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A Continuous Evolutionary Simulation Model of theAttainability of Honest Signalling EquilibriaSeth BullockCenter for Adaptive Behavior and CognitionMax Planck Institute for Human DevelopmentLentzeallee 94, D-14195 Berlin (-Dahlem)Tel: 0049-30-82406{350, Fax: 0049-30-82406-399, Email: bullock@mpib-berlin.mpg.deAbstractA particular game-theoretic model (Grafen, 1990) ofthe evolutionary stability of honest signalling, whichattempts a formal proof of the validity of Zahavi's(1975, 1977) handicap principle, is generalised andrendered as an evolutionary simulation model. Inaddition to supporting new theoretical results, thisallows the e�ects of di�ering initial conditions on theattainability of signalling equilibria to be explored.Furthermore, it allows an examination of the man-ner in which the character of equilibrium signallingbehaviour varies with the model's parameters.It is demonstrated that (i) non-handicap signallingequilibria exist, (ii) honest signalling equilibria neednot involve extravagant signals, and (iii) the basinsof attraction for such equilibria are, however, rel-atively small. General conditions for the existenceof honest signalling equilibria (which replace thoseo�ered by Zahavi) are provided, and it is demon-strated that previous theoretical results are easilyaccommodated by these general conditions. It isconcluded that the supposed generality of the hand-icap principle, and the coherence of its terminology,are both suspect.Models of the evolution of signalling have received re-newed interest since the re-assessment of group selectionarguments during the mid-sixties encouraged theorists toconsider the worth of honest communication to the self-ish individual (see Johnstone, 1997, for a recent reviewof the literature). Initial claims that honest communi-cation could not be stable outside of scenarios in whichsignallers and receivers enjoy a shared interest in hon-est information exchange (Dawkins & Krebs, 1978) havebeen challenged by the development of Zahavi's (1975,1977) handicap principle.The evolution of signalling has been of interest withinarti�cial life since its inception (e.g., MacLennan, 1991;Werner & Dyer, 1991). However, with some exceptions(e.g., de Bourcier & Wheeler, 1995; Bullock, 1997), suchresearch has not attempted to address theoretical con-

cerns which are live within theoretical biology. Withinthis paper, a combination of traditional evolutionary sta-ble strategy (ESS) modelling (Maynard Smith, 1982)and evolutionary simulation modelling (Bullock, 1998)will be applied to a speci�c theory within current evolu-tionary biology | the handicap principle (Zahavi, 1975,1977; Zahavi & Zahavi, 1997).The handicap principle may be presented in manyforms. Indeed the multitude of scenarios which appear toadmit of explanation in its terms is one of its strongestattractions. This apparent ubiquity of application hasled Zahavi to suggest that his theory might usefully re-place the theory of sexual selection suggested by Darwin(1871) as a means of accounting for the speci�c class ofbehavioural and morphological adaptations which ariseas a result of selective pressure to accumulate matingopportunities.Here the handicap principle will be cast in terms ofcourtship display | the context in which it was �rst de-scribed (Zahavi, 1975). Assume that males vary in somerespect of interest to choosy females (e.g., in their abilityto forage). Females cannot ascertain this male qualitydirectly. However, they are sensitive to an alternativetrait. If this alternative trait were to systematically re-ect the value of the underlying male quality, femaleswould be selected to exploit it as a cue or advertisementupon which to base their mating choices.Why should such an `advertisement' accurately reectsome underlying quality? If females respond favorablyto suitors with such an advertisement, what preventsevery suitor from investing in this compelling signal, thusrendering it useless? In short, what might maintain thestability of a mate choice system in which males makesome courtship display which reveals their quality, andfemales mediate their mating choices on the basis of theinformation gained from such a courtship display?Zahavi's insight was to suggest that the costs incurredin producing courtship displays might enforce honestyamongst suitors if these costs were of a certain character.For example, an honest advertisement of a suitor's abilityto forage might be the extent to which the suitor delib-erately wastes food items which it has accrued through



foraging. Since poor foragers can less a�ord to wastehard-won prey items than good foragers, a system inwhich suitors demonstrate their foraging ability throughwasting food items cannot be invaded by cheats who ex-aggerate their foraging ability since the costs involved insuch exaggeration are prohibitive of such a strategy.1From this perspective, Zahavi suggests, signals shouldbe regarded as handicaps which signallers must bear ifthey are to demonstrate their true quality. It is throughsu�ering costs that signallers are able to convince theirassessors of their status.The validity of Zahavi's argument has proven hard toestablish. However, recent game theoretic models (e.g.,Grafen, 1990) have suggested that the central tenets ofhis argument are sound. Within this paper the phrase\Zahavi's handicap condition" will be used to refer to thestipulation that as signaller quality increases, the cost ofmaking any particular signal decreases.Johnstone (1997) has usefully characterized the litera-ture concerning the handicap principle as comprising twocontrasting classes of account. The �rst class, describedabove, attempts to account for the evolutionary stabilityof the honest advertisement of quality as a result of themanner in which the costs of signalling vary with qual-ity (e.g., Grafen, 1990; Hurd, 1995). The second classattempts to account for the evolutionary stability of thehonest advertisement of need as a result of the mannerin which signaller bene�ts vary with need (e.g., Godfray,1991; Maynard Smith, 1991).The latter class includes models of the kind used byGodfray (1991) to demonstrate the evolutionary stabilityof a strategy in which nestlings honestly advertise theirhunger by varying the strength of their begging calls.Godfray showed that such a strategy is evolutionarilystable if the costs of begging are independent of a chick'shunger, but the value of any particular parental resourceto a begging chick increases with the chick's hunger. Insuch situations no chick will exaggerate its hunger sincethe value of a parental resource solicited through exag-gerated begging will not compensate for the increasedcost of begging. Hungry chicks beg more than satedchicks because the resources are worth more to them.Previous models (Bullock, 1997) have demonstratedthat the two classes identi�ed by Johnstone (1997) arespecial cases of a general class of account in which the in-teractions between the advertised trait (quality or need)and both costs and bene�ts are such that honest sig-nalling strategies are the best policies.Here an evolutionary simulation model capable of ad-dressing this superordinate class of scenarios will be im-plemented. The general conditions under which honestsignalling may take place between parties which su�er1This notion of waste as a signal of quality is reminiscentof the concept of \conspicuous consumption" discussed byVeblen (1899).

a conict of interests will be determined. In addition,the evolutionary attainability of such honest signallingequilibria and the character of the signalling behaviourat such equilibria will be examined.In the following section, Grafen's (1990) continuoussignalling game is presented, its implementation as anevolutionary simulation model is described, and datagenerated by this simulation are summarized. The sat-isfaction of Zahavi's handicap condition will be shownto be neither necessary nor su�cient to ensure the evo-lutionary stability of honest communication. Subse-quently, the relationship between the simulation resultsand those of previous models will be discussed. It willbe concluded that these previous results are accommo-dated as special cases of those presented here. A condi-tion for the presence of honest signalling equilibria willbe o�ered which replaces that proposed by Zahavi. Thiscondition admits the existence of signalling equilibria inwhich (contra Zahavi) low-quality signallers enjoy lowersignalling costs than high-quality signallers.1 An Evolutionary Simulation Model ofa Continuous Signalling GameGrafen (1990) cast his model in terms of mate choice.Male �tness, wm, was de�ned as a function of quality,q, level of advertisement, a, and degree of female re-sponse, p. This function was constrained such that male�tness decreased with increasing advertisement, and in-creased with increasing female response. Female �t-ness, wf , was de�ned as increasing with the accuracywith which female response approximated male quality.Briey, Grafen demonstrated that honest signalling ofquality could be an ESS if the negative �tness conse-quences of male advertisement decrease with increasingquality, i.e., Zahavi's handicap condition is met. How-ever, Grafen's analysis demanded one extra assumption:that the positive �tness consequences of female prefer-ence were neutral with respect to male quality, or in-creased with male quality.A more general treatment of the model (Bullock, 1997)demonstrated that, once Grafen's assumption concern-ing the manner in which male quality mediates the pos-itive �tness consequences of female response is relaxed,Zahavi's handicap condition ceases to be either necessaryor su�cient for the stability of honest signalling. Here,an evolutionary simulation model will replicate this ana-lytic result, before allowing a more involved examinationof the behaviours exhibited by signallers and receivers.Before an evolutionary simulation model can be at-tempted, �tness functions which adequately capture theassumptions made during the above analysis must bede�ned for both signallers and receivers. Particular at-tention will be paid to the �tness functions' ability tocapture the assumptions made by the full range of con-tinuous signalling models under consideration here.



In addition, schemes for representing a range of contin-uous signalling and response strategies must be de�ned.They must be simple in order that the representationof strategies be amenable to manipulation by a geneticalgorithm, yet they must also be able to capture an ad-equate range of signalling and responding behaviours.1.1 Fitness FunctionsAfter Grafen (1990), (female) receiver �tness, wf , maybe calculated as wf = 11 + jp� qjReceiver �tness increases with the accuracy withwhich the receiver response, p, approximates signallerquality, q.Grafen (1990) constructed a speci�c function deter-mining (male) signaller �tness with which to demon-strate how his general model worked.wm = prqaThis �tness function allows that increases in signallerquality, q, reduce the costs incurred in making an ad-vertisement, a, and that increases in signaller qualityincrease the positive �tness consequences of female pref-erence, p. The degree to which female preference inu-ences signaller �tness is governed by a parameter, r.2As such, Grafen's function cannot accommodate thepossibility that the �tness consequences of receiver re-sponses might vary with signaller quality independentlyfrom the manner in which the negative �tness conse-quences of advertising vary with signaller quality. Fur-thermore, the function fails to accommodate the possi-bility that the negative �tness consequences for signallersof advertising might increase with signaller quality.An alternative function must be constructed beforean unconstrained exploration of the various possible sig-nalling scenarios entertained within the literature can beundertaken. wm(a; p; q) = pqR � aqSFor this function, wm, a, p, and q denote, as before,signaller �tness, level of advertising, degree of receiverpreference, and level of signaller quality, respectively,whilst R and S are exponents which govern, respectively,the manner in which signaller quality mediates the posi-tive e�ect of receiver responses and the manner in whichsignaller quality mediates the negative e�ect of signalleradvertisement. The function is naturally understood asthe sum of a positive bene�t term and a negative costterm.2Grafen assumes that both q and p lie in the interval [0,1],and that both a and r are greater than or equal to unity.

The �rst term of the �tness function, pqR, connotesthe bene�t of signalling. The receiver response, p, con-tributes positively to signaller �tness, but the manner inwhich it contributes may be sensitive to signaller quality.For scenarios in which R = 0, the �tness consequencesof receiver responses are independent of signaller quality.For scenarios in which R > 0, the positive contributionsof receiver responses increase with signaller quality. Forscenarios in which R < 0, the positive contributions ofreceiver responses decrease with signaller quality.The second term, aqS , represents the cost of signalling.The signaller's level of advertisement, a, contributes neg-atively to signaller �tness, but the manner in which itcontributes may be sensitive to signaller quality. Forscenarios in which S = 0, the �tness consequences ofadvertising are independent of signaller quality. For sce-narios in which S > 0, the cost of advertising increaseswith q. Conversely, for scenarios in which S < 0, thecost of advertising decreases with q. This last class ofscenarios is asserted by Zahavi (1975, 1977; Zahavi &Zahavi, 1997) to be the only class admitting of honestsignalling behaviour.In order to derive the conditions for the existence of anhonest signalling ESS we must derive the conditions un-der which \better males do better by advertising more"(Grafen, 1990, p.520). Grafen formulated the conditionthus: @wm=@a@wm=@p is strictly increasing in q:For the functions de�ned above, this yields,(R � S)qS�R�1 > 0;which is satis�ed exclusively by R > S. Thus we canexpect honest signalling ESSs to exist for scenarios inwhich R > S, i.e., scenarios in which, naturally enough,the manner in which quality mediates the positive �t-ness consequences of female preference (R) outweigh themanner in which quality mediates the negative �tnessconsequences of advertising (S).Thus, through manipulation of the signaller �tnessfunction's two free parameters, R and S, this contin-uous model can be made to capture the assumptionsof various models within the literature. In addition, aclear prediction concerning the conditions under whichhonest advertisement is an ESS has been made. TheseESS conditions accommodate results presented within,for example, Grafen (1990) and Godfray (1991), whilstallowing the existence of a broader class of honest sig-nalling conditions than predicted under such models (seeFigure 4). This broader class of ESS conditions includesscenarios in which Zahavi's handicap condition do nothave to be met (i.e., conditions in which S 6< 0).
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Figure 1: Examples of three continuous signalling strategies mapping signaller quality, q, onto advertisement, a, andthree continuous response strategies mapping advertisement, a, onto receiver response, p. Each strategy is de�nedby a gradient (constrained to lie strictly within the range [��2 ; �2 ]) and an intercept (unbounded).1.2 Signalling and Response StrategiesA population of signallers/receivers was distributedacross a 25-by-25 grid. Each cell in the grid containedone signaller and one receiver. Each signaller was allo-cated an internal state, q, drawn at random from a uni-form probability distribution in the range [qmin; qmax].In addition, each signaller inherited a signalling strat-egy from its parent. A signalling strategy comprisedtwo real values, f�; cg. An advertisement, a, was calcu-lated as q tan � + c. Advertisements of below zero weretruncated to zero. Similarly each receiver inherited aresponse strategy from its parent. A response strategycomprised two real values, f�; dg. Receiver response, p,was calculated as a tan� + d. Responses lying outsidethe range [qmin; qmax] were truncated to their nearestextreme. For all simulations reported here qmin = 0:1and qmax = 5:0.The honesty of such a signalling strategy cannot beascertained through consideration of the strategy in iso-lation. Either of the signalling strategies depicted in Fig-ures 1a and 1b could take part in an honest signallingscenario since they each provide a unique advertisementfor each possible value of signaller quality. For example,Figures 1d and 1e depict response strategies which wouldsuccessfully recover the value of q from advertisementsmade by signallers adopting the signalling strategies de-picted in Figures 1a and 1b respectively. In contrast, thesignalling strategy depicted in Figure 1c does not provideunique advertisements for each possible value of signallerquality. The best reply to such signalling strategies is toplay the response strategy depicted in Figure 1f, whichensures that each signaller is assessed as of average qual-ity.Whether communication is deceitful or honest is thuscontingent upon the manner in which the signalling andresponse strategies match up across the population. If aperiod of adaptation under the selection pressures imple-mented by the �tness functions outlined above leads toa population of signallers playing the strategy depictedin Figure 1b partnered by a population of receivers play-ing the strategy depicted in Figure 1e, such populationscan be considered, in concert, to be taking part in an

honest signalling scenario since receiver prediction erroris minimized in such circumstances. In such a popula-tion, a mutant signaller playing the alternative signallingstrategy depicted in Figure 1a is cheating since the qual-ity of such a mutant would be systematically misjudgedby receivers. The classi�cation of such a signaller as acheat must be made despite the fact that the particularsignalling strategy employed by the mutant generatesadvertisements which are directly proportional to its in-ternal state.This scheme for the representation of signalling andresponse strategies compares favourably with alternativeschemes proposed within similar models. For example,de Bourcier and Wheeler (1995) construct a model ofaggressive signalling with which to explore the handicapprinciple, and propose that a signalling strategy can berepresented as the (positive) gradient, m, of an advertis-ing function of the form a = mq. Under such a scheme,although signallers may employ di�erent degrees of ex-aggeration, no signaller is able to signal more stronglywhen low quality than when high, and every signallermust make an advertisement of zero when of zero quality.This overly restricts the strategy space and consequentlylimits the evolutionary dynamics of their model.1.3 Algorithm and ParametersThe �tnesses of signallers and receivers were calculatedas per the �tness functions de�ned above, each interact-ing once with four partners chosen randomly (with re-placement) from its local neighbourhood. Once each sig-naller and receiver had been assessed, the whole popula-tion was updated synchronously and asexually. One par-ent from the previous generation was chosen for each o�-spring cell. The location of a potential parent was chosenthrough perturbing both the x and y grid co-ordinatesof the o�spring cell by independent values drawn from anormal probability distribution with standard deviation1.75 and mean zero. Four potential parents were cho-sen for each o�spring signaller. An o�spring signallerinherited its signalling strategy from the �ttest of thesefour. Similarly, an o�spring receiver inherited its re-sponse strategy from the �ttest of four receivers chosenfrom the previous generation in the same manner.



A mutation operator ensured that o�spring sometimesinherited a strategy which di�ered from that of theirparents. For both signallers and receivers each of thetwo values comprising their inherited strategy were in-dependently exposed to the chance of mutations, whichoccurred with probability 0.01. Mutations, when theyoccurred, consisted of perturbations drawn from a nor-mal distribution with mean zero and standard deviation0.05. Mutated values which lay outside the legal rangefor the parameter they coded for were truncated to thenearest legal value for that parameter.Populations were simulated for 1000 generations inthis manner, during which time the signalling andresponse strategies present in the population wererecorded. The parameters R and S were varied acrosssimulations but remained constant throughout each.The 441 possible pairs of parameter values, fR;Sg,drawn from the set f-2.0, -1.8, . . . 1.8, 2.0g, were ex-haustively explored under each of three di�ering classesof initial condition. Each of the resulting 1323 (3 by 441)conditions were simulated 10 times. The pseudo-randomnumber generator employed by the algorithm was itselfseeded randomly for each simulation.The �rst class of initial conditions consisted of a pop-ulation of signallers sharing an `honest' signalling strat-egy which mapped q directly onto a, f� = �4 ; c = 0g, anda population of receivers sharing a `believing' responsestrategy, f� = �4 ; d = 0g, which faithfully recovers val-ues of q from signaller advertisements produced underthe honest signalling strategy. This class of initial con-ditions will be termed `Honest' since receivers are ableto predict signaller quality accurately from signaller ad-vertisements.The second class of initial conditions consisted of apopulation of signallers and receivers, each with a strat-egy generated by drawing values for � and � at randomfrom a uniform distribution [��4 ; �4 ], and similarly draw-ing values for c and d at random from a uniform dis-tribution [�qmax; qmax]. This class of initial conditionswill be termed `Random' since signallers' strategies andreceivers' strategies are unrelated and implement a widerange of mappings.The third class of initial conditions consisted of a pop-ulation of signallers sharing a signalling strategy whichmapped any value of q onto 0, i.e., f� = 0; c = 0g, and apopulation of receivers sharing a response strategy whichmapped any advertisement onto 0, i.e., f� = 0; d = 0g.This class of initial conditions will be termed `Cynical'since signallers never make advertisements, whilst re-ceivers never make responses.1.4 ResultsResults were consistent with the predictions arrived atthrough the analysis presented above. Two measures ofperformance were utilized in assessing the degree of hon-esty within a population. Both measures were derived

from population summary statistics calculated for a par-ticular generation. First, the average signalling strat-egy and response strategy were calculated. This wasachieved simply by taking the population mean valuesof �, c, �, and d.From the mean signalling strategy, f��; �cg, the meanstrategy signal range, �r, was calculated as (qmax �qmin) tan ��. The mean strategy response error, �e, wascalculated as the absolute mean di�erence between sig-naller quality, q, and receiver response, p, for signallersusing the mean signalling strategy f��; �cg and receiversusing the mean response strategy f��; �dg, calculated forq ranging from qmin to qmax.Since both these metrics are population-level summarystatistics, care must be taken to appreciate that manyheterogeneous populations could be responsible for anyobserved value. For example, a value of �e = qmax+qmin4may indicate a homogeneous population of receiversadopting the strategy f� = 0; c = qmax+qmin2 g, or aheterogeneous population comprised such that, althougheach receiver employs a di�erent strategy, on averagethey achieve chance levels of performance. Through-out the following sections, such ambiguity was avoidedthough recourse to the relevant standard deviations.Honest Initial Conditions: The equality R = Sdivided the parameter space into two areas (see Fig-ure 2). The area de�ned by R > S contained signallerswhich made advertisements which increased with sig-naller quality (�r > 0), and receivers which were ableto recover signaller quality accurately from such adver-tisements (�e � 0); i.e., honest signalling obtained underthese conditions. In contrast, the area de�ned by R < Scontained signallers which made advertisements whichdid not di�er with signaller quality (�r � 0), and, as aresult, receivers which were unable to accurately recoversignaller quality from signaller advertisements (�e > 0);i.e., non-signalling obtained under these conditions.3Furthermore, for scenarios in which R > S, mean sig-nal range, �r, increased with R�S. For scenarios in whichthe di�erence between R and S is small, the range ofsignals is also small. However, for scenarios in which Rfar outstrips S, signals given by high quality signallersare orders of magnitude higher than those given by lowquality signallers.Random Initial Conditions: Within the area ofparameter space in which honest signalling equilibria arenot predicted to exist, �r � 0 whilst �e � qmax+qmin4 , i.e.,non-signalling strategies, and response strategies whichperform at the level of chance are observed.Within the area of parameter space predicted to ad-mit of honest signalling equilibria, both honest signalling3Mean response error is sometimes higher than that re-sulting from performance at chance levels. This is due to anartefact of the simulation design (limiting receiver responseto fall within the range [qmin; qmax]). A full account is givenin Bullock (1998).
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Figure 2: Mean response error (left) and signal range (right) after 1000 generations, averaged across 10 simulationruns from Honest initial conditions. For reasons of clarity the left graph has been rotated 90� anti-clockwise aboutthe vertical axis.
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Figure 3: Mean response error (left) and signal range (right) after 1000 generations, averaged across 10 simulationruns from Random initial conditions. For reasons of clarity, the left graph has been rotated 90� anti-clockwise aboutthe vertical axis.equilibria and non-signalling equilibria were achieved.The frequency with which honest signalling equilibriawere achieved from Random initial conditions increaseswith the magnitude of R�S. For simulations in which Ris only slightly higher than S, honest signalling equilibriaare achieved only rarely. As R � S increases, signallingequilibria are achieved with increasing frequency. Thisis reected in the variation, across the parameter space,of both the mean values for �r and �e (see Figure 3) andtheir standard deviations.Cynical Initial Conditions: The behaviour of themodel is similar to that resulting from Random initialconditions. For simulations in which R < S, behaviour isindistinguishable from that resulting from Random ini-tial conditions. For simulations in which R > S, sig-nalling equilibria are sometimes attained, although thefrequency with which this occurs is lower than that ob-served for simulations from Random initial conditions.As before, the frequency with which signalling equilibriaare achieved increases with R� S.

1.5 A Note on EquilibriaAt several points throughout the preceding sections useis made of the term equilibrium. The honest signallingequilibria described have the general character of pointequilibria. However, the stochasticity of the tournamentselection process and the allocation of signaller quality,the statistical independence of mutation events, and theco-evolutionary nature of the signaller-receiver relation-ship all ensure that a population of signallers or receiverswill tend to move around the vicinity of its equilibriumstate, rather than �x upon it rigidly, as might be ex-pected from an idealized numerical approximation tothe dynamic equations of an ESS model. Thus to callthe equilibria achieved by the simulation ESSs is notstrictly accurate. However, in their defence, the hon-est signalling equilibria achieved by the simulation arepredicted by the ESS model and are characterized byapproximately constant trajectories within both the sig-naller and receiver populations.By contrast, what might be called the simulation'snon-signalling equilibria permit signi�cant amounts of



evolutionary drift on the part of both signaller and re-ceiver populations. There are, for example, many sig-nalling strategies which result in signallers never makinga signal. If, under certain conditions, selection favoursmaking no signal, evolutionary drift amongst these func-tionally identical strategies is inevitable.Similarly, although there is an optimal response strat-egy in reply to such non-signalling signallers, the rela-tively small sample of four signallers against which eachreceiver is assessed ensures that there exists a high de-gree of variability in �tness scores achieved by strategiesin the vicinity of this optimal strategy (which is onlystrictly optimal if assessed on the basis of an in�nitenumber of trials, each featuring a signaller drawn at ran-dom from the entire population). One might conceive ofthis situation as involving a receiver population which issubject to a rather weak negative feedback from its co-evolutionary partner. This feedback keeps the receiverpopulation within a volume of strategy space containingstrategies with �tnesses sharing a similar mean and arelatively high variance.A related but distinct point concerns whether equi-libria achieved by the simulation are repeatable, i.e.,whether the same population states are always achievedfrom the same initial conditions under the same param-eter values. For the purposes of this model no claim tothis e�ect will be made since the simulation's stochastic-ity is, at times, quite capable of perturbing trajectoriesfrom one basin of attraction to another. Despite thisindeterminacy, basins of attraction remain characteriz-able.Considerations such as these do no damage to the gen-erality of the results presented here, but should be bornein mind when analyzing the behaviour of any evolution-ary simulation model.2 SummaryThese simulation results suggest that both the possibil-ity of a stable honest signalling system, and the extrava-gance of signals within such a system, depends criticallyon the di�erence between the manner in which the ad-vertised trait inuences the bene�ts of signalling (R) andthe manner in which it inuences the costs of signalling(S). Where this di�erence is negative (R < S), no hon-est signalling is possible. Where this di�erence is positive(R > S), honest signalling equilibria exist.Thus, honest signalling equilibria may exist for scenar-ios in which Zahavi's handicap condition does not hold(i.e., S 6< 0), and conversely honest, signalling equilibriamay not exist for scenarios in which Zahavi's handicapcondition does hold (i.e., S < 0).Furthermore, the magnitude of the di�erence, R � S,is positively correlated with the extent of the basin of at-traction for any signalling equilibrium. Thus, althoughunder conditions in which R � S is positive but small,stable signalling equilibria in which signals are relatively
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Figure 4: Showing (a) the conditions under which honestsignalling obtain for the model presented here, and (b)the conditions predicted to admit of honest signallingequilibria by (i) Zahavi (1975, 1977): diagonal hatchingde�ned by S < 0, (ii) Grafen (1990): cross-hatchingde�ned by S < 0 and R � 0, (iii) Godfray (1991) andMaynard Smith (1991): bold vertical line de�ned by R >0 and S = 0, and (iv) Hurd (1995): bold horizontal linede�ned by S < 0 and R = 0.cheap are viable, such equilibria will seldom be attainedthrough the evolution of non-signalling ancestral popula-tions since the basins of attraction for such equilibria areprohibitively small. This result is derived solely from thesimulation behaviour since predictions concerning the at-tainability of equilibria could not be made on the basisof the analytic �ndings reported in Bullock (1997).3 DiscussionIt has been demonstrated through the use of an evo-lutionary simulation model that non-handicap equilib-ria exist for an extension to Grafen's (1990) continuousmodel of signal evolution. In this section, the �ndingsreported in this paper will be compared with those re-ported within previous studies. These previous resultsare easily accommodated by those presented within thispaper, which themselves provide a general formulationof the conditions governing the existence of what havebeen termed `handicap' signalling scenarios.Once this reconciliation of previous results has beendescribed, a reconciliation of the positions which leadto their presentation will be attempted. The handicapprinciple will be assessed in three regards. The �rst is-sue discussed will be the various interpretations of therelationships between costs, bene�ts, and �tness whichappear to motivate models of the handicap principle.Secondly, the validity of the term handicap itself will beconsidered before, �nally, the implications of the resultspresented here for the supposed generality of the handi-cap principle will be addressed.



3.1 Reconciliation of ResultsFigure 4a depicts the broad conclusion suggested by thecontinuous model of signalling explored here. Honestsignalling is stable for scenarios in which the manner inwhich the advertised trait mediates the inuence of sig-nalling bene�ts on signaller �tness outweighs the man-ner in which the advertised trait mediates the inuenceof signalling costs on signaller �tness, i.e., the net cost ofsignalling (the cost of honest signalling minus the bene-�t of an accurate receiver response) decreases monoton-ically with the advertised trait.This result is captured graphically in Figure 4a bydividing the space of possible signalling scenarios intotwo halves, separated by a diagonal line along which theinuence of the advertised trait on costs is exactly bal-anced by its inuence on bene�ts (i.e., R = S). Abovethis line (i.e, for R > S), honest signalling equilibria ob-tain; below it (i.e., for R < S), no such honest signallingequilibria exist.In Figure 4b this graphical device is used to locate pre-vious theoretical results. For example, Zahavi's (1975,1977; Zahavi & Zahavi, 1997) claim that honest sig-nalling may only exist for scenarios in which the costsof signalling decrease with the trait being advertisedmay be represented by the area satisfying the inequalityS < 0. It is plain from the diagram that this inequal-ity is neither necessary nor su�cient for the existence ofhonest signalling equilibria. Grafen's (1990) contentionis hown to be correct. Given that signaller bene�ts areeither una�ected by the advertised trait or increase withthe advertised trait (R � 0), in order that signallingbe honest, signalling costs must decrease with the ad-vertised trait (S < 0). However, the space of possiblesignalling scenarios de�ned by his conditions, does notexhaustively account for all honest signalling equilibria.Models in which the negative �tness consequences ofsignal costs are assumed to be independent of the traitbeing advertised (i.e., models for which S = 0) haveoften concluded that, in order for such signalling to behonest, the positive �tness consequences for signallersof receiver behaviour must increase with the signaller'sadvertised trait (i.e., R > 0). Such models typically takethe advertised trait to be signaller need (e.g., Godfray,1991; Maynard Smith, 1991). They make a claim whichcan be recast as asserting that honest signalling maybe stable for signalling systems which lie along the boldvertical line in Figure 4b.Similarly, models in which the positive �tness conse-quences of the bene�ts accrued by signallers are assumedto be independent of the trait being advertised (i.e.,models for which R = 0) have often concluded that,in order for such signalling to be honest, the negative�tness consequences (for signallers) of signal cost mustincrease with the signaller's advertised trait (i.e., S < 0).Such models typically take the advertised trait to be sig-

naller quality (e.g., Hurd, 1995), and make a claim whichcan be rephrased as asserting that honest signalling maybe stable for signalling systems which lie along the boldhorizontal line in Figure 4b.3.2 Costs, Bene�ts, and FitnessThis paper opened with a description of two complemen-tary arguments which each result from Zahavi's handi-cap signalling notion. The �rst argument suggested thathonest advertisement of quality might be stabilized bydi�erential signaller costs. The second argument sug-gested that the honest advertisement of need might bestabilized by di�erential signaller bene�ts. The resultsof the model constructed within this paper demonstratethat the honest advertisement of either quality, or need,may each be stabilized by di�erential costs, and/or dif-ferential bene�ts. This result is due to the fact thatthe terms `cost' and `bene�t' may each be cashed outin the same currency | �tness. Costs are merely nega-tive increments to �tness, whereas bene�ts are positiveincrements to �tness.However, at a less abstract level of description, costsand bene�ts may come in many di�erent forms. For ex-ample, negative �tness consequences may arise as a re-sult of energetic costs, risks of predation, parasitism, orinfection, costs of missing a high-quality mating opportu-nity, of mating with a sub-optimal mate, etc. Althougheach of these costs has negative �tness consequences, thecharacter of these negative �tness consequences may dif-fer radically across these di�erent forms of cost.Similarly there are bene�ts to be gained from obtain-ing a copulation, a food resource, a territory, an oppo-nent's surrender, etc. Again, although each of these ben-e�ts has positive �tness consequences, the character ofthese positive �tness consequences may not be uniformacross these di�erent forms of bene�t.Within evolutionary models, the manner in whichcosts and bene�ts inuence �tness is formalized iden-tically. Costs, whatever their nature, inuence �tnessnegatively, whereas bene�ts, whatever their nature, in-uence �tness positively.However, theorists constructing models of handicapsignalling are faced with a decision concerning the man-ner in which the inuence of signalling costs (and sig-nalling bene�ts) upon �tness is to vary with the traitwhich signallers are advertising. For example, how doesthe e�ect of signal production cost vary with signallerneed? What will interest us here are the di�erent de-cisions which may be made regarding these aspects ofhandicap modelling.Consider the example of a begging nestling which issignalling in an attempt to solicit parental resources.We will assume that the trait of interest to parents is achick's need, and that quality varies inversely with need.For this scenario Godfray (1991) models the cost of sig-nalling as equal across all signallers. Grafen (1990), on



the other hand, models cost as decreasing with signallerquality. Godfray (1991) models the bene�t of solicitinga particular parental resource as increasing with need,whereas Grafen (1990) models such bene�t as either in-dependent of signaller need, or decreasing with signallerneed.A second example, also addressed by Grafen (1990),involves an interloper making a signal of aggressive in-tent to an observing harem holder. Grafen asserts thatin such a situation, the costs of signalling decrease withthe increasing quality of a signaller. He further claimsthat the bene�ts for the signaller of a retreat responseby a receiver increase with the quality of a signaller. Incontrast, Adams and Mesterton-Gibbons (1995) suggestthat in such situations, the bene�t of eliciting a retreatresponse might decrease with increasing signaller quality.They reason that \strong animals can win many conictswithout threatening (i.e., by direct �ghting), while weakanimals cannot. Furthermore, weak animals have moreto gain by avoiding direct �ghts since they are less ableto defend against injury." (p. 406).It is clear from these two examples that the authors ofthese models have made radically opposed assumptionswith respect to the relationship between costs, bene�ts,and �tness (see Bullock, 1997, for a discussion of possi-ble reasons for these di�erences). In contrast, the modelpresented within this paper makes no assumptions con-cerning the manner in which costs and bene�ts inuence�tness, save that costs are a negative inuence, whilstbene�ts are a positive inuence. As a result of this neu-trality, a degree of generality has been gained.3.3 Are Signals Handicaps?The force of the results presented within this paper isto qualify previous statements of the conditions whichmust be met before honest handicap signalling may beevolutionarily stable. Rather than merely requiring grosssignalling costs to vary with signaller quality in somemanner, the model presented here requires considerationof the manner in which the net cost of signalling varieswith signaller quality.Although Zahavi often appears to consider the netcosts involved in signalling when formulating his prin-ciple (e.g., \it is reasonable to expect a population in itsoptimal �tness to bene�t from a handicap", and \so longas the o�spring . . . does not deviate to grow its handi-cap larger than it can a�ord, the handicap [may persist]as a marker of honest advertisement", Zahavi, 1977, p.604), when describing examples of natural signalling herarely appreciates the bene�ts which might be accruedfrom signalling, and the manner in which such bene�tsmight negate the increased costs involved in blu�ng.Zahavi's ambivalence toward the potential bene�ts ofsignalling (or blu�ng) led Wiley (1983) to characterizeZahavi's (1975) claim as \signals should evolve to be-come a net handicap to signallers" (p. 176, my empha-

sis), whilst Adams and Mesterton-Gibbons (1995) reachthe opposite conclusion, stating that the scenario theyconsider di�ers from that prescribed by the handicapprinciple in that within their model, \the net bene�t fora given advertisement may not increase monotonicallywith the signaller's strength" (p. 406).Furthermore, the sense of much of Zahavi's verbal ar-gument does not seem to accord with a notion of thehandicap principle couched in terms of net costs. Forexample, as Hurd (1995) points out, if the costs involvedin signalling must be acceptable costs (i.e., they must becompensated for by consonant bene�ts), then in whatsense are these costs a `handicap'? Although the costsincurred by a blu�er might be characterized as a handi-cap, since these costs would not be compensated for bythe receiver response, this is not the sense in which Za-havi proposed the term. For Zahavi, honest signallerssu�er a handicap. This su�ering is necessary as a meansof demonstrating honesty. However, once one appreci-ates the role played by bene�ts in assuaging these costs,the notion that signallers are \su�ering" becomes sus-pect.3.4 The Generality of the HandicapPrincipleThe inclusion of a bene�t clause in the de�nition of thehandicap principle does not preclude the existence ofhandicap signalling equilibria. However, it does haveimplications for the proposed ubiquity of the handicapprinciple as it has been presented by Zahavi and others.The condition that signal cost is related to signallerquality in the manner stipulated by Zahavi (i.e., thatas signaller quality increases the cost of signalling de-creases) appears to be a candidate for very wide appli-cation. Indeed, Zahavi has demonstrated the breadthof this application, even going so far as to suggest thatthe handicap principle accounts for all natural signalling.However, the model constructed here demonstrates thatthe inuence of bene�ts on signaller behaviour may en-sure that despite signal cost being related to signallerquality in the manner prescribed by Zahavi, honesty maynever-the-less be unstable. Similarly, some systems, de-spite failing to meet Zahavi's handicap condition (e.g.,systems in which there is no relationship between sig-nal cost and signaller quality) may be stable due to theinuence of bene�ts upon signaller behaviour.As such, the ease with which these revised condi-tions for the existence of evolutionarily stable handicapsignalling may be con�dently predicted to hold acrossclasses of signalling scenario is much reduced. Field bi-ologists charged with the task of establishing whetherreal signalling systems are handicap signalling systemsmust characterize both the manner in which signal costdi�ers with the trait being advertised and the mannerin which signaller bene�ts di�er with the same trait.This increased burden is compounded by the fact that,



as demonstrated above, theorists' predictions concerningthe manner in which costs and bene�ts vary with, forexample, quality or need across signalling populationsthemselves demonstrate a lack of coherence.From this discussion, it is clear that the model con-structed within this paper, in addition to clarifying theconditions under which signalling may be honest and sta-ble, questions the integrity of handicap terminology. Italso challenges the handicap principle's supposed ubiq-uity through highlighting the complications which arisefrom a consideration of the manner in which costs andbene�ts are mediated by advertised traits.4 ConclusionIn summary, the satisfaction of Zahavi's handicap con-dition was demonstrated to be neither necessary norsu�cient for the existence of honest signalling equilib-ria within a general continuous evolutionary simulationmodel.It was demonstrated that in order for a signalling sys-tem to be stable, a relationship between signalling costs,signaller quality, and (contra Zahavi) signalling bene�tsmust hold, not merely a relationship between signallingcosts and signaller quality.Stable signalling systems involving relatively cheapsignals were shown to be viable under certain conditions.However, the evolutionary attainability of these equilib-ria was shown to be compromised by the size of theirbasins of attraction.AcknowledgmentsThis paper was improved immeasurably through the inu-ence of Valerie Chase, Jason Nobel, Ezequiel di Paolo, Hen-rietta Wilson, and the useful commentary of two anonymousreferees. ReferencesAdams, E. S., & Mesterton-Gibbons, M. (1995). The cost ofthreat displays and the stability of deceptive commu-nication. J. Theor. Biol., 175, 405{421.Bullock, S. (1997). An exploration of signalling behaviour byboth analytic and simulation means for both discreteand continuous models. In Husbands, P., & Harvey, I.(Eds.), Proceedings of the Fourth European Conferenceon Arti�cial Life, pp. 454{463 Cambridge, MA. MITPress.Bullock, S. (1998). Evolutionary simulation models: On theircharacter, and application to problems involving theevolution of natural signalling systems. UnpublishedPhD Thesis, University of Sussex, England.Darwin, C. (1871). The Descent of Man and Selection inRelation to Sex. John Murray, London.Dawkins, R., & Krebs, J. R. (1978). Animal Signals: Infor-mation or Manipulation. In Krebs, J. R., & Davies,N. B. (Eds.), Behavioural Ecology: An EvolutionaryApproach, pp. 282{309. Blackwell, Oxford.
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