Chapter 7

Co-operative and competitive signalling

This chapterhasa threefoldpurpose.Firstly, it introducesa simple signallinggamethatcanbe
usedto modelsituationssuchasfood andalarmcalls,in which oneanimalinformsanotherabout
somestateof theworld. Secondlyit is anattemptto testKrebsandDawkins’s (1984)theorythat
two kindsof signalco-evolution shouldbeexpectedn nature(seesection?.5.2):expensve signals
resultingfrom manipulatve armsraceswhenparticipantshave conflicting interestsandconspir

atorialwhispersthat evolve whentheinterestsof the participantsare congruent.Finally, it is an
attemptto positionsomeof the previousartificial-life work on the evolution of communicatiorin

abroadertheoreticacontext.

7.1 Background

7.1.1 Explaining food and alarm calls

In mary socialspeciesanindividual thathasdiscovereda supply of food may, undersomecir-
cumstancegroducea signalthatsenesto alertconspecificgo the presencef theresource For
example,chimpanzee®antroglodyteson discoveringafruit tree,will makeloud hootingsounds
thatattractothers(Reynolds& Reynolds,1965;Sugiyama1969).Male domesticchickensGallus
gallusgiveadistinctivecall in responséo food; they aremorelikely to producethecallif ahenis
presentandthecallsattractotherchickengEvans& Marler, 1994). Theelaboratelancef bees
(vonFrisch,1967)canbeconsidered particularlysophisticatedood signal. Somesocialanimals
alsoproducealarmcalls, in which anindividual that hasdetecteda predatoralertsothergroup
membersthe calls of vervet monkeys arean excellentexampleandhave alreadybeenmuchdis-
cussedAlarm callsarealsogivenby othermammaliarspecieqseee.g.,Sherman1977)andby
mary birds (Klump & Shalter 1984;Hauser 1996). Sometimeslarmcalls even sene to recruit
conspecificdo mob(i.e., to jointly attackor distract)theapproachingredator

Thefunctionof thesekindsof signallingsystemseemsransparentthe signalsenesto alert
others,andtheresponsef arecever (i.e.,approachinghefood or runningaway) is likely to have
positive fitnessimplicationsgiven the contet. Barring misidentification,as could occur when
what appeardo be a food call turnsout to be an aspectof sexual adwertisementignalling for
instancethe adaptve significanceof food andalarmcallslooks obvious. However, asdiscussed
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in sectionsl.2 and 2.3.3, the problemof altruism meansthat food and alarm call systemsare
not so easilyexplained. It is easyto seewherethe benefitlies for receversof the signal; being
informedof the approachof a predatoror the locationof food is clearly useful. It is not soeasy
however, to determinewhy the signallershouldsharethe relevantinformation. In mary contexts
therewill eitherbenobenefitin doingso, or, morelikely, costsinvolved. Thesecostsmaybedue
to, for example,enegy expenditurein the productionof the signal,anincreasen personakisk
for the signaller or thelossof food thatmight have beenconsumealone. Thereis thusa degree
of altruismin suchsignalling,anda conflict of interestsbetweenthe signallerandthe recever.
With mobbingcalls, the altruismrunsin the otherdirection: why shouldreceversof the signal
risk their own livesby assistingn a groupattackon the predator?

The problemof accountingor honestybecomesven moreacutewhenwe considercommu-
nicationthatoccurswith amoreexplicit conflictof interestdetweersignallersandrecevers. For
example,in aggressie or territorial signals,eachanimalwould preferthatthe otherrespondoy
retreating.In mary sexual adwertisemensignals,it is in theinterestsof the averagemaleto con-
vince ary femalehe meetsto copulatewith him, but it is in the averagefemales intereststo be
difficult to persuadeln thesecasesandin the apparentlyco-operatie contect of alarmandfood
calls,what preventsthe invasionof free-riderswho gainthe benefitof others’honestsignals,but
do not paythe costsof honestythemseles?How canhonestsignallingbe an ESS?Furthermore,
how might communicatiorhave evolvedin thefirst place—why againstaninitial backgroundf
non-communicationyould thefirst proto-signallerhiave beenselectedor their behaiour?

Reciprocalaltruism (Trivers, 1971),kin selection(Hamilton, 1964), and the handicapprin-
ciple (Zahavi, 1975,1987) are amongthe mechanismghat have beenproposedto explain the
evolution of stable honestsignalling,andeachof theseideashasspavneda vastliteratureof its
own—particularlythaton reciprocalaltruismandthe Prisoners Dilemma. However, thesethree
mechanismsvill only betreatedbriefly if atall in this chapter Our goalis insteadto considera
predictionarisingfrom KrebsandDawkins’s (1984)accountof animalsignalling.

7.1.2 Expensivehype and conspiratorial whispers

Krebs and Dawkins (1984) provide anotherway of looking at the problemof honesty As we
have seenin section2.5.2,Krebsand Dawkins challengethe defaultnotion thatanimalcommu-
nicationis aboutinformationtransmissionthey suggesthat propagandand adwertisingmake
bettermetaphorgor animalcommunicatiorthan doesthe co-operatie useof languageo share
information. They predicttwo distinctvarietiesof signalco-esolution. On the onehandtherewill
be evolutionaryarmsracesbetweemmanipulative, exploitative signallersandscepticalrecevers.
Thiswill occurwhenthereis a conflict of interestdetweerthe two parties,andtheresultwill be
increasinglycostly signals.On the otherhand,therearesomesituationsin which—touseKrebs
andDawkins’s terminology—itis to therecever’s advantageto be manipulatedoy the signaller
Whenthetwo partiessharea commoninterestin this way, therewill be selectionfor signalsthat
areascheapaspossiblewnhile still beingdetectableconspiratorialwhispers”.

The aim of this chapteris to constructa modelof food andalarmcall situationsandthento
ascertainwhether given appropriatemanipulationof the degreeto which the participantshave
commonor conflictingintereststhesewo typesof signalevolutionin facttakeplace.If so,Krebs
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andDawkins’stheorymayturn outto beasufiicientexplanationfor “honest’signallingin nature:
signallingsystemsn contexts of commoninterestarenot subjectto invasionby dishonestfree-
riding mutantswhile signallingsystemshatexist despiteconflictinginterestsarelikely to involve
muchmorecostlysignalsandto be ultimatelyunstable.

In contrastto the handicapprinciple, few mathematicabr simulationmodelsof Krebsand
Dawkins’s theory have ever beenconstructed. Presumablytheir ideaswere acceptedwithout
detailedmodelling becausehe agumentfollowed so naturally from the dominantselfish-gene
paradigm—model®f the handicapprinciple were constructedbecauseherewas fierce debate
over whetherit would or would notwork. In orderto testKrebsandDawkins’s prediction,it will
first be necessaryo determinevhethercommunicatiorshouldbe expectedat all whensignallers
andrecevershave agenuineconflict of interests.

7.1.3 Putting artificial-life modelsof communicationin perspective

We have seernin section5.1.3thatpreviousartificial-life work on theevolution of communication
has consideredsituationsin which signallersand recevers have commoninterests(Werner &
Dyer, 1991;MacLennan& Burghardt,1994),conflictinginterestgdeBourcier& Wheeley 1994;
Bullock, 1997b),andintermediatecasesn which signallersareambivalentaboutthe responsef
recevers(Ackley & Littman, 1994;Oliphant,1996). A secondangoal of the currentchapteris
to positionthis earliersimulationwork in anoverarchingcontet. Section7.1.4belov describes
a classificationschemefor commonand conflicting interestsbetweensignallersand recevers;
investigatingthe courseof signalevolution acrossa rangeof contects will allow usto incorporate
theearlierfindingsin a unified picture.

While on the subjectof previousartificial-life work, it shouldbe notedthatthe modeldevel-
opedin this chaptempostulates singleervironmentalariablethatanimalsmightcometo commu-
nicateabout.This statecantakeon oneof two values correspondingo, for example thepresence
or absencef food. Earlierwork—notablyMacLennarandBurghardt(1994)—consideretmul-
tiple meaning’situationsin which a numberof ervironmentalstatescameto be pairedup with a
numberof potentialsignals. However, if MacLennanand Burghardts simulationshows us ary-
thing, it shovsby existenceproofthatpositive payofs all roundfor successfutommunicatiorcan
transforminitially randomtoken-meaningelationshipsnto a workablecommunicatiorsystem.
The samecanbe saidfor work by Steels(1995). The currentchapteiis limited to the simpleone-
meaningcasein orderto moreclearly studythe effectsof differentpayof andsignal-cosvalues
ontheevolution of signalling.

7.1.4 Conflicts of interest

Thefirstrequiremenin constructingageneraimodelof communications a classificatiorscheme
for determiningwhena conflict of interestsexists betweensignallersandrecevers—Figure7.1
shawvs sucha schemeadaptedrom Hamilton (1964). Assumethata successfuinstanceof com-
municationin a particularscenaridhasfitnessmplicationsfor bothparticipants Thefitnesseffect
onsignallersPs, andthefitnesseffectonrecevers,Pg, togethedefineapointontheplanein Fig-
ure7.1. For example,considera hypotheticafood call, by which oneanimalalertsanotherto the
presencef arich but limited food source.By calling andthussharingthe food, the signallerin-
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Figure 7.1: Possiblecommunicationscenarioclassifiedby their effects on the fitnessof each
participant.

cursafitnesscost;by respondingo the call, therecever benefitghroughobtainingfoodit would

otherwisehave missed.Thus,the call would belocatedin the“altruism” quadrant.Thesituations
modelledby Ackley and Littman (1994) and Oliphant (1996)—discusseth section5.1.3—in
which receversbenefitbut signallersareambivalent,canbe thoughtof aspointson the positive

verticalaxis,i.e.,wherePs = 0 andPr > O.

Conflictsof interestcanbe definedasinteractiongn which naturalselectiorfavoursdifferent
outcomedor eachparticipant(Trivers,1974),or in whichparticipantplacethepossibleoutcomes
in a differentrank order(MaynardSmith & Harper 1995). Conflictsof interestthereforeexist
whenPs andPr are of oppositesign, i.e., in the upperleft andlower-right quadrants.Selection
will, by definition,favouractionsthathave positivefitnesseffects.In theupperleft andlower-right
quadrantspneindividual but not the otherwill be selectedo participatein the communication
system: their interestsconflict. The “spite” quadrantdoesnot represent conflict of interests
becausagentaill be mutuallyselectechotto communicate.

If the specifieditnesseffectsof participatingn acommunicatre interactionaretruly netval-
ues,andalreadyincludesuchfactorsasthe costof signallingandthe costof makinga response
(aswell asinclusivefitnessconsiderationandcostsdueto exploitation of thesignalby predators,
etc.), thenpredictingthe evolution of the communicatiorsystemis trivial. Propersignallingre-
quiresthatit bein the interestf both signallersandreceversfor the communicatiorsystemto
exist, andsopresumablywill only developwhenPs > 0andPg > 0, i.e.,whenindividualsin both
rolesareselectedo participate However, realanimalssometimesppeato communicatelespite
conflictsof interestasin signallingduring contestgchapter8) andsexual signalling(chapter9).
Recentmodels(Grafen,1990a;Bullock, 1997b)have establishedhat,in certainsituationswhere
communicatiorwould otherwisebe unstable increasingthe productioncostsof the signal can
leadto evolutionarily stablesignalling. The costsof signalling (andrespondinghave therefore
beenseparatedrom the costor benefitassociateavith the outcomeof the interaction. In other
words, Ps and Pk referto grossfitnesseffects beforethe specificcostsof producingthe signal,
Cs, and makingthe responseCg, have beentakeninto account. Assumingfor the sakeof the
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Figure 7.2: Extendedform of the simple signallinggame. The shadedcell in eachcharticon
indexestherelevantpayof valuein Table7.1.

amgumentthat Krebsand Dawkins arecorrectin predictingtwo kinds of signalco-evolution, this
separatiormakesit possibleto identify the two regimesbasedon variationsin Cs, the costof
signalproduction.

7.2 A simple signalling game

If the signallinginteractionis to involve informationtransmissionandallow for the possibilities
of propersignalling, deception,and manipulation,it mustbe modelledas a gameof imperfect
information,in which the signallerknows somethinghattherecever doesnot. Figure7.2 shovs
the extendedform of a simpleaction-responsgamethat captureghe structureof the alarm-or
food-call context, and arguably other contets besides. The gamebeagins with a chancemove
(the centralsquare)in which somestateis randomlydeterminedo be either“high” or “low”.
The signallerhasaccesdo this state,andwe cansupposedhatit represent®ither a featureof
the ervironmentthat only the signallerhasdetectede.g., hoticing an approachingredator),or
a hiddeninternalstateof the signaller(e.g.,ovulation). Basedon this state the signaller(player
I) mustdecidewhetheror not to sendan arbitrary signalof costCs. The recever (playerl)
is ignorantof the hiddenstateand only knows whetheror not a signal was sent—thedashed
rectanglesshaw the recever’s informationsets. The recever canrespondeitherpositively, i.e.,
performsomeaction“appropriateto thehigh state or negatively, i.e., notrespondatall. Positve
responsesicur acost,Cr. If andonly if thehhiddenstateis high, a positiveresponseesultsin the
payofs Ps andPr to the signallerandrecever respectrely. Table7.1 specifiegshepayof matrix.
Hurd (1995),0Oliphant(1996),andBullock (1997b)usedsimilar gameswith differentpayof
structures.In eachof theseearliergamesthe recever wasexplicitly rewardedfor accurag in
determininghehiddenstate.ln contrastjn thecurrentgameaccuray is notagoalof therecever
perse therecever simply wantsto maximizeits averagepayof. Thisisin keepingwith Bullock’s
point aboutthe informationrequirement®f recevers,discussedn section2.6.2. Dependingon
the precisepayof values thebestway to maximizeone's payof mightbeto respondn ablanket
way, i.e., respondingnegatively or positively whatever the signal. This is meantto reflectthefact
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Stateof ervironment
Low High
No signal
Neg. response 0,0 0,0
Pos.response| 0, -Cgr Ps, PR—Cr
Signal
Neg.responsg —-Cs,0 —-Cs,0
Posresponse| —Cs, —Crk Ps—Cs, Pr—Cr

Table7.1: Payoff matrixfor thesimplegame Entriesin thetablerepresenthe payof to thesender
andrecever respectiely.

thatreceversin naturalcontets canpresumablyopt out of the communicatiorsystemif it is to
their advantageo do so; thereis no force compellingthemto pay attentionto the signaller

The gamemodelsa rangeof possiblecommunicatre interactions. For example, suppose
that the high staterepresentshe signallers discovery of food. Sendinga signalmight involve
emitting a characteristicsound,while not sendinga signalis to remainsilent. For the recever,
a positive responsaneansapproachinghe signallerand sharingthe food, whereasa negative
responsaneansdoing nothing. Variouspossibilitiesexist besideshonestsignalling of the high
state:therecever might alwaysapproachthe signallerin the hopeof obtainingfood, regardless
of whethera signalwas sent. The signallermight be uninformatve and never signal, or only
signal when food was not present. One importantfeatureof the gameis that the signalleris
ambialentabouttherecever’sresponsén thelow state—intermsof theexample thisrepresents
theassumptiorthatwhenno food hasbeendiscovered,the signallinganimaldoesnot careabout
whethertherecever approachesr not.

Thestratgiesfavouredatary onetimewill dependntherelativevaluesof Ps, Pr, Cs andCg,
aswell asonwhattheothermember®f thepopulationaredoing. (Anotherparameteof interests
therelativefrequeng of highandlow statesjn themodelgpresentedhereeachstateoccurredb0%
of thetime.) Allowing thebasedfitnesseffectsPs andPk to vary acrosgositiveandnegative values
will allow the payof spaceof Figure7.1to be explored,andthusdeterminewhetherchangesn
signalandresponse&ostcanproducestablesignallingin situationsthatwould otherwiseinvolve
conflictsof interest.Notethatin thesimplegamethereis no potentiaffor signalsof varyingcosts,
andthusnoroomfor costlysignallingarmsraces.Variable-cossignallingwill beconsideredater
on in the chapter;this initial gameis only a first steptowardsassessindgrebs and Dawkins’s
conspiratorialvhispersheory

7.2.1 Stablestrategiesin the simple game

A signallingstratgy in the simple gamespecifieswhetherto respondwith no signal(NS) or a
signal(Sig) to low andhigh statesrespectrely. Likewise, aresponsestrat@y specifieswhether
to respondnegatively (Neg) or positively (Pos)whenfacedwith no signalandwhenfacedwith

a signal. A completestratgy is the conjunctionof a signallingand a responsestratgy; e.g.,
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(NS/NS,Pos/Posjs the strateyy thatspecifiemever signallingandalwaysrespondingositively.

Thestratgy (NS/Sig,Neg/Pos)specifiessignallingonly in the high state andrespondingos-
itively only to signals—calthis the “honestandtrusting” strateyy. Evolutionarystability depends
onastratgy beingthebestresponseo itself; i.e.,a stratgly mustbeuninvadablen orderto bean
ESS.Honestandtrustingplayersmeetingeachothercanexpectanaveragepayof perinteraction
of:

Ps—Cs+PR—-Cr
)

Thiswill be higherthanthe expectedpayof for ary possibleinvadingstratgy (i.e., honesty
andtrustwill beanESS)if:

Ps>Cs>0
Pr>Cr> 0.

Thatis, honestsignallingis stableif the costsof signallingandrespondingareboth positive,
andif the payofs in eachcaseoutweighthe costs. The requirementhat Ps andPr mustbothbe
positivemeanghatthehonesstratgy is only expectedo bestablevhentheinterestof the parties
do not conflict: positive valuesof Ps andPr placetheinteractionin the upperright “mutualism”
quadranbf Figure7.1. For thederivationsof theseresultsandotherspresentedh this chapterthe
readetis referredto appendixA.

Of the 16 possiblestratgies,therearethreebesideshe honeststratgy thatinvolve thetrans-
missionof information,in thatthe recever respondgslifferentlyto differenthiddenstates.None
of thesethreeare ESSsif Cs andCg areboth positive; thesetwo valuesrepresenenegetic costs
andsocannotsensiblybe negative. If Cs = 0, i.e.,if giving asignalis of negligible cost,thenthe
reversehonestystratgy (Sig/NS,Pos/Ng) canbe stable,althoughPs and Pr muststill be posi-
tive. It is alsoworth noting that a populationconsistingentirely of individualsplaying (NS/NS,
Pos/Pospr (NS/NS,Pos/Ng), bothnon-signallingstratgieswherethe recevver alwaysresponds
positively, cannotbe invadedby ary otherstratgy if the payof to the recever is large enough,
ie.,if:

Cs>0
Ps>—Cs
Pr > 2Cr > 0.

Theanalysigndicateghatwhile the costof signallingplayssomerolein stabilizingthehonest
stratgy, thereareno circumstancef which stablecommunicatioris predictedwhena conflict
of interestsexists. This is despitethe fact that we have separatedhe costsof signalling and
respondingrom the basefitnesspayofs of acommunicatie interaction.

7.2.2 Evolutionary simulation model

An evolutionarysimulationmodelof the simplegamewasalsoconstructedn orderto determine
whethercommunicatie behaiour mightsometimedefoundoutsidetherangeof identifiedESSs.
A straightforwardgeneticalgorithm (GA) wasused. Eachindividual could play both signalling
andreceving roles; a stratgy pair was specifiedby a four-bit genotypeas shown in table 7.2.
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Bit value
0 1

If low state.. | Nosignal Signal
If highstate.. | Nosignal Signal

Respons#o nosignal | Negative Positive
Respons¢o signal | Negative Positive

Table7.2: Geneticspecificatiorof stratgies.

The populationsizewas100, the mutationratewas0.01 perlocus,and,dueto thetrivially small
genome cross@er wasnot used. Eachgeneration500 gameswere playedbetweenrandomly
selectedopponents.An individual could thereforeexpectto play 5 gamesasa signallerand5
asarecever. Thefithessscorewasthe total payof from thesegames. For breedingpurposes,
the fithessscoreswere normalizedby subtractingthe minimum scorefrom each. Proportionate
selectionwasthenappliedto thenormalizedscores Thegeneticalgorithmwasrunin thismanner
for 500 generations.In the resultspresentedelow, the gamesplayedin the final, i.e., 500th,
generatiorhave beenusedasa snapshobf theevolvedsignallingstrateies.

An attemptwvasmadeto investigatesvolutionarydynamicsijn thattheinitial populationsvere
not determinedandomlybut startedas either“honest” or “non-signalling”. Honestinitial pop-
ulationsweremadeup entirely of individualswho playedthe honestandtrustingstratay, i.e., a
genomeof “0101”. Non-signallingpopulationsunderwentl00 generation®f preliminaryevo-
lution in which their receving stratgieswerefreeto evolve but their signallingstratgieswere
clampedat“007, i.e., nosignalling. For eachclassof initial conditions,a simulationrunwasper
formedfor all combination®f integervaluesof Ps andPg between5 and+5, making121runsin
all. Eachrunwasrepeate®5 timeswith differentrandomseeds.The valuesof Cs andCr were
fixedat1.

Communicatiorwasindexed by cross-tahlatingthe hiddenstatevaluewith therecever’s re-
sponseand calculatinga chi-squaredstatistic. The receiver hasno direct accesdo the hidden
state,so ary reliable correspondencbetweenstateand responséndicatesthatinformation has
beentransmittecandactedupon. Valuesof the x? statisticcloseto zeroindicateno communica-
tion, andvaluescloseto the maximum(in this casex?,.,= 500, dueto the 500 gamesplayedin
thefinal, snapshogeneration)ndicatenearperfectcommunication.

Figure7.3shavstheaveragevaluesof thecommunicationndex for honesinitial conditions.
Seedinghepopulationwith honestyteststhe stability of honestsignallinggivena particularpay-
off pair, muchasa game-theoretianalysisdoes. The resultsare compatiblewith the conditions
outlinedin the previous section: honestyis stablewhenthe payofs to signallerandrecever are
positive and greaterthantheir respectie costs. However, thereis somesuggestiorof intermit-
tent or imperfectcommunicatiorwhen Pr = Cr = 1, indicating that ambialentreceivers may
occasionallyco-operate.

Figure7.4showvstheaveragevaluesof thecommunicatiorindex for non-signallirginitial con-
ditions. Startingthe GA with anon-signallingpopulationteststhelikelihood thatcommunication
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Figure7.3: Meancommunicatiorindex by Ps and Pr; honestinitial conditions. Eachpointis a
meancalculatedover 25 runs.Meanstandarderror= 2.96.

will emege, given a particularpayof pair. Clearly the conditionsfor emegenceand stability-
once-preserdrenotthesamelf Ps > 1 andPz = 2 communicatiordevelopsbutwhenPs > 1 and
Pk > 2it doesnot.

In the latter region Pr > 2Cr andthe populationremainsat the non-signallingequilibrium
describedn section7.2.1. Despitethe fact thatcommunicatiorwould resultin a higheraverage
fithess,the high valueof Pk keepsthe receversrespondingpositively all thetime, remoring ary
incentve for the signallersto bothersignalling. This responsestrategyy could be called “blind
optimism”, asreceversalwaysrespondositively. It shouldbe noted ,however, thatthe condition
Pr > 2Cr is dependenbn the 50% frequeng of high states;f high statesoccurred10% of the
time, for instancethenPy > 10Cg would berequiredto makeblind optimisma stablestratayy.

Thedifferencen resultsbetweerthetwo classe®f initial conditionss interestingput should
notobscureghefactthatnocommunicatiorwasobsenedunderconditionsof conflictinginterests.
We mustconcludehat,atleastin thesimplemodeldiscussedofar, stablecommunicatiorns only
to beexpectedwhenit is in theinterestof bothparties.

7.3 A gamewith variable signalling costs

In the simple signallinggame,signallerscanchoosebetweena costly signalor no signalat all.
The modeldoesnot allow for a rangeof possiblesignalswith differing costs,andin this respect
it is unrealistic.lt maybethatKrebsandDawkins'simplicit prediction,thatsignallingcanoccur
whena conflictof interestexists, is in facttrue, but canonly bedemonstrateth amorecomple
gamewith a rangeof signal costs. The simple signallinggame(seeFigure 7.2) wastherefore
extendedto incorporatesignalsof differing costs.

7.3.1 Stablestrategiesin the variable-signal-costgame

In theextendedgame thesignallingplayerhasthreeoptions:not signalling,which costsnothing;
usingthe “soft” signal,which costsCs, andusingthe“loud” signal,which costs2Cs. Stratgjies
in theextendedgamerequirespecifyingthe signalto give whenthe hiddenstateis low, thesignal
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Figure 7.4: Meancommunicationindex by Ps and Pr; non-signallinginitial conditions. Each
pointis ameancalculatedover 25 runs. Meanstandarcerror= 1.67. Graphrotatedfor clarity—
co-operatre quadranappearsttop left.

to give whenit is high, andthe responseo give to eachof no-signal,soft andloud. The two
stratgiesrepresentingonspiratoriaivhispersor cheapsignallingare(NS/Soft,Neg/Pos/Posand
(NS/Soft,Neg/Pos/Ng). Both stratgiescall for the soft signalto be usedin the high state,and
for positive responseto the soft signal;the stratgjiesdiffer only in the responseo loud signals.
Neitherof thesestratgiescanstrictly be consideredn ESSonits own (becauseeutraldrift can
takethe populationfrom oneto the other)but it is shovn in appendixA thatthe setof all mixed
stratgiesinvolving thesewo is an ESSunderthe familiar conditions:

Ps>Cs>0
Pr>Cr> 0.

Costly signallingwould involve the useof the loud signalfor the high state,and eitherthe
soft signalor no signalto denotethe low state,with a correspondingesponsestratgly. None of
thefour stratgiesin this catgory canbe an ESS.For example,(NS/Loud,Neg/Pos/Postannot
be an ESSassumingositive costsof signallingandresponding.The similar stratgy (NS/Loud,
Neg/Neg/Pos)is almoststableif Ps > 2Cg, but candrift backto the previousstratey which canin
turn beinvadedby the cheapstratgy (NS/Soft,Neg/Pos/Pos).

Analysisof theextendedyameindicateshatif signallingis favouredatall, thenatequilibrium
thesignallerswill alwaysusethe cheapesandthesecond-cheapesignalavailable(i.e.,nosignal
andthe soft signal). Extendingthe gameby addingever morecostly signallingoptions,until we
have approximatedh continuougangeof signalcosts,doesnot alterthis conclusion.Noneof the
costly signalling strat@iescaneven be an ESS, let alonesupportcommunicatiorin the face of
a conflict of interests. The possibility of expensve signallingarmsracesstartsto look remote.
However, it may be thatan evolutionary simulationmodelwill reveal signalling stratgiesthat,
while unstabldn thelong term, neverthelesseadto transiencommunicatiorunderconditionsof
conflictinginterest.



Cliapler /. Lo-opeatlvealidcolripeutveliygrialiny  1Lus

Communication

500

Receiver payoff

Figure7.5: Meancommunicatiorindex by Ps andPk in the continuoussimulation;honestnitial
conditions. Eachpoint is a meancalculatedover 25 runs. Meanstandarderror = 4.22. Graph
rotatedfor clarity—co-operatie quadrantppearattop.

7.3.2 Evolutionary simulation model

A secondevolutionarysimulationwasconstructedin which the costof signallingwas continu-
ouslyvariable.Signallingstrat@ieswererepresentedy two positive realnumbersCi,,, andCign:
the costof thesignalsgivenin thelow stateandin thehigh staterespectiely. Responsstratgies
wererepresentetly areal-\aluedthresholdT ; positive responseweregivento signalswith costs
greaterthantherecever’sthresholdvalue.Notethatthresholdvaluecouldbe negative, indicating
apositiveresponseo ary signal.

A real-\valuedGA wasusedto simulatethe evolution of stratgjiesover time. Generally the
sameparametersvereusedasin the previous simulationmodel,e.g.,a populationof 100. Mu-
tation wasnecessarilya differentmatter: eachreal-valuedgenein eachnewbornindividual was
alwaysperturbedy arandomgaussiavalue,p = 0, o = 0.05. If aperturbatiorresultedn aneg-
ative costvaluetheresultwasreplacedy zero. In addition,1% of thetime (i.e., a mutationrate
of 0.01)agenewould berandomlysetto avaluebetweerD and5 for signalcosts,or between5
and+5 for thethresholdvalue. This two-partmutationregime ensuredhatoffspringwerealways
slightly differentfrom their parentandoccasionallyery different.

TheCs parametewasno longerrelevant,but Cr, the costof respondingremainedixedat 1.
Honestinitial conditionswereimplementedy settingCyoy = 0, Cyigh = 1.0 andT = 0.5. Non-
signallinginitial conditionswereimplementedy settingT to arandomgaussiar{i= 0, 0 = 1)
andthenclampingCiow = Chigh = 0 for 100generation®f preliminaryevolution.

Figures7.5and7.6 showv the averagevaluesof thecommunicatiorindex for honestandnon-
signallinginitial conditionsrespectrely. Theresultsarequalitatively similar to thoseof the dis-
cretesimulationmodel: communicatioroccursin both casesput in a morelimited rangeof the
payof spacefor non-signallingconditions.In neithercasedoescommunicatioroccuroutsidethe
“co-operatve” quadrant.

However, thereis someevidencethat transientcommunicatiorcan occur whenthe conflict
of interestsbetweenthe two agentsis not too extreme. For example, considerthe payof pair
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Figure7.6: Meancommunicationndex by Ps andPg in thecontinuoussimulation;non-signalling
initial conditions. Eachpoint is a meancalculatedover 25 runs. Mean standarderror = 3.61.
Graphrotatedfor clarity—co-operatie quadrantippearsttop left.

Ps = 5 andPr = 0. This definesa point on the boundarybetweenmutualismand selfishness,
althoughwhenthe constantcost of responding(Cr = 1) is takeninto account,the net payofs
indicatethatcommunicatiorunderthesecircumstances/ould be selfish(from the point of view
of thesignaller). NeverthelessasFigure7.7 shows, unstablecommunicatiorevolves,evenfrom
non-signallingnitial conditions.

Thecontinuousnodelalsoallowsinvestigatiorof thecostandthresholdvaluesoverthepayof
space.Ciow, the costof the signalgivenin responseo the low state,alwaysremainedcloseto
zero—thiswasunsurprisingassignallersareambialentaboutthe recever’s responseo the low
state.However, thevalueof Cyg, variedbothinsideandoutsidethe region wherecommunication
was established:Figure 7.8 shavs the meanvaluesof Cygn for honestinitial conditions. The
signalsgivenin responseo the high stateare mostcostly whenPs, the payof to the sendeyris
highandwhentherecever’s netpayof is maginal,i.e.,Pr ~ 1. In orderto studythis effect more
closely additionalsimulationrunswereperformedwith Psfixedat5 andPg variedbetween5 and
+5in increment®f 0.1. Theseunscanbethoughtof asexploringthecrosssectionthroughPs =5
in Figure7.8. Figure7.9 shavs the cross-sectionaheanvaluesof Cyigh. Note thatthe “eneigy”
devotedto signallingis at a maximumaroundPr = 1 anddropsoff asPr increases—itanbe
seenfrom Figure7.5thatPr = 1 is approximatelythe point wheresignificantcommunicatioris
established.The samepatternwasobsered for non-signallinginitial conditions(not shavn for
reason®f space).

The thresholdvaluesshaved correspondingariation. Figure 7.10 shavs the meanvalue of
T acrosghe payof space.Thethresholdvaluesaretypically very high (a “never respond”strat-
egy) or very low (an“alwaysrespond’stratgy), butin theregion wherecommunicatiorevolved,
receversbecomeprogressiely lessdemandingj.e., T getslower, asPg increasesFigure7.11
shavsthecross-sectionaksultsfor Ps = 5.

Figure7.12plotsthe meancostof high andlow signalsandthe meanreceptionthresholdall
on onegraph. This makesthe relationshipbetweencostsand thresholdclear: at approximately
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Figure7.7: Meancommunicationndex plottedover generationalime. A typical runwith Ps =5,
Pr = 0 andnon-signallingnitial conditions.
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Figure 7.8: Meancostof high-statesignalsby Ps and Pg; honestinitial conditions. Eachpoint
is a meancalculatedover 25 runs. Meanstandarcerror= 0.032. Graphrotatedfor clarity—co-
operatve quadranappearsttop.
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Figure7.9: Cross-sectionaheang+1 s.e.)for high-statesignalcostswith Ps = 5; honestnitial
conditions.Eachpointis a meancalculatedover 25 runs.
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Figure7.10: Meanthresholdvalueby Ps andPg; honestinitial conditions.Eachpointis a mean
calculatedover 25 runs. Mean standarderror = 0.19. Graphrotatedfor clarity—co-operatie
guadrantppearsttop left.
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Figure7.11:Cross-sectionahearthresholdvalueg+1 s.e.)with Ps = 5; honestnitial conditions.
Eachpointis ameancalculatecover 25 runs.
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Figure7.12: Cross-sectionaheanscostof highandlow signals.andreceptiorthreshold Ps = 5,
honestnitial conditions.Eachpointis ameancalculatedver 25 runs.

Pr = 1, the thresholdfalls to a level wherethe meanhigh-statesignalwill generatea positive
response.As Pk increasesi.e., asthe two players’ payofs approacheachother the signallers
becomdessextravagantandthereceiersless‘sceptical”. Thisis contra thegame-theoreticesult
of the previous section,which implies thatwhensignalsof varying costsareavailable,eitherthe
cheapespair of signalswill be used,or no signallingwill occur—somethinglike Figure 7.13
would beexpectedf the soft-loudsignallinggameaccuratelynodelledthe continuousase.

Note thatthe initial valuesof Cyjgh and T underhonestinitial conditionswere 1.0 and0.5
respectiely. For all but the highestvaluesof Pr, Cyigh hasincreasedn averageover the 500-
generatiomun. Thisrulesoutary explanationof theresultsof Figure7.12in termsof therehaving
beeninsufficientevolutionarytime for acheapesignallingequilibriumto have beerreachedvhen
the profit for recevers(Pr — Cr) wasmauginal. Evolution hastakenthe populationsaway from
thecheapsignallingsolution.
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Figure 7.13: Approximatepredictedresultsfor Figure 7.12 accordingto discrete-cosgame-
theoreticmodel.

7.3.3 Discussion

In all of themodelsgpresentedofar, stablecommunicatiorevolvedor waspredictedo evolveonly
within theco-operatreregion of thesignallerreceverpayof space Thismeanghatnosignalling
atall (costly or otherwise)wasobseredwhenthe signallerandthe recever wereexperiencinga
conflict of interestsapartfrom transitorycommunicatioron the boundarief the co-operatre
regionasshowvn in Figure7.7.

The secondgame-theoretienodel, in which discretesignalsof varying costsare available,
suggestshat communicationjf selectedor, will involve the cheapespair of signalsavailable.
However, the secondsimulationmodel,incorporatingthe morerealisticassumptiorthat signals
can vary continuouslyin cost, implies that cheapsignalswill only be usedwhen both parties
standto gaina high payof from effective communicationWhenthe netpayof to thereceveris
mauginal, evolved signalswill be more costly thanstrictly necessaryo corvey the information.
The relationshipis not symmetrical: when the net payof to the signalleris maginal, a non-
signallingequilibrium,in whichtherecever alwaysrespondgositively, is likely to occut

KrebsandDawkins (1984)predictedthat signallingwould be costlyif a conflict of interests
existed;strictly speakingheresultsdo not supportor contradicttheir prediction,asno signalling
occurredin the conflict-of-interestcases. It might be the casethat conflicts of interestin the
contet of a differentsignallinggamewould indeedresultin costly signals.However, thefailure
to evolve communicatiorgiven conflicts of interestin this simple gamestrongly suggestghat
in mary naturalcontets (e.g.,food calls, alarmcalls) reliablesignallingshouldnot be expected
unlessdt is in theinterestof bothparties.This conclusionis not alteredby separateonsideration
of the specificcostsof producinga signalandof makinganappropriategesponseo thatsignal.

Theresultsfrom the secondsimulationmodeldo not confirmKrebsand Dawkins’s conspira-
torial whispergheory but they definitelysuggesamodificationof it. As Figure7.12showvs,when
thenetpayof to thereceveris maginal, receverswill bescepticabndexpress'sales-resistance”
by respondingonly to costly signals;signallersin turn will be preparedo investmore enegy
in “convincing” receversto respondpositively. Whencommunications unambiguouslgoodfor
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bothparties signalsarecheapeandresponsé¢hreshold$ower. Thereforebothexpensie hypeand

conspiratoriawhispersare expectedto evolve, but in a muchsmallerregion of the payof space
thanKrebsandDawkins’'stheorysuggestd,e., within the co-operatie region. Expensie hypeis

whathappensvhenhonessignallingis highly profitableto thesignaller but only maginally soto

therecever. For example,supposehata juvenile benefitsby honestlysignallingextremehunger
to its parent,becausehe parentresponddy feedingit. If the netinclusive-fitnesgpayof to the

parentis only slight, perhapsecausé¢he parentis the ostensibldatherandthe speciedasa high

ratio of extra-paircopulationsthencostly signalsby the juvenile areexpected. Thusthe model
predictsthatchicksshouldbeg moreloudly to their fathersthanto their mothersfor instance.

7.4 Variations on the continuous-signal-cosgame

In line with the reasoningoresentedn section6.3, a numberof variationsof the evolutionary
simulationmodelwith continuoussignalandthresholdvalueswill now be presentedin orderto
avoid ary furtherprofusionof graphsthevariantswill incorporateonly non-signallingnitial con-
ditions. Ratherthanrequiringthe readerto constantlycomparesachfigure with Figure7.6—the
meancommunicatiorindex datafor the continuous-signatostgamewith non-signallinginitial
conditions—theommunicationndex resultsin eachvariantwill be presenteasdifferencedrom
thatgraph.Thatis, Figure7.6 will beusedasareferencdevel of communicationpositiveresults
for avariantwill indicatea greaterelative level of communicatiorandnot anabsolutemeasure.

7.4.1 Noiseand uncertainty

The useof continuousvaluesfor the costof signalsandfor the responsehresholdsuggestshe
possibility of randomnoisein the signallingchannel. In the real world signalswill not always
beaccuratelyperceved,andJohnston€1994)foundthatmodellingnoiseor perceptuaérrorin a
signallinggamein factalteredthepredictionsaboutwhich stratgieswereexpectedo bestable.It
wasthoughtthatperhapgheinclusionof noisewouldaltertheregion of the payof spaceén which
communicatiorevolved.

Noisewasimplementedyy addingarandomgaussiarvalue(u = 0) to theenegy level of the
signalbeforeit waspercevedby therecever. Thus,signalswill sometimede heardas*“louder”
or “softer” thanthey in factare. Whentherandomgaussiarvaluehada standardieviation of 0.2,
noisemadevery little differenceto the communicatiorindex data,i.e., communicatiorevolved
muchasin Figure 7.6. Whenthe standarddeviation was setto 2.0, on the other hand, com-
municationwasentirely disrupted.Presumablyntermediatdevels of noisewould have led to a
progressie degradationof communication.However, therewasno evidencethatthe additionof
noisecouldleadto honestsignallingin regionsof the payof spacewhereit would otherwisenot
have occurred.

Randomneswasalsoappliedto thepayof valuesPs andPy in orderto investigatahe effects
of realisticuncertainty Thepayof valuesasin all game-theoretiaccountsareintendedo beav-
erageexpectedpayofs. However, computersimulationallows usto assignpayofs in a particular
interactionthataredrawvn from arandomgaussiamlistribution. Thusthelongtermmeanwill beas
specifiede.g.,Ps = 2 andPr = 2, but therewardsfor successfutommunicatiorin ary onegame
will besomevhatunpredictableWhenthe standardleviation of therandomgaussianvas0.2,the
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Figure 7.14: Differencein meancommunicationindex betweenuncertainpayof variant (o =
2.0) and standardcontinuous-sigal-costgame;non-signallinginitial conditions. Eachpoint is
the differencebetweentwo meansgachcalculatedover 25 runs. Graphrotatedfor clarity—co-
operatve quadranappearsttopright.

evolution of stablecommunicationvasunafected. Whenthe standarddeviation wasincreased
to 2.0, communicatiorstartedto degradeasshawvn in Figure7.14. However, therewasagainno

suggestiorthatthe modellingof uncertaintyin payof valuescouldleadto communicatiorwhere
it would not have otherwiseevolved.

7.4.2 Exploitation of sensorybiasesand mutational lag

The simple gamesand simulationsdescribedherearein one sensean unfair way to testKrebs
andDawkins’s (1984)conspiratorialvhispershypothesis Krebsand Dawkins discusghe likely
evolution of signalsin comple real-world cases,and can thereforeappealto the exploitation
of respons@atternghat hadoriginally beenselectedor otherpurposesthe effectsof differing
mutationratesin signallersandrecevers,etc. Communicatiorin their predictedcostly signalling
armsraceswvasnotnecessarilyxpectedo bestable.For example,in areal-worldsituationwhere
it wasnotin theinterestof receversto respondoositively to a particularsignalfrom a predatoy
they might neverthelesgontinueto do sofor sometime if the signalwasstructurallysimilarto a
matingsignalmadeby memberof the samespecies.The manipulatve signallingsystemwould
breakdown as soonas an appropriatesequenceof mutationsresultedin organismsthat could
distinguishbetweenthe predators signal and the conspecificmating signal. In the signalling
modelspresenteall this complity is abstractednto the basefitnesspayofs for signallersand
recevers.

In anattemptto investigategheseissuesiwo simplemodificationswveremadeto the standard
continuous-signal-cagame.In thefirst of these we supposehatthe recevershave someother
ecologicalreasonfor having a low thresholdvalue, e.g.,thatthe samesensorymechanismsre
involvedin food detection.This opensup anopportunityfor signallerso exploit a“sensorybias”
(Guilford & Dawkins, 1991; Ryan& Rand,1993)in the recevers. Selectionpressurgor low
thresholdgT) wasimplementedy giving receversin eachgameanenegy bonus(b) asfollows:
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Figure7.15: Differencen meancommunicatiorindex betweersensorybiasvariantandstandard
continuous-signal-cagiame;non-signallinginitial conditions. Eachpoint is the differencebe-
tweentwo meansgachcalculatedover 25 runs. Graphrotatedfor clarity—co-operatie quadrant
appearsttop left.

0 ifT>5
1 fT<O

=t if0<T<5

b=

The resultsof simulationrunsof this variantareshavn in Figure7.15(usingFigure7.6 asa
baseline).Whenrecevershave otherreasondor maintaininga low responséhreshold commu-
nicationevolvesmuchmorereliably in the usualco-operatie region of the payof spaceandalso
occursin the selfishregion. Thatis, signallersareableto manipulatereceversto their own (the
signallers’)adwantage.Furthermoreaspredictedoy KrebsandDawkins (1984),the mostcostly
signalsindeedoccurredvhencommunicatiorhadbeenestablishediespitea conflict of interests.

In anothervariant,it is supposedhatresponsestratgiesmight evolve moreslowly thansig-
nalling strateies, i.e., thereis a mutationallag on receptionthresholdsrelative to signal cost
values. Sucha stateof affairs could comeaboutin therealworld if the sensoryequipmentused
to detectsignalswas older and affected by a larger network of genesthanthe organsusedfor
signalling. It would thenbe possiblethatsignallersmight “out-evolve” recevers,andsucceedn
gettingthemto respondo selfish,manipulatve signals. The ideawasimplementedy reducing
bothof themutationratesfor receptiorthresholddy afactorof 10. Thatis, thereal-\aluedthresh-
old genein anewbornindividualwasperturbedy arandomgaussiawalue,u= 0, 0 = 0.005,and
0.1%of thetime (i.e., a mutationrateof 0.001)a completelynew thresholdvaluewasgenerated
in theranget5. Theresultsareshovnin Figure7.16.

As with the sensorybiasvariant,communicatioris establishednore stronglyin part of the
co-operatre region, but it alsoevolvesin the selfishregion for high valuesof Ps. Again, themost
costly signalswere alsofound when selfishcommunicatiorhad evolved. A puzzlingfeatureof
the resultis thatit doesnot appearto have comeaboutsimply becausehe low rate of mutation
for thresholdvaluesmeantthat 500 generationsvas insufficient time for the optimal value to
be reached.MeanthresholdvalueswhenPs = 5 and Pr < O were approximately4 in both the
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Figure7.16: Differencein meancommunicationindex betweemmutationallag variantand stan-
dardcontinuous-sigal-costgame;non-signallinginitial conditions. Eachpointis the difference
betweenwo meansgachcalculatecover 25 runs. Graphrotatedfor clarity—co-operatie quad-
rantappearsattop left.

mutationallag variantandthe original simulationdata.

7.4.3 The effectsof spatial arrangement

Ackley andLittman (1994)andOliphant(1996)bothfoundthatarrangingsignallingpopulations
in spacdedto a greaterdegreeof altruisticsignalling.In Ackley andLittman’s modelindividuals
livedin smallgroups,communicatingandbreedingonly with their group-mateshut occasionally
migratingto anothemearbygroup. Therewasno spatialarrangemenivithin eachgroup, but the
groupsthemseleswerelaid out on a grid. In Oliphant's modelindividualswerearrangedn a
ring, andwerelikely to communicatendto breedwith theirneighbours.

A spatialvariantwasimplementedy arranginghe populationof 100individualsonatoroidal
10x 10 grid. Individualsinteractedonly with their 8 neighbours:in eachgame,a signallerwas
chosenat randomfrom the populationanda recever waschosenat randomfrom the signallers
neighbours.Breedingwasalsolocal. Whenonegeneratiorreplacedanothey the parentof the
individual who would occupya particularsquarevaschosenpusingroulette-wheeselectiort ac-
cordingto fitness,from amongthe nine local candidatesrom the previous generation.That s,
the parentof the occupanof a givensquarewould eitherbe the previous occupanior oneof the
previousoccupant neighboursTheresultsfor the spatialvariantareshovnin Figure7.17.

Arrangingthe populationin spacdeadsto anincreasen thereliability of communicationbut
only in thatsectionof the co-operatie region wherehonestyhasalreadybeenobsenredto evolve.
The agentshave clearly not beeninducedto participatein altruistic communicatiorwith their
neighbours. Thereis no communicatioreven whensignallersare merely ambwalent (Ps = 0).
However, it canbe shawn thataltruismof asorthasoccurred Figure7.18showvsthe differencen

1Roulette-wheekelectionrefersto a processwherebyary oneindividual’s probability of being selecteds pro-
portionalto its fitnessscore. The probabilitiesof selectioncanbe ervisagedas sectorsof varying size on a roulette
wheel.
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Figure 7.17: Differencein meancommunicationindex betweenspatial variant and standard
continuous-signal-cagiame;non-signallinginitial conditions. Eachpoint is the differencebe-
tweentwo meansgachcalculatedover 25 runs. Graphrotatedfor clarity—co-operatie quadrant
appearsattop left.

meanfitnessbetweerthe spatialvariantandthe original simulation.Thereis a spikeof increased
fitnessin thealtruisticquadranttthefront of thegraph:this occursbhecauseeceiversarerefrain-
ing from constanpositive responsesandthusbeingaltruistictowardstheir signallingneighbours
whowould bepenalizedoy a positiveresponsdecaus®f the negative valueof Ps in thisarea.

7.4.4 |Insistent signallers

Thesignallinggameusedis notlikely to beauniversaimodelof all possiblecommunicatie inter-
actions.In particular anddespitehaving the samebasicstructurewith two signalspossiblyused
to transmitinformationaboutabinaryhiddenstate the signallinggameis differentfrom thoseem-
ployedby Hurd (1995),0liphant(1996)andBullock (1997b).Hurd’s game for instancemodels
sexual signalling,andthe male signalleris not ambwvalentaboutthe femalerecever’s response
whenthe hiddenstateis low; the signalleralwaysprefersa positive response.A low hidden
statemapsto low malequality, a positive responseepresenta copulative episodeandevenlow-
quality maleswantmatingopportunities.The currentsignallinggame,in contrastcannotmodel
so-called*handicap”signalling,becauséow-statesignallersdo not careaboutwhatthe recever
does. Furthermorejn previousgamesfeceversareexplicitly rewardedfor accurag in discern-
ing the hiddenstate,but the gamepresentedhereallows the ecologicallyplausibleoutcomethat
receverssimply becomedisinterestedn the signal. The currentgameis a reasonablenodelof
situationssuchasalarmcallsandfood calls, in which potentialsignallershave no reasorto care
aboutwhat recevers do whenno predatorhasbeensightedor no food sourcehasbeenfound.
WhereadHurd’s gamesenesasa (discrete)model of situationswheresignallersvary on some
dimensionthe currentgamemodelssituationswheresignallersfall into two groups,only oneof
whichis relevantto the potentialresponse.

However, it is a simplematterto alter the presentgamesuchthat signallersare alwaysin-
terestedn gaininga positive response.The payof matrix is alteredsuchthat Ps, the payof to
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Figure 7.18: Differencein meanfitnessbetweenspatialvariantand standardcontinuous-sigal-
costgame;non-signallingnitial conditions.Eachpointis thedifferencebetweertwo meanseach
calculatedbver 25 runs.Graphrotatedfor clarity—co-operatie quadranappearsttop left.

the signaller is awardedwheneer thereceiver respondpositively, regardlesof thevalueof the

hiddenstate. On the otherhand,receversarestill only awardedtheir payof, Pr, whenthey re-

spondpositively andthe hiddenstateis high. Thereis thusa differentkind of conflict of interests
betweerthe signallerandrecever.

Making signallerswant positive repliesall the time in this way almostcompletelybreaks
down communication—seEigure7.19. Thereareno circumstances which receverscantrust
signallers,and extremeresponsestratgies (alwaysrespondingpositively or alwaysresponding
negatively) areformulatedpurely on the basisof the payof to therecever. Interestingly commu-
nicationcanbesalhagedif the conditionsof the handicagprincipleareapplied:thatis, if theunit
costof giving a signalin the low stateis greaterthanfor the high state. The resultsfor arunin
which signalsin thelow statecost5 timestheir normalvalueareshovnin Figure7.20;relative to
thestandardyame communicatiorievelsareonly somevhatdegraded.

7.5 Generaldiscussion

Theresultsfrom simulationsof thesimpleandcontinuous-costignallinggamesuggesthatcom-
municationwill not evolve whenthereis a conflict of interestsbetweersignallersandrecevers.
Evenwhensignallersandreceverssharea commoninterest,the evolution of communicatioris
not straightforward.Firstly, receversmay fall into blindly optimistic strateies(i.e., alwaysre-
spondingpositively) that are lessefficient than the communicatre equilibrium but nevertheless
stable. This is particularlylikely to occurwhenthe net payof to therecever is high. (The ex-
pectedpayof for alwaysrespondingpositively will of coursedependon the relative frequeng
of high andlow hiddenstatesa factor that wasnot variedin the modelspresented).Secondly
communicatiormay evolve but the signalsinvolvedwill be moreor lesscostly dependingon the
mauginal payof of therecever, asdiscussedn section7.3.3.

Variationson the continuous-cossignallinggame,while only briefly explored, suggesthat
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Figure 7.19: Differencein meancommunicationndex betweeninsistentsignallersvariantand
standarccontinuous-sigal-costgame;non-signallinginitial conditions. Eachpointis the differ-
encebetweeniwo meansgeachcalculatedover 25 runs. Graphrotatedfor clarity—co-operatie
guadrantppearsattop left.
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Figure 7.20: Differencein meancommunicationindex betweenhandicapprinciple variantand
standarccontinuous-sigal-costgame;non-signallinginitial conditions. Eachpointis the differ-
encebetweeniwo meansgeachcalculatedover 25 runs. Graphrotatedfor clarity—co-operatie
guadrantppearsattop left.
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communicatiorcanin fact evolve underconditionsof conflictinginterestif recevershave asen-
sorybiasthatmaintaindow responsehresholdsor if responsetratgiesdo notevolve asquickly
assignallingstrateies. In thesetwo casesmanipulatve or selfishcommunicatiorcanoccur Of
course,in the caseof a sensorybiascommunicatiorthatevolvesis not really occurringundera
conflict of interestshecauseeceversarechoosingthe stratgy thatmaximizestheir two sources
of fitness: the communicationgameandthe independentesponséias. However, an obserer
unavareof therecevers’ responséiaswould obsere agentgespondingo signalsin away that
wasnotin theirimmediateinterests.

Altruistic communicatior(consideredrom the point of view of signallers)wvasnot obsened
underary circumstancesncludingthespatialvariantsimulation.Spatialarrangementf the pop-
ulationwould seemnot to be a guaranteef kin-selectedaltruism. The occurrenceof apparently
altruisticfood andalarmcallsin nature jn circumstancewherereciprocalaltruismandkin selec-
tion cannotbeinvoked thereforeremaingo beexplained.In otherwords,this modelalonecannot
tell uswhy analarm-callingmonkey resiststhe temptationto quietly slip avay andsave itself; if
anempiricalstudywasto showv thatsomeanimalgivesalarmcallsto non-relatveswithout hope
of reciprocationthenwe would have a genuineconundrumon our hands.

However, the modelmay be a steptowardsunderstandinghe evolution of a differentkind of
non-kin, non-reciprocabltruism. Mobbing calls seemto involve a benefitfor the signaller who
recruitsallies to help drive off a predator anda costfor recevers,who sustaina risk of being
injured in the attack. Mobbing calls would thereforebe classifiedas selfishunderthe scheme
presentedn Figure7.1. In the sensorybias and mutationallag variations,this sort of selfish
communicatiorwasin factobsened. Fromthe pointof view of receiversthis representaltruism
directedtowardsthe signaller It might be the casethat somemanipulatve mobbingcalls are
maintaineddespitea real costto thosewho respond becausefor example,the call-production
behaiour canevolve fasterthanthe ability to distinguishbetweerthe calls of relatvesandnon-
relatives.

The evolutionary simulationmodelspresentedreunusualin their useof non-randorinitial
conditions. The useof non-signallingnitial conditionsin particularcanbe seenasan attemptto
getattheorigin oremegenceof communicatiomatherthanjust studyingtheconditionsfor its sta-
bility, asdoesorthodoxgametheory Non-signallingnitial conditionsembodytheassumptionthat
communicatiormustemege from a non-communicatie context—the un-clampingof signalling
stratgiesaftera periodof preliminaryevolution canbe seerastheintroductionof a mutationthat
allows the possibility of signalling. The simulationresultshave certainlydemonstratedhat the
conditionsfor stability canbevery differentfrom thosefor emegence.

A final qualificationmustbe madeconcerninghe results: the way that conflicting andcon-
gruentinterestshave beendefinedmaybe too simplistic. In the simplesignallinggameiit is true
thatwith positive netpayofs to the signallerandtherecever, andif the hiddenstateis high, both
agentswill benefitfrom apositiveresponseandthey thereforehave congruentnterestsHowever,
if we considetthemomentbeforethe hiddenstatehasbeendeterminedit is notclearwhetherthe
interestf thetwo agentonflictor not. If thesignaller for example,couldsomeha choosehe
strat@y of its opponenttherecever, it would wantthe opponento play an“alwaysrespondosi-
tively” stratgy—thatway thesignallerwould alwaysreceve thepayof andwouldnothave to ex-
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pendenegy in signalling. However, therecever, if similarly allowedto determinehesignallers
stratgy, would preferthatthe signallerusedanhonesstratey, preciselysothattherecevercould
avoid the costsof respondingpositively to thelow hiddenstate.Recallthat Trivers(1974)defined
a conflict of interestsasaninteractionin which naturalselectionfavoursa differentoutcomefor
eachparticipant.It seemghatthesignallerandrecever in this situationfavour differentstratgies
in theiropponentandthushave aconflictof interestseventhougha highvalueof thehiddenstate
would meanthattheir interestshecamecongruent.If this stratgy-basediefinitionof conflicting
interestswereadoptedary situationin the co-operatie payof region, assumingsignallinghad
a positive cost,would involve a conflict of interests—thisvould in turn meanthatall of the sig-
nalling obseredin the simulationmodelsevolved despitea conflict of interests.The problemis
perhapghatTrivers’s (1974)andMaynardSmithandHarpers (1995)definitionsarenot specific
enoughaboutjust what constitutesan “outcome” of the signallinggame. The simplerdefinition
of conflicting interests,as usedin the body of the paper is usefulin isolatingthe co-operatie
region of payof spaceasthe placeto expectsignalling. It is not yet clearhow theresultsshould
beinterpretedf the stratgy-basedlefinitionof conflictinginterestavaspursued.



