and locations of multiple emitters (‘situational context’ as
opposed to ‘social context’). In these systems, signals and
responsesofoneindividualusuallycannottipthescales. Fitness
costsincaseoferrorwillbeonly fractionsofan individual’stotal
fitness, since only a critical mass of individuals erring in
production or perception of the signal can make a significant
impactonfitness.

Below we will review some examples of pheromones
responsible for communication in reproductive and
maintenance scenarios and discuss the different mechanisms
ensuring their adaptivity. Specifically, we highlight the
importance of honesty and social context to reproductive
signaling, and the importance of situational context to
maintenancesignaling.

Pheromonesregulatingreproductiveconflicts
Hymenoptera pheromones regulating reproduction include
differenttypesofsignalssuchasfertility,caste, dominance,sex,
and brood pheromones. However, they all share three main
qualities:theyareoftenoflow volatilityandarelinkedtothebody
of the emitter; they contain information about reproductive or
dominance status and have low or no impact at all when
introduced in the wrong social context. Fertility signals are
pheromones correlated with the reproductive capacity of an
individual [5], such as esters inthe Dufour’s gland ofthe Apis
mellifera[6],andcuticularhydrocarbonsinmanywasps andants
[7,8,9]. A curious development of fertility signaling is foundin
Bombus species where Dufour’s gland esters are produced
exclusively by workers and signal sterility [10], and similar
compounds in the labial glands correlate with sterility in all
females [11]. The theoretical framework underlying the
productionoffertilitysignalingisthatthesecompounds regulate
reproductioninworkerssince they providehonest information
aboutthereproductivestatusofthefemales producingthem[12].
However, the majority of the findings about female fertility
signals are correlative in nature. The impact of the synthetic
compounds or the extract of the glandular source on worker
reproduction was examined only in a handful of species and
provide inconclusive results. For example, while the cuticular
hydrocarbon 3-methylhentriacontane produced by Lasiusniger
queens correlates with queen fecundity and inhibits worker
reproduction [13], fertility signals of Bombusimpatiens queens
[14]failedtoreduce ovarianactivationinworkers[15—17].

Queen signals are a subset of caste-recognition signals that
distinguish the queen from the workers [5]. Within
Hymenoptera,suchpheromoneswereonlyfoundinA. mellifera
where the composition of the pheromone is known [18],andin
Solenopsis invicta where the composition remains elusive
[19,20]. The A.melliferaqueenmandibular pheromoneblendis
responsible for maintenance of the queen reproductive
monopoly by inducing worker sterility [21,22]. It further
increasesgroomingandfeedingofthe queen[23]andinhibitsthe
production of new queens [24]. Mating signals, an important
subsetoffertilityandqueen signals, provide information about
thematingstatusof females (typicallythe queen, since workers
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ofmanysocial specieseitherlosttheabilitytomateordonotmate)
and exist in different ant and bee species. For example,
homovanillicalcoholandmethylparabeninthehoneybeequeen
mandibular pheromone correlate with the queen mating status
[25,26], and in bumblebees, expression levels of the gene for
vitellogenin (the main yolk proteininthe ovary) arereducedin
the presence of newly mated compared to virgin same-age
queens,althoughbothqueenshaveinactiveovaries[17].Mating
signals,asfertilityorsterility signals,arecorrelativeinnaturebut
are frequently necessary for the full inhibitory effect of the
queen’spheromone.

Reproductivedominanceis furthermaintained through worker
policing,aphenomenonknown fromdifferent speciesofsocial
Hymenoptera, and can manifest as aggression towards
individuals challenging the reproductive monopoly or as
destruction of eggs laid by such individuals [27]. In various
Ponerine ant species, the reproductive monopolist marks her
lower-ranking opponent with the secretion from her Dufour’s
gland, consisting mostly of hydrocarbons, which elicits
aggressionfrom low-rankingworkers[28,29].Indifferentwasp
species, worker-laid eggs are distinguished from queen-laid
eggs by their surface chemical profile and devoured by other
workers[30-32].FertileA.melliferaworkersaredetected bythe
content of esters in Dufour’s gland secretions and attacked in
addition to worker-laid eggs being devoured [33,34]. Similar
mechanismwassuggestedforBombus terrestris,whereworker-
laidbutnotqueen-laideggsare devouredsoonaftertheyarelaid
[35].

The brood may be another source for pheromones regulating
reproduction in social Hymenoptera [36], eliciting behavioral
responses related to both maintenance (brood care) and
reproductive division of labor in ants [37] and bees [38]. The
regulation of reproduction by brood may be simply due to a
tradeoffbetweenbroodcare andreproduction[36],butalsodue
to potential information embedded in the brood signal. Brood is
often the ultimate testimony that the queen is mated,
reproductive andproductive,aninformationthatcanbeusedby
workers as a social signal to refrain from reproduction. Several
aliphatic esters and E-b-ocimene produced by A. mellifera
larvaesuppressreproductivephysiologyinworkers [38,39,40].
Brood also suppresses worker reproduction in Ooceraea biroi
[41],Camponotusfloridanus[42],andB. impatiens[43],though
the specificmechanismsofsucha suppressioninthelatercases
arenotyetknown. Interestingly, thereisconflictingevidence for
larvae discrimination by sex or relatedness. There are some
species, in which discrimination of brood was demonstrated
[44,45] butotherspecieswiththeoppositefindings[43,46].The
reason forthismightbethatsuchadiscriminationhappensatthe
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egg stage and the vast majority of emerging larvae are queen’s
progeny.

Icallyourbluff:theimportanceofhonestyand contextin
reproductivesignaling

Honestsignalsin the absence ofashared optimum between the
emitter and the receiver are predicted to evolve through one of
twopathwaysprecludingfaking [4,47].Indexsignalsarelinked
totheconditionthey advertiseand are physically impossibleto
produce otherwise. Handicap signals are prohibitively costly to
produce and maintain, and faking them would result in a
significant reduction in fitness [48]. In line with the index
hypothesis, insect pheromones were hypothesized to have
evolved fromnon-communicative cuesthatarea by-productof
physiologicalprocesses[9,49].However, experimentalstudies
in support of this within Hymenoptera are scarce. Studies on
waspscorroboratethisidea showingthatcuticularhydrocarbons
serving as queen signals are physiologically linked to fertility
[50]. In A. mellifera, mating alters the pheromone profile of
different glands[26]andonly fullyfertilematedqueensareable
to produce the complete mandibular pheromone blend that
producesthecompleterange ofeffects[51]. Existenceof viable
brood is often a testimony to the queen’s reproductive abilities
andoffitnessgainsincurredbyworkers whohelpher. Theability
to distinguish between queen’s and worker’s progeny is thus
critical to maintenance of reproductive skew in species where
workerscanpotentially becomefertile. Both A. melliferaand B.
terrestris workers are clearly able to discriminate between
queenlaid and worker-laid eggs [35,52]. Similar ability was
shown in ants [42]. The mechanism of such discrimination is
likely chemical but the substances involved and their sources
havenotyetbeenidentified[53,54].

Stable functionofreproductivesignalsismaintainednotjust by
theirintrinsic honesty, thatis, theirability toconvey qualitative
information aboutreproduction, butalso by their structure and
their dependency on social context. Signals related to an
individual’s  quality must be inextricably linked
tothesignaler’sidentityratherthanbeingomnipresent.This  is
apparent in a peacock tail and deer antlers, but in the case of
pheromones requires specific physical properties. Most
Hymenoptera  fertility-signaling and  caste-signaling
compounds have very low volatility. This includes cuticular
hydrocarbons in wasps and ants, esters and hydrocarbons in
Bombus,andestersandhydroxy fattyacidsin A.mellifera. Low
volatility poses a particular challenge for pheromone
transmissionwithinverylargecoloniessuchashoneybees.In A.
mellifera, a system of messenger workers transmit the
pheromone among colony members [55]. Such an indirect
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transmission system however seemsnotvery efficient. Indeed,
crowding, increased distance from the queen and spatial
differences increase selfish behavior in workers [56,57]. This
system illustrates the importance of honesty in the trade-off
betweenhonestyandefficiency.

Conveyinghonestinformationaboutindividual’squality iskey
inreproductivesignalingandwasextensively reviewed[12,58].
It was amply demonstrated in A. mellifera queen’s signals that
change according to her mating status and quality and exerting
different effects on workers and males [26,59,60]. Honest
fertility signalingwas alsodemonstratedindifferentantspecies
[61,62] as well as in social wasps [63]. The honesty of queen
signals has been debated at length and the view of queen
pheromones as manipulative agents was frequently challenged
and mostly abandoned [5,8,9,15]. One notable example,
however, is the homovanillic alcohol component in the
honeybee queen’s mandibular glands that has been shown to
modulate dopaminesignaling pathways inworkersand thus can
beconsideredmanipulative[64].

Asanadditionalmeanstoavoidmisinterpretation,social context
(i.e. the identity and behavior of individuals participating in
communication)playsanimportantrole intheresponsivenessto
reproductive signaling. Indeed, this idea is supported by a
growing body of evidence [24,65,66,67,68]. In some species,
isolated fertility-signaling compounds like 3-methyl-
hentiracontane in L. niger, or 3-methylnonacosane in Vespula
vulgaris elicit grooming and suppress worker reproduction
[13,69], butthisis notthecaseinmost socialHymenoptera [70].
In Odontomachus brunneus the queen fertility signal (Z)-9-
nonacosene is perceived as such only when presented on a
familiar chemical background [71]. InB. impatiens, chemical
signals produced by the queen fail toachievetheir full effecton
workerswithoutthebehavioralcontextprovidedbyherpresence
[16,17,72]. In A. mellifera, fertility-signaling esters attract
workers when secreted by the queen (concomitantly with the
QMP) but elicit aggression when secreted by selfish workers
[73]. Arguably, the presence of brood also provides a social
contexttofertilityandqueensignals. Aqueen-rightA. mellifera
colony is more effective at inducing worker sterility than the
queenbyherself[22]. Aninteresting interplay between fertility
signalsandnest-materecognitionsignalsoccursinponerineants
[74,75] where foreign fertile queens are clearly identified as a
threat, whileforeignsterileworkersarewelcomedasadditional
workforce. In this case, fertility signals provided a valuable
contextfornest-materecognitionandviceversa.

Chemicalcommunicationincolony maintenance
Pheromonesregulatingmaintenancetaskssuchasforaging, nest
search and defense have several features in common: they all
direct large masses of individuals to locations where their
activity isneeded, they are often volatile or semivolatile, are not
directly linked to the body of the emitter and depend on a
situational rather than asocial context. Theactivity inquestion
canhoweverbeofquitedifferent nature: foodcollection, brood
care, aggression, or escape. Pheromones regulating foraging
effort have been studied extensively in A. mellifera, where
foraging behavior is agedependent and foraging effort is
regulated through acceleration or delay of the behavioral
transitionfromnurseto foragerbees[76].Pheromonesproduced
by young larvae and workers (a blend of methyl esters, E-b-
ocimene and possibly other, yet unknown, compounds)
acceleratethe transitionto foraginganddecreasethereceiver’s
lifespan andreproductive capacity, with larvae of differentage
regulating pollen and nectar foraging differentially and ethyl
oleate produced by old foragers inducing the opposite effect
[38,77-81].Intheclonalraiderants O.biroi,brood signalsboth
inhibit worker reproduction and increase foraging activity in a
dose-dependentmanner [41]. Unfortunately, glandular sources
or mechanisms of production of these pheromones are not
currentlyknown.

Information about the location of food resources and potential
nest sites is transmitted by trail pheromones that have been
studied extensively in ants and identified in stingless bees. The
necessityofforagingisself-evident,whilenest migrationmaybe
initiated for a variety of reasons such as degradation of the
existingnestorcolonyfissionduetohigh density. Migrationmay
evenbeadefiningpartofspecies ecology,asinarmyantsthatare
constantly onthemove. Ant trail pheromones frequently serve
both for foraging and nest searching [82,83] and are mainly
produced in the Dufour’s, pygidial, orvenom glandwhich
allows the worker to deposit them by touching the tip of the
abdomenonthe surface[84].Trailpheromonesinstinglessbees
are produced in the labial glands and include mostly long-chain
esters [85]. Trail pheromones of ants are extremely structurally
diverseandrepresentvirtually all classes oforganic substances
including alcohols, ketones, esters, terpenes, pyrazines, and
many more [84]. Pheromone trails are often complex systems
withquorum-dependenteffectsanddifferentcomponentsacting
asroad-signswithdifferent meaning[86—88].

Flying species that cannot depositatrail on solid surfaces usea
volatile pheromone to mark forage and nest sites. Hornets,
bumblebees, andstingless beesleave pheromone marks on food
sourcesthataresubsequently detected bytheirnest-mates[89—
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91].Thereisalsosome evidenceoffood-markinginhoneybees,
withdifferent studiesattributingattractiveorrepellentqualities
toit [92-94]. Hornets have been shown touse 1-methylbutyl3-
methylbutanoate to mark food sites while bumblebees leave
‘footprints’ of alkanes and alkenes. Contrary to these species,
however, stingless bee food marking pheromoneshavenotbeen
yetidentified [89]. Swarming A. mellifera searching for anew
nestingcavitywillmark potentialnestingsiteswiththeNasanov
gland pheromone, which attracts workers at a long range,
containing (Z)-citral,nerol,geraniol,nerolicacid, geranicacid,
and (E,E)-farnesol. A.melliferaqueenmandibularpheromones
complementthe Nasanovblendasa very shortrange orientation
aid[95,96].

Collective colony defense from outside threats is most
commonly orchestrated by alarm pheromones, though the
specific effects produced by alarm pheromones may differ
betweenspecies[97].Insocialspecieswithverysmall colonies,
alarmpheromonesmostlytriggerescapebehavior,butinspecies
withlarge colonies, thatareableto mountasignificantdefense,
alarm pheromoneselicit aggressionand produceacoordinated
attack [98]. In these species, guard or soldier workers move
toward thesourceofthepheromoneandattackanyforeignobject
near which a high concentration of the pheromone is detected
[98,99,100]. Alarmpheromonesareusually producedinornear
organs and structures associated with defense, such as
mandibularorvenomglandsinantsor Koschevnikov glandon
the sting sheath in A. mellifera [101]. They are structurally
diverse and represent different classes of chemicals, mostly
volatiles such as the isopentyl acetate in A. mellifera [102],
formic acid that doubles as chemical weapon in the Formica
genus,[103] orketonesandpyrazinesinotherants[ 104—106].

Allforoneandoneforall:efficacyand robustnessof
maintenancesignals

The ultimate challenge for maintenance signals, unlike
reproductive signals,istoreachlargenumbersof individuals at
therighttimeand inthe rightplace. The righttimeisdifferentfor
different activities. Alarm pheromones, adapted to eliciting a
quick,pervasive,andshortlivedresponseareusuallyvolatileand
made of multiple components that are quickly distributed
throughout colonies. These pheromones can potentiallyreach a
great numberofindividualsinashorttime,butoncethethreat is
dealt with, they dissipate quickly, and alarm is not sustained
beyond necessity. In multi-component alarms, pheromone
substances with different volatilities are responsible for
different components of aggressive behavior [107]. Trail
pheromones are semi-volatile compounds that remain on the
surfaceforenoughtimetoallowthe nextworkertofollowthetrail
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but will eventually dissipate if the trail is not maintained,
preventingworkers fromfollowingunrewardingtrails.

Whilethesocialcontextforreproductivesignalingsets thescene,
responses to maintenance signals are shaped by situational
context—thetimeand place, inwhich communication occurs. In
Pogonomyrmex badius oleic acid is treated according to the
workenvironment. Objectstreatedwitholeicacidwereregarded
ascorpsesandtakento themiddenwhenfoundwithinthenest,but
werebrought intothenestasfooditems when found outsidethe
nest [108]. Similarly in B. terrestris, the nutritional state of the
colony modulates the perception of foraging-related signals
[109]. Situational context also plays a role in pheromone
regulation of defense. In A. mellifera, workers only react to
isopentylacetate, themaincomponentinthe alarmpheromone,
whentheyareingroups,andtheyare mostsensitivewhentheyare
closetothecolony entrance [110].InCamponotusaethiops,an
odor presented on nonnestmate ant elicited aggression even
though the same odor was previously associated with a reward
andlearned asapositivestimulus[111]. Temnothoraxrugatulus
rejecta newnestmarkedwith2,5-dimethylpyrazine,theiralarm
pheromone,butmovetowardsitneartheirhomenest [112]. Atta
capiguara workersrespond more strongly to alarm pheromone
near nest entrance than to the same pheromone away from nest
entrance,andtheresponse dependson ‘anttraffic’ conditionson
thetrail[113].

Insect collective behavior is renowned for sophisticated
coordination. Itincludesuseofdifferentpheromones regulating
differentelementsorstagesofthetask.In Oecophyllalonginoda,
alarmpheromonesconsistofmultiplecomponentswithdifferent
compounds eliciting different behavioral elements of the
defensive reaction from alertness to physical attack [107]. In
Leptogenys distinguenda, different components produced by
twodifferent glandsdirectworkersfromthenesttowardfoodand
back tothenestfromaforagingtrip[114]. Anevenmore striking
example of multi-component pheromones is activator-
repressor systems where one substance activates a certain
behaviorand the other one suppressesit. A prominent example
comes fromMonomoriumpharaonis thatmark rewardingand
unrewarding trails with attractant and repellent pheromones
respectively [86,87]. The interplay between attraction and
repellence allows for flexibility and maximum efficiency in
foraging. A similar activator—repressor effect on alonger time
scaleis observedinA.melliferacolonieswherebroodandnurse
pheromones activate foraging behavior and physiology while
forager pheromones repress maturation ofnew foragers[115].
Broodeffectonworkerreproductionin B.impatiensfollowsthe
same principle, with inhibition of egglaying in the presence of
young larvae and stimulation of egg laying in the presence of
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pupae [43]. Such a system maintains a balance of supply and
demand of food and allows flexibility when either demand or
supplychanges.

Spyingandpropaganda:exploitationof chemicalsignals
Though the regulatory mechanisms described above may be
robust, they are by no means perfect. Different social
Hymenopteran species are entangled in predator—prey or host—
parasite relationships with each other and have developed
abilities to exploit each other’s pheromones. Vespamandarina
use alarm pheromones of their prey (honeybees and smaller
Vespaspecies)asafood-indicating cue, whilethoseprey species
eavesdrop on the predators’ food marking pheromone and use it
asacueto mountadefensivereaction[116,117]. Slave-maker
ants Formicasanguineause alarm pheromones oftheir victims
aspropagandasubstancestolureasmanyworkersas possibleout
of'the nest and make a raid within the nest an easier task [118].
Leptothorax kutteri, Bombus psithyrus, and A. mellifera
capensis workers mimic the fertility and queen signals of their
host species to parasitize their nest and usurp the privilege of
reproduction [119-121]. As our knowledge of chemical
signaling expands, we are sure to discover new ways in which
pheromones play a role in ecological relationship between
coloniesandspeciesof socialinsects.

Conclusions

Regulatory mechanisms ensuring the adaptivity of pheromones
are fascinating not only because of their diversity and
sophistication, but also because they are uniquely suited to
fitnesscostsandconsequencesofthesituationin whichtheyare
employed. Pheromonesregulating reproduction were designed
to solve a conflict between individuals with different interests.
Theyareoftennonvolatiles,dependingondirectcontactbetween
theemitterandreceiverand correlate withindividual quality. As
such, theyarepredicted torelyheavilyonmechanisms insuring
honesty and compatibility between the social contextand the
signal. Unfortunately, studies examining the role of social
contextintheperception andresponsivenesstopheromonesare
still limited. Pheromones regulating maintenance tasks often
bearnoconflictand aimatoptimizingthe performance ofatask
between individuals with shared interests. They rely on the
synchronized action of many individuals, and erroneous
responseofoneorfewindividualsisnotlikelytoresultin agreat
loss offitness. These signalsare notpredictedto relyheavilyon
mechanismsensuringhonestyorsocial context,butinsteadrely
on compatibility with the situational context and require
efficiency and flexibility, that can be achieved using
mechanisms such asactivator— repressors thatallow quick and
accurate responses. Finally, regulatory mechanisms of

pheromonesprovide anexcellentexampleofselectionactingon
multiple levelsandcontinuingevolutionandrefinementofboth
individualsandcollectivebehavior.
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