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tionMany of the 
hapters in this book have approa
hed human language with aneye to its unique features, su
h as re
ursive syntax, or a large learned lexi
on.We propose to take a wider view, seeing human language as one among manyanimal 
ommuni
ation systems, and fo
using on the sele
tive pressures a�e
t-ing the origin and maintenan
e of su
h systems. The possibility that humanlanguage arose from animal 
ommuni
ation through a pro
ess of evolutionary
hange demands that we attend to the 
on
eptual problems at the heart of our
urrent understanding of animal signalling. In doing so we may throw light uponnot only the origins of human language, but also its 
hara
ter.The 
hief theoreti
al problem that 
omes to light when we look at the evolu-tion of 
ommuni
ation is a

ounting for the amount of honesty that is apparentlyinvolved (Johnstone, 1997; Noble, 2000a). Let us spe
ify a hypotheti
al 
ommu-ni
ative s
enario, su
h as a warning 
all to alert other animals about an ap-proa
hing predator, or a display to advertise one's suitability as a mate. We 
anthen 
onstru
t a game-theoreti
 model, whi
h allows us to 
onsider the advan-tages and disadvantages of 
ommuni
ative and non-
ommuni
ative behaviour inour s
enario. There usually turns out to be a tempting payo� for 
heats, liars,blu�ers, or free-riders, whi
h means that 
ommuni
ation should not be evolution-arily stable. It 
an therefore be diÆ
ult to use the model to explain the apparentprevalen
e of real-world 
ommuni
ation in the situation we are modelling.The problem is sometimes solved by 
onstru
ting amore subtle game-theoreti
model; for example, we might take into a

ount the e�e
ts of kin sele
tion, and�nd that 
ommuni
ation will be sele
ted for, as long as signaller and re
eiverare from the same family group. However, if they are to remain tra
table, game-theoreti
 and other mathemati
al models 
an only be made more elaborate upto a point. If we suspe
t that 
ommuni
ation is o

urring in a 
ertain natural
ontext, and yet the best game-theoreti
 model we 
an 
onstru
t tells us that
ommuni
ation should not be stable, what are our options?Moving to individual-based 
omputational modelling lets us test the ideathat stable 
ommuni
ation may emerge from low-level details of spa
e, time,



and intera
tions between organisms that 
annot be 
aptured in a 
onventionalgame-theoreti
 model. We are most interested in evolutionary simulation models(Di Paolo, Noble, & Bullo
k, 2000), whi
h involve the expli
it modelling of indi-vidual organisms intera
ting in a shared environment. Evolution is in
orporatedin the sense that the more su

essful organisms (where su

ess is de�ned bya 
riterion analogous to energy a

umulation) will have a greater likelihood ofpassing on their geneti
 material to the next generation. Variation is introdu
edthrough mutation, i.e., the o

asional random alteration of the transmitted ge-neti
 information.The 
urrent 
hapter looks at simulations of the evolution of 
ommuni
ationin the e
ologi
al domains of feeding, sexual 
hoi
e, and 
ontests over resour
es.We hope to demonstrate the power of individual-based evolutionary simulationmodelling to explore more subtle hypotheses about signal evolution than is typ-i
ally possible using 
onventional methods.2 The Role of E
ologi
al Feedba
kThere is an in
reasing re
ognition of the non-trivial e�e
ts that many e
ologi
alfa
tors 
an have on evolution in general, and on the evolution of so
ial behavioursu
h as 
ommuni
ation in parti
ular. For instan
e, it had been suggested thatthe e�e
ts of limited dispersal 
ould enhan
e the lo
al 
oeÆ
ient of relatednessbetween intera
ting individuals (Hamilton, 1964), thus fa
ilitating the evolutionof 
ooperative behaviour. However, 
ontrary to this initial intuition, the e�e
tof in
reased relatedness due to lo
al intera
tions may be over
ome by the e�e
tsof in
reased lo
al 
ompetition when the s
ale of dispersal and the s
ale of in-tera
tions 
oin
ide (Taylor, 1992a, 1992b; Wilson, Pollo
k, & Dugatkin, 1992),a result that does not 
ontradi
t the theory of kin sele
tion if relatedness isproperly 
al
ulated (Queller, 1994). This 
an
ellation of positive and negativee�e
ts on �tness is 
hallenged when the s
ales of dispersal and density regulationdo not 
oin
ide (Kelly, 1992, 1994). It has also been shown that altruism mayevolve in su
h vis
ous populations if organisms are modelled as dis
rete entitiesand the asso
iated sto
hasti
ity is taken into a

ount (Goodnight, 1992; vanBaalen & Rand, 1998; Krakauer & Pagel, 1995; Nakamaru, Matsuda, & Iwasa,1997). These 
ases 
an be regarded as eviden
e that e
ologi
al dynami
s, whi
h
an in
lude the e�e
ts of spatial situatedness, distribution of resour
es, matingstrategies, and the a
tivity of other spe
ies, 
an transform a simple evolutionaryproblem into a 
omplex and non-intuitive one.So far, the best way to approa
h su
h problems have proven to be a 
ombina-tion of traditional analyti
al models and individual-based 
omputer simulations,in whi
h fa
tors su
h as spa
e, dis
reteness of individuals, and noise 
an be in-
luded naturally. As an example of parti
ularly non-intuitive e
ologi
al e�e
ts,we may 
onsider the model introdu
ed by Di Paolo (2000), in whi
h the evolu-tion of altruism in an a
tion-response game is studied via a series of analyti
aland simulation approa
hes. A
tion-response games (e.g., Hurd, 1995) are fairlygeneral models of so
ial intera
tion whi
h in
lude signalling behaviour as a spe-




ial 
ase. The evolution of altruism in su
h games 
an, for instan
e, be equatedto the evolution of honest signalling systems.2.1 An a
tion-response gameAs in other 
ases, the game proposed by Di Paolo (2000) starts by assuminga situation of 
on
i
t of interest between two a
tors. The game a�ords variousinterpretations but a useful one from the 
ommuni
ation point of view is thesituation in whi
h an animal (�rst player) has found a sour
e of food and mustde
ide (by 
hoosing between two possible a
tions) whether to attra
t the atten-tion of another 
onspe
i�
 (se
ond player) to this sour
e or to distra
t it. These
ond player has a 
hoi
e of two a
tions: approa
hing the �rst player or ignoringit. Approa
hing the sour
e of food results in both players sharing the payo� inequal measure, while if the �rst player manages to distra
t the attention of these
ond, it will have a

ess to a larger than half share of the energy 
ontained init. The degree of 
on
i
t 
 represents the energy proportion that the �rst playergets in this situation. If 
 = 0:5 there is no 
on
i
t from the perspe
tive of the�rst player; 
on
i
t is mild for values of 
 slightly greater than 0:5 and moresigni�
ant as 
 approa
hes 1.The word `
oordination' is used to des
ribe the out
ome of intera
tions thatlead to the joint exploitation of the sour
e. Without losing generality, it is pos-sible to suppose that this happens in half of the four possibilities that the 2-signal-2-response s
heme a�ords. Signals and responses 
an be either of types`O' or `E' (originally for `odd' and `even'), and the out
ome of the intera
tionis denoted by a signal-response pair: OE or EO (in whi
h 
ases 
oordinationo

urs), or OO or EE (in whi
h 
ases the �rst player does not share the food).The signal and response given by ea
h individual player 
an be des
ribedby one of the above four strategies, whi
h are geneti
ally determined. Duringits lifetime, a given individual will play sometimes the �rst and sometimes these
ond role. The 
ooperation/
on
i
t relationships between the four strategiesare des
ribed in Figure 1. Ea
h arrow is interpreted as 
onne
ting the initiatorand responder strategies of those intera
tions that result in 
oordination. Thusa player using strategy `OE' will behave altruisti
ally only towards players usingeither `OE' or `EE' and this is indi
ated by the two arrows starting at the `OE'node. An initiator playing `EE', in 
ontrast, will not behave altruisti
ally towardsplayers using `OE' sin
e there is no arrow from `EE' to `OE', although it willbehave altruisti
ally towards individuals playing `OO' or `EO'. In a randomly
onstituted population, the proportion of 
ooperative 
oordination will be 50%.In order to say that 
ooperative intera
tions have evolved, the proportion shouldrise above this value.Noti
e the 
y
li
 stru
ture of part of the resulting graph indi
ating a kindof Ro
k-Paper-S
issors situation whi
h, at �rst sight, suggests that no singlestrategy may be
ome dominant be
ause it will always be invaded by its `neigh-bour' strategy in the graph. A detailed game-theoreti
 analysis of this game forthe 
ase of in�nite, random mating and random playing populations (Di Paolo,2000) leads pre
isely to this 
on
lusion for all values of 
. The 
onstitution of



OO

OE

EO

EEFig. 1. Relations of 
ooperation/
on
i
t between the four strategies in the game, seetext for details.the population will os
illate by following the straight arrows in Figure 1. Thereare no evolutionarily stable strategies in this 
ase.2.2 Broken symmetriesThe above result 
hanges for the 
ase of a �nite population and the introdu
tionof noise to the evolutionary dynami
s. In this 
ase there is a single stable pointattra
tor in whi
h half of the population play strategy OO while the other halfplay strategy EE. However, the proportion of 
ooperative intera
tions at thisequilibrium is only 50%, i.e., equal to the baseline level of 
ooperation. Thus
ooperative 
oordination 
annot evolve under these 
onditions.Both these models remain quite abstra
t and further assumptions 
ould berelaxed. For instan
e, the population 
ould be 
onsidered to be distributed inspa
e so that intera
tions, as well as reprodu
tive events, are lo
al. The distri-bution of energy in the food sour
es 
ould also be des
ribed by a lo
al variable,so that a kind of e
ologi
al 
oupling would be introdu
ed resulting in di�eren
esin quality between lo
al environments depending on how those environments areexploited. A 
ontinuous-time model of this situation, based on partial integro-di�erential equations, leads to the 
on
lusion that players will tend to aggregateinto dis
rete 
lusters even if they are uniformly distributed initially, but withinthose 
lusters the di�erent strategies will os
illate as in the game-theoreti
 modelwith 
ooperative intera
tions on
e again at baseline levels.This is as far the purely analyti
al approa
h 
an go. If more assumptions areto be relaxed, su
h as treating individual players as dis
rete entities instead of`densities' in the distribution of strategies, an evolutionary simulation modellings
enario must be 
ontemplated. In su
h an individual-based model ea
h playera

umulates energy by intera
ting with others and thus drawing energy fromfood sour
es. This amount of energy must not only 
over the energy survival
osts (same for all individuals) but must be enough for the player to eventuallyreprodu
e. Noise is present at di�erent stages in the model, e.g., in the asyn-
hronous updating s
heme, in the 
hoi
e of 
o-parti
ipants in the intera
tion, in
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ooperative 
oordination for di�erent values of 
.Ea
h point is the average of 5 simulation runs. The line represents a linear regression,(
orrelation 
oeÆ
ient: -0.982). Error bars indi
ate standard deviation.the 
hoi
e of food sour
es whi
h may di�er in their energy value, et
. (There is,however, no noise in the produ
tion of signals and responses.)The simulation model 
an be explored both in the spatial and non-spatial
ases. In the latter, the result are again os
illations. However, in the spatial
ase, the level of 
ooperative intera
tions depends on the degree of 
on
i
t 
.For positive, but small, 
on
i
t (
 slightly greater than 0:5) the population showsa high and stable level of games resulting in 
ooperative 
oordination. This levelde
reases linearly with 
 until it rea
hes the baseline level for 
 � 0:65, (Fig. 2).This result is explained by looking at the spatial patterns that form sponta-neously in the population and how they break many of the in-built symmetries ofthe abstra
t situation by allowing for re
ipro
al intera
tions between the evolv-ing population and its environment.As with the 
ontinuous spatial model, stable 
lusters 
an also be observed asa 
onsequen
e of a dynami
al equilibrium between two tenden
ies: the tenden
yfor the population to 
on
entrate in a small region so as to maximize the 
han
esof �nding a partner to intera
t with, and the tenden
y to move away fromdense regions to pla
es where lo
al resour
es are exploited less frequently. On
ea 
luster is formed there is an equilibrium in the rate of energy 
onsumptionper unit of spa
e. This equilibrium would seem to establish a degree of spatial`neutrality' in the sense that spatial position does not matter for the rates ofenergy intake and o�spring produ
tion. Players at the 
entre intera
t more oftenthan those at the periphery but they do so for poorer resour
es. If the rates ofnet energy intake were di�erent, the 
luster would not be at equilibrium. Su
h



a homogeneous rate of energy 
onsumption (and reprodu
tion) is indeed whatis observed in the simulations. However, it is not true that spatial position isneutral in evolutionary terms.If a player is born from a parent near the periphery of the 
luster there is ahigh 
han
e that it will be pla
ed `outside' the 
luster in the sense that it willhave a very small number of neighbours. Those players will tend to die beforethey reprodu
e. In fa
t, the 
han
es of originating a lasting genealogy of playersdiminish as the originating position moves from the 
entre to the border of a
luster. This is a geometri
al 
onsequen
e of the sto
hasti
 and lo
al 
hara
ter ofthe pro
ess of o�spring allo
ation. Given this, we would predi
t that the positionof a 
luster's an
estors would tend to be 
on
entrated near the 
entre of the
luster as one travels ba
kwards in time, and this is what is observed. Thus, itis reasonable to 
on
lude that a player's position within a 
luster, although notunder geneti
 
ontrol, plays a role with bearing on its �tness.The above phenomenon is a 
ase of symmetry breaking of the spatial homo-geneity. Other symmetries are also broken by the 
entre/periphery stru
ture su
has the frequen
ies with whi
h individuals play ea
h role; with 
entral individualsplaying the role of responder more often.By analysing the evolutionary stability of di�erent strategies in view of these
onditions it is possible to show that for low values of (positive) 
on
i
t, eventhough a 
luster 
omposed of altruisti
 strategists (OE or EO) 
an indeed be in-vaded lo
ally by non-altruisti
 strategies, the environmental 
onditions, in termsof available energy and rates for role assignment are su
h that a very small in-
rease in the lo
al density of invaders renders them unviable in the 
entral region.Invasions will o

ur lo
ally but will be followed by the lo
al disappearan
e ofthe invaders, leaving a gap at the 
entre of the 
luster whi
h either allows thealtruists to re-invade or 
auses the 
luster to split into two smaller ones, (seeFigure~refgap). This e�e
t is harsher near the 
entre of the 
luster whi
h is wheremost lineages originate.It is important to point out that altruism, in this 
ase in the form of honestsignalling, is favoured by a 
ombination of dis
reteness and e
ologi
al organiza-tion. Neither of these fa
tors is suÆ
ient on its own, as shown by the results ofthe 
ontinuous spatial model and the non-spatial individual-based model. Therupture of spatial homogeneity is essential for altruism to be favoured in the
ase of low 
on
i
t. But some of the ensuing broken symmetries o

ur only asa 
onsequen
e of the dis
reteness of the players, for example, the dependen
e ofthe genealogy length on spatial position within a 
luster. Dis
reteness also playsa role in the lo
al extin
tion that may o

ur when non-altruisti
 players beginto invade the 
entre of an altruisti
 
luster. If suÆ
iently �ne-grained densityvalues were permitted within the model, su
h lo
al extin
tions would not o

ur.Rather, invading strategies would be allowed to take very small, but non-zero,density values 
orresponding to less than 1 individual in the region of interest.Be
ause of their redu
ed energy 
onsumption, these `in�nitesimal' individualswould be able to subsist in the unfavourable environment until eventually lo
alenergy would have been replenished and they would begin to in
rease in density.
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s of a predominantly altruisti
 
luster. Ea
h frameshows the 
luster 
onstitution at intervals of 3000 time steps (about half an averageindividual lifetime); 
 = 0:55. Altruists are marked with x's and invaders with squares.The �rst frame (top-left) shows a high 
on
entration of invaders in the 
entral region.The following frame shows a density gap in the same 
entral region due to the lo
aldisappearan
e of invaders. The bottom-left frame shows an expanded gap leading toa separation into two 
lusters, and only one of these survives in this 
ase as shown inthe last frame.Even though there is no signi�
ant intera
tion between 
lusters, and, 
on-sequently, interpretations of these results in terms of group sele
tion are notpossible at this level, there is a sense in whi
h su
h an interpretation 
ould bereasonable for units of sele
tion within a 
luster (van Baalen & Rand, 1998).The lo
al invasions of altruisti
 players, followed by lo
al extin
tion, 
an indeed



be interpreted in terms of the viability of two di�erent groups in a spe
i�
 lo
alenvironment that one of them sets and the other 
annot 
hange fast enough toadapt to. On the 
ip-side of this interpretation, and also following van Baalenand Rand (1998), we 
ould equally say that an appropriately de�ned 
oeÆ
ientof relatedness, taking into 
onsideration density-dependent e�e
ts, would bringthis result within the domain of Hamilton's rule. This is also a viable interpreta-tion of the results, even though a simple estimation of purely geneti
 
oeÆ
ientsof relatedness (following Queller & Goodnight, 1989; Queller, 1994) was in
on-
lusive in this respe
t. Finally, it would also be possible to 
onstrue these resultsas a 
onsequen
e of re
ipro
al altruism (Trivers, 1971) although there wouldbe little or no di�eren
e between this and the kin-sele
tive interpretation sin
ethere is no segregation into di�erent spe
ies in this model. However, a 
onstantfa
t in all these possible interpretations remains the two-way 
oupling betweensele
tion and e
ologi
al dynami
s and the resulting broken e
ologi
al symme-tries due to the a
tivity of the players. The importan
e of su
h 
ouplings havebeen long noted (Lewontin, 1983) and have been re
ently highlighted under thelabel of `ni
he-
onstru
tion', (Laland, Odling-Smee, & Feldman, 2000; Bullo
k& Noble, 2000).3 Evolutionary Simulation Modelling and the Handi
apPrin
ipleSin
e Israeli ornithologist Amotz Zahavi �rst presented his theory a quarter ofa 
entury ago (Zahavi, 1975, 1977), the handi
ap prin
iple has been the subje
tof energeti
 debate within the evolutionary biology literature. Brie
y, Zahavisuggested that extravagant displays su
h as unwieldy, 
olourful tail-feathers, orprotra
ted bouts of exhausting bellowing, whi
h are used by 
reatures through-out the natural world to advertise mate quality, �ghting prowess, et
., may notbe 
ostly by a

ident, but be
ause it is only through their extravagan
e thattheir trustworthiness is guaranteed.Zahavi's insight was to suggest that the 
osts in
urred in produ
ing su
hdisplays might enfor
e honesty amongst signallers if these 
osts were somehow
onne
ted to the quality being advertised su
h that they favoured those signallerswith more of whatever was being advertised (the best �ghters, the highest qualitymates, et
.). For example, an honest advertisement of a predator's ability toeÆ
iently 
at
h prey might be the extent to whi
h the predator deliberatelywastes food items. Wasting food is always 
ostly, but it is more 
ostly if youare unlikely to be able to get any more. Sin
e poor predators 
annot a�ordto waste hard-won prey items, a system in whi
h predators demonstrate theirability through wasting as many food items as they 
an a�ord to 
annot beinvaded by 
heats who exaggerate their ability, sin
e the in
reased 
osts thatthis would entail ensure that bluÆng is simply not worth their while.This notion of waste as a signal of quality is reminis
ent of the 
on
ept of\Conspi
uous 
onsumption" dis
ussed by Thorstein Veblen (1899), a turn-of-the-
entury so
iologist. Veblen noted that members of the \leisure 
lass" persistently



and protra
tedly overindulged themselves. They left expensive food uneaten,rarely wore their opulent 
lothes, and spent mu
h of their time and moneypursuing 
ostly pastimes for no purpose other than their own entertainment. Hesuggested that this seemingly senseless hedonism was also a way in whi
h themembers of the leisure 
lass demonstrated their 
lass membership. That is, thepur
hase of prohibitively expensive goods and servi
es 
ould be understood as anindi
ator of the pro
urer's wealth. This index of so
ietal status was an e�e
tiveone be
ause those of lower status 
ould not a�ord to make the \advertisements"of whi
h wealthier individuals were 
apable. Indeed, at the lower extreme ofthe s
ale, the funds of the poorest individuals were more than a

ounted for bythe demands of simply staying alive, leaving no extra money to \waste" upon\unprodu
tive 
onsumption".Initially, Zahavi's theory su�ered 
onsiderable s
epti
ism. Evolution by nat-ural sele
tion was understood to produ
e eÆ
ient systems | the opposite of thes
enarios Zahavi des
ribed. Why would evolution favour wasteful exhibitionism?More spe
i�
ally, if a peahen were to 
hoose a mate on the basis of an advertise-ment, surely the advertisement (whi
h her male o�spring would likely to inherit)would not be 
hosen for its ability to seriously handi
ap its owner, in
reasingthe likelihood that her o�spring would die before themselves winning mates? Ifthis was the pri
e of honesty, surely it would make more sense to 
hoose a mateat random and spare one's o�spring the handi
ap? But despite these worries,and only intermittent empiri
al and theoreti
al support over the next de
ade,the handi
ap prin
iple a
hieved in
reasing notoriety.The rise of the handi
ap prin
iple in the fa
e of almost 
ontinuous 
riti
ism(e.g., Davis & O'Donald, 1976; Maynard Smith, 1976, 1978, 1985; Kirkpatri
k,1986) is perhaps attributable to two fa
tors. The �rst is that Zahavi's theory�lled a theoreti
al va
uum left by the 
ollapse of group-sele
tionist a

ounts ofsignalling. Prior to the reassessment of group sele
tion in the mid-sixties (Hamil-ton, 1964), the evolutionary fun
tion of signalling behaviours 
ould be explainedin terms of the bene�ts that they 
onferred upon a signalling 
ommunity as awhole. Mating displays, aggressive posturing, informative dan
es, begging 
ries,warning 
oloration, and danger signals, if honest, enable the eÆ
ient distribu-tion of resour
es (food, sex, shelter, et
.). This eÆ
ien
y derives from the 
owof useful information between the members of an honest signalling system |ea
h member gains mu
h of their information from other members, withouthaving to 
olle
t it individually. Contrast a beehive, foraging as a unit on thebasis of shared information, with the less eÆ
ient behaviour of the same beesobstinately foraging solo, or the di�eren
e between settling 
ontests by honestaggressive displays of strength and settling the same disputes through �ghting.However, although the in
reased eÆ
ien
y a�orded by honest signalling is ofbene�t to those groups that employ su
h signals, individuals within these groupsoften stand to gain by freeloading, bluÆng, 
heating, lying, double-
rossing,exaggerating, misleading, or 
rying wolf. For the individual, then, honesty isnot always the best poli
y. With dishonesty 
omes mistrust, and eventually the
ollapse of an honest signalling system, undermined by de
eit. But although



the sel�sh a
tions of individuals were expe
ted to 
ompromise the stability ofnatural signalling systems, su
h systems appeared to be the frequent produ
ts ofevolution. Signalling systems are everywhere in nature. If signalling systems areevolutionarily fragile, why are they so ubiquitous? Zahavi's handi
ap prin
ipleat least o�ered an explanation, even if it appeared 
ounter-intuitive.The se
ond fa
tor in Zahavi's favour was the rise of game-theoreti
 modellingin behavioural e
ology (Maynard Smith, 1982). From 1985 onwards, a series ofsu

essful, game-theoreti
 models (Enquist, 1985, being the �rst, and Grafen,1990, being the foremost amongst these) demonstrated the soundness of thehandi
ap prin
iple's 
entral tenets, su

eeding where population geneti
 modelshad previously failed (see Maynard Smith, 1985, for a review). As evolutionarygame theory bene�ted from its su

ess in dealing with ideas whi
h had provenhard to explore using alternative modelling approa
hes, the handi
ap prin
iplegained 
redibility. Although the handi
ap prin
iple does not yet enjoy the statusthat Zahavi believes it deserves (having thus far failed to e
lipse Darwin's theoryof sexual sele
tion), both the vo
abulary and explanatory perspe
tive asso
iatedwith it have attained a 
entral position within 
urrent evolutionary thinking.However, while handi
ap thinking spreads within biology and beyond (e.g.,Miller, 2000), the theoreti
al biology 
ommunity fa
e several unanswered ques-tions. In this se
tion, we will try to demonstrate how simulation models of thekind already introdu
ed 
an help to answer these questions, and reveal new prob-lems that have been negle
ted up until now. Three issues will be raised in thenext se
tions, before an evolutionary simulation model with whi
h to addressthem is introdu
ed.3.1 Balan
ing the handi
ap booksWhile the 
osts of signalling have 
learly been the fo
us of work on the handi
apprin
iple, 
ertain important aspe
ts of these 
osts remain un
lear in Zahavi'swriting. Cru
ially, Zahavi's verbal arguments o�er little 
lue as to the way inwhi
h handi
ap 
osts are perhaps balan
ed by the bene�ts to the signaller ofa
hieving whatever goal the signal is intended to bring about. For ea
h individualsignaller, must handi
ap displays redu
e their �tness (through loss of time andenergy, in
reased risk of predation, et
.) to a greater extent than these signals onaverage in
rease it (through gaining 
opulations, vi
tories, food, shelter, et
.)?Zahavi sometimes appears to 
onsider the net 
osts involved in signalling,when, for instan
e, he asserts that \it is reasonable to expe
t a population in itsoptimal �tness to bene�t from a handi
ap" (Zahavi, 1977, , p.604). At least, then,at the population level, the 
osts of bearing handi
aps are assumed to be morethan 
ompensated for by the asso
iated bene�ts. At the level of the individual,matters are not as 
lear-
ut, \so long as the [signaller℄ ... does not deviate to growits handi
ap larger than it 
an a�ord, the handi
ap [may persist℄ as a marker ofhonest advertisement" (ibid.), i.e., handi
ap 
osts are limited in some way, buthow? Compounding this vagueness, when des
ribing natural examples, Zahavirarely dis
usses the bene�ts obtained from signalling, and the manner in whi
hthese bene�ts balan
e the 
osts.



Furthermore, Zahavi's terminology is not easy to re
on
ile with a notion ofthe handi
ap prin
iple 
ou
hed in terms of net 
osts. For example, as Hurd (1995)and Getty (1998a, 1998b) point out, if the 
osts involved in signalling must bebalan
ed by 
onsonant bene�ts, then in what sense are these 
osts a `handi
ap'?However, if these 
osts are not so balan
ed, what is the value of signalling?Although the exaggerated 
osts in
urred by a blu�er might be 
hara
terized asa handi
ap, sin
e these 
osts would be larger than the blu�er 
ould a�ord, this isnot the sense in whi
h Zahavi proposed the term. For Zahavi, honest signallerssu�er a handi
ap | they must do so in order to demonstrate their honesty.Not surprisingly, this 
onfusion has led authors to multiple interpretationsof the handi
ap prin
iple. (Wiley, 1983), for example, 
hara
terizes Zahavi's(1975) paper as 
laiming that \signals should evolve to be
ome a net handi
apto signallers" (p. 176, our emphasis). In 
ontrast, Adams and Mesterton-Gibbons(1995) rea
h the opposite 
on
lusion, stating that their model di�ers from thehandi
ap prin
iple in that \the net bene�t for a given advertisement may notin
rease monotoni
ally with the signaller's strength" (p. 406), implying that typ-i
al handi
ap thinking proposes that signallers gain a net bene�t from signalling.Later we will use an evolutionary simulation model to explore what the 
ostsand bene�ts are for signallers that are involved in a handi
ap signalling system.3.2 Need vs. quality?A se
ond, separate but related issue 
on
erns the 
on
i
ting roles of signalling
osts and signalling bene�ts in stabilising handi
ap signalling systems. Can, asZahavi implies, honesty only be ensured by (gross) signalling 
osts varying su
hthat some signallers stand to lose less from signalling than others and are thusable to signal more? Or might honesty also be maintained by (gross) signallerbene�ts varying su
h that some signallers stand to gain more from signallingthan others and are thus able to signal more? Johnstone (1997) has usefullydivided handi
ap models into these two kinds. The �rst attempts to a

ount forthe evolutionary stability of the honest advertisement of quality as the result ofthe manner in whi
h the gross 
osts of signalling vary with quality (e.g., Grafen,1990; Hurd, 1995). The se
ond kind attempts to a

ount for the evolutionarystability of the honest advertisement of need as the result of the manner in whi
hgross signaller bene�ts vary with need (e.g., Godfray, 1991; Maynard Smith,1991).The latter kind of model in
ludes that used by Godfray (1991) to demonstratethe evolutionary stability of a strategy in whi
h nestlings honestly advertise theirhunger (need) by varying the strength of their begging 
alls. Godfray showed thatsu
h a strategy is evolutionarily stable if the 
osts of begging are the same forall 
hi
ks, but the value of any parti
ular parental resour
e to a begging 
hi
kin
reases with the 
hi
k's hunger. In su
h situations, hungry 
hi
ks beg morethan satiated 
hi
ks be
ause the resour
es are worth more to them.The former kind of model in
lude's Grafen's (1990) treatment of a similars
enario, in whi
h a very di�erent stable begging equilibrium was derived. Ifwe assume that the parent wishes to feed the highest quality 
hi
ks rather than



the most needy, Grafen (1990) showed that we 
an expe
t 
hi
k begging to bean honest indi
ator of quality if the value of parental resour
es are the samefor all 
hi
ks, but the 
ost of any parti
ular begging display is greater for thelesser quality 
hi
ks. In su
h situations, high quality 
hi
ks beg more than lowerquality 
hi
ks be
ause the signals are more a�ordable to them.Are these two s
enarios distin
t, though 
omplementary, 
lasses of handi-
ap signalling, or two extreme 
ases from a wider range of possibler signallingsystems?3.3 The attainability of honestyUntil now, we have been 
on
erned with arguments from theoreti
al biology 
on-
erning whether signalling systems 
an be evolutionarily stable. Sin
e evolutionhas been 
ontinuing for billions of years, theoreti
al biologists assume that thesystems we see around us are stable, if not they would most likely have beenrepla
ed by some other system that was stable. Sin
e signalling systems are soprevalent and so widespread, it is hard to imagine that ea
h is unstable | in astate of evolutionary 
ux, poised at the brink of 
ollapse (although some havepursued this idea, Dawkins & Krebs, 1978; Krebs & Dawkins, 1984). However,there is nothing to prevent an evolving system from admitting of several di�er-ent evolutionary stable situations. In fa
t, it is be
oming 
lear that many if notmost interesting evolutionary systems feature multiple equilibria of this kind.Evolutionary simulation models are well-suited for addressing this issue.Whereas existing formal modelling paradigms (game theoreti
 models and pop-ulation geneti
 models, for example) are able to disentangle the 
ontributions ofthe various ideas and theories dis
ussed in the previous two se
tions, evolution-ary simulationmodels are ideally positioned to deal with matters of evolutionary
hange, modelling as they do the manner in whi
h populations subje
ted to evo-lutionary pressures 
hange over evolutionary time. Amongst other things, su
hmodels allow us to explore questions of equilibrium sele
tion | whi
h of a num-ber of possible equilibrium states will an evolving system rea
h from some initialan
estral 
ondition?Here we will 
ompare two di�erent 
on
lusions that may be drawn fromthe empiri
al observation that fuelled Zahavi's initial papers introdu
ing thehandi
ap prin
iple, and use an evolutionary simulation model to de
ide betweenthem.Observation: many natural signalling systems appear to feature \extravan-gant" signals.Con
lusion 1: 
ostliness is ne
essary to ensure the stability of honest signallingsystems.Con
lusion 2: 
ostliness is ne
essary to ensure the attainability of honest sig-nalling systems.The �rst 
on
lusion has been widely explored in the theoreti
al biology lit-erature. While it has been shown that signal 
osts are able to stabilise signalling



signaller

stra
tegy

q

a

uniform probability distribution

signaller quality drawn from a

a

a

p

p

maxmin
q st

ra
te

gy

re
sp

on
seFig. 4. A simpe signal-response game in whi
h a signaller is allo
ated an internalstate (q, sometimes referred to as quality) at random, and produ
es an advert (a)with magnitude determined by an inherited signalling strategy (in this 
ase a linearmapping). Adverts may not have negative sign. This advert is passed to the re
eiver,who produ
es a response (p) determined by an inherited response strategy (in this 
asealso a linear mapping). Responses are trun
ated to lie within the range [qmin; qmax℄.Re
eiver �tness is 
al
ulated as 11+jp�qj , in
reasing with the a

ura
y with whi
h theresponse mat
hes the signaller's internal state. Signaller �tness is 
al
ulated as pqR �aqS . See text for explanation.systems, it is un
lear whether these 
osts are \extravagant" or \handi
aps" inthe sense implied by Zahavi's papers. The se
ond 
on
lusion has been largelyunexplored (although Ya
hi, 1995, has attempted to 
hara
terise the 
onditionsunder whi
h handi
ap signalling might evolve).3.4 An evolutionary simulation modelTo re
ap, the evolutionary simulation model presented here was designed to ex-plore three issues: (i) what is the 
hara
ter of handi
ap signalling at equilibrium,and how does this 
hara
ter vary with the model's parameters? (ii) what 
on-ditions must be met in order for handi
ap signalling to be evolutionarily stablegiven that both signalling 
osts and signaller bene�ts vary with signaller state?(iii) are handi
ap signalling equilibria attainable from appropriate initial 
on-ditions, and how does this attainability vary with the model's parameters? Forpresent purposes, a brief des
ription of the model will be given. Full details ofthe model 
an be found in Bullo
k (1997, 1998).For ea
h evolutionary run, a population of signallers and a population of re-
eivers 
oevolved for 1000 generations. Fitness s
ores were determined by pairingup signallers with re
eivers and allowing them to play a simple signal-responsegame (see Figure 4). Re
eiver �tness was awarded proportional to the a

ura
ywith whi
h re
eiver response, p, mat
hed the internal state of the signaller, q.Signaller �tness was 
al
ulated in a slightly more 
ompli
ated fashion as thebene�t of obtaining a response, pqR, minus the 
ost of signalling, aqS , where Rand S are model parameters �xed for the 
ourse of an evolutionary run. Theinterests of signallers and re
eivers 
on
i
t, sin
e signallers always bene�t fromas large a response as possible, whereas re
eivers bene�t from mat
hing theirresponse to a signaller's internal state.
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e was extensively sampled. Nine ofthe 21 � 21 s
enarios explored are labeled. (a) R = 0, S = 0: signaller state does nota�e
t the 
ost of making an advert, nor the bene�t of gaining a response. (b) +ive R,S = 0: the value of a response in
reases with singaller quality, the 
ost of advertisingis independent of signaller quality. (
) R = 0, �ive S: the value of a response isindependent of signaller quality, whereas the 
ost of advertising de
reases with signallerquality. (d) �ive R, S = 0: as (b), but the value of responses de
reases with in
reasingsingaller quality. (e) R = 0, �ive S: as (
), but the 
ost of advertising in
reases withsignaller quality. (f) +ive R ,�ive S: responses are more valuable to high qualitysignallers, who also pay less for any given advert. (g) and (h): as with (a), the e�e
tof signaller quality on signal 
ost is balan
ed by its e�e
t on the value of responses. (i)�ive R, +ive S: not only is signalling more 
ostly for high quality signallers, but theyalso gain less bene�t from a re
eiver response. Right | Previous models' predi
tionsof parameter values whi
h support honest handi
ap signalling equilibria: Zahavi (1975,1977) diagonal hat
hing; Grafen (1990) 
ross-hat
hing; Godfray (1991) and MaynardSmith (1991) bold verti
al line; and Hurd (1995) bold horizontal line. The 
urrentmodel predi
ts honest signalling equilibria will exist in the part of parameter spa
elying above the line R = S.In order to address the three issues raised above, the evolutionary dynami
sof this s
enario were explored under a range of di�erent 
ost-bene�t parametersand from a variety of initial 
onditions. Cru
ially, we need to manipulate both(i) the manner in whi
h signaller quality in
uen
es the negative e�e
t of signal
ost on signaller �tness and (ii) the manner in whi
h signaller quality in
uen
esthe positive e�e
t of re
eiver response on signaller �tness. The signaller �tnessfun
tion was designed su
h that these two manipulations 
ould be a
hieved byvarying two model parameters, S and R, respe
tively (see Figure 5 Left).The right-hand panel of Figure 5 depi
ts areas of the model's parameterspa
e that previous models have predi
ted will support evolutionarily stablehonest signalling. For runs in whi
h S < 0 (diagonal hat
hing), the 
osts ofadvertising de
rease with signaller quality | this is the 
ondition predi
ted toguarantee honesty by Zahavi's handi
ap prin
iple (1975, 1977). Several modelshave supported Zahavi, in suggesting that portions of this area of the parameter



spa
e admit of honest signalling equilibria. However, analysis of the model pre-sented here (Bullo
k, 1998) suggests that honest signalling will only be stable fors
enarios in whi
h R > S. While this �nding is not in
omensurate with previousthose of previous models, it 
ontradi
ts Zahavi's basi
 premise that the mannerin whi
h signalling 
ost varies with signaller state (i.e., the value of S in thismodel) is all that determines whether handi
ap signalling is stable or not.Evolutionary runs were 
arried out from three kinds of initial 
ondition.(i) Honest: initially signallers played a = q, while re
eivers played p = a, (ii)Random: initially signaller and re
eiver strategies were determined at random,(iii) Mute-Deaf: initially signallers played a = 0, while re
eivers played p = 0.After 1000 generations, ea
h run was terminated and the state of the evolvedpopulations examined. In this way the evolutionary simulationmodel was used toexplore the evolutionary dynami
s of a range of s
enarios, and, for ea
h s
enario,to assess whether stable handi
ap signalling equilibria 
ould be a
hieved from avariety of initial 
onditions.The simulation results (see Figure 6) supported the analyti
al results in thatno signalling behaviour was observed for s
enarios in whi
h R 6> S, whereassignalling equilibria were observed for all s
enarios in whi
h R > S. In addition,where a signalling equilibria were dis
overed, both the 
hara
ter of the signallingat these equilibria and their attainability, varied with the relationship betweenR and S.For s
enarios in whi
h R is only slightly larger than S, stable signallingsystems exhibited a relatively small range of signals, with the largest signalsexhibited themselves being relatively small. These signalling equilibria were alsoasso
iated with relatively small basins of attra
tion, whi
h ensured that evolutiondid not tend to rea
h them from Random or Mute-Deaf initial 
onditions.In 
ontrast, for s
enarios in whi
h R � S, signalling equilibria exhibited avery wide range of signal sizes, with the largest signals being orders of magnitudemore massive than the smallest. Furthermore, the basins of attra
tion for theseequilibria were also mu
h larger (and hen
e more easily attainable from Randomor Mute-Deaf initial 
onditions) than those dis
overed for s
enarios in whi
h Ris only slightly larger than S.3.5 Dis
ussion of the modelThese �ndings have several impli
ations for our understanding of the handi
apprin
iple and how it a�e
ts the 
hara
ter of natural signalling systems. First,rather than 
on
lude from the existen
e of seemingly extravagant natural sig-nalling systems that extravagan
e is ne
essary in order that su
h systems remainevolutionarily stable, we might now surmise that these observations are due tothe relative ease with whi
h su
h signalling systems are attained by evolving pop-ulations of signallers and re
eivers. The simulation model above suggests thatalthough a wide range of stable signalling systems are possible, some featuringrelatively restrained signals, while some feature larger and perhaps seeminglyextravagant displays, it is only the latter that are easily a
hieved from non-signalling an
estral s
enarios. These results suggest that we may �nd examples
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tion for signalling equilibria alsoin
rease as R outstrips S.of subtle signalling systems whi
h nevertheless are evolutionarily stable under
onditions in whi
h the net 
ost of signalling de
reases only slowly with signallerquality (i.e., R is only slightly larger than S). Su
h systems might be those inwhi
h either the resour
e being signalled for is itself of limited (and relatively
onstant) value, or in whi
h the 
ost of advertising do not vary to a great extentwith the property being advertised. For instan
e, the \I-see-you" signals madeby a small bird to a stalking 
at might be one su
h system. Despite involvingsubtle signals that do not appear 
ostly to the 
asual observer, su
h a s
enariowould still be a handi
ap system, stabilised by the net 
osts of signalling.A se
ond impli
ation of the model is that it is net 
osts that must be 
onsid-ered when dealing with handi
ap signalling systems. Contra Zahavi, signallingequilibria were sometimes exhibited by the model under 
onditions in whi
hmaking signals was more 
ostly for signallers of high-quality (S > 0). Similarly,and again 
ontra Zahavi, signalling equilibria fail to exist for some model s
enar-ios whi
h meet Zahavi's handi
ap 
riterion, i.e., in whi
h signal 
osts de
reasewith signaller quality. Only on
e 
onsideration is given to the balan
e betweenthe manner in whi
h signal 
osts vary with quality, and the manner in whi
hsignaller bene�ts also vary with quality, 
an the distribution of honest signallingequilibria a
ross then model's parameter spa
e be understood.4 Signalling in ContestsAnimal 
ontests | disputes over resour
es su
h as food, territory or mates |are good examples of intera
tions in whi
h the interests of the parti
ipants seemto be maximally opposed. This is parti
ularly true of struggles over the 
ontrol of



an indivisible item: one's gain is ne
essarily another's loss. Nevertheless, animals
ontesting the possession of a resour
e are often observed to settle the dispute byex
hanging signals or threat displays rather than engaging in an all-out �ght. Forexample, mantis shrimps Gonoda
tylus bredini 
ontest the ownership of small
avities in their 
oral reef habitat. These 
ontests sometimes result in physi
al
ombat, but often an opponent is deterred by a 
law-spreading threat display(Adams & Caldwell, 1990). Red deer stags Cervus elaphus 
ompete for 
ontrolof groups of females, but unless two stags are 
losely mat
hed in strength, theweaker will usually retreat after a roaring 
ontest and/or a parallel walk display(Clutton-Bro
k, Albon, Gibson, & Guinness, 1979).What is happening in these 
ases? Are the 
ompeting animals likely to beex
hanging honest signals, informing ea
h other of their �ghting ability or theirintention to atta
k? (And if not, what is the fun
tion of their aggressive dis-plays?) Intuitively, settling 
ontests by signalling makes sense. We 
an see thatan all-out �ght is usually a bad idea: �ghting is energeti
ally expensive, and thereis always a risk of injury or death. The early ethologists suggested that threatdisplays were honest signals of aggressive intent that bene�ted the spe
ies bypreventing 
ostly �ghts, but the naive group-sele
tionist overtones of this ideamean that it is no longer taken seriously. Moreover, standard game-theoreti
predi
tions (Maynard Smith, 1982) suggest that in 
ontest situations, it will notbe evolutionarily stable for animals to ex
hange signals of strength or aggressiveintent be
ause would-be honest signallers will always be less �t than blu�ers.A

ording to this perspe
tive, there is no room in the arena of animal 
ontestsfor the 
o-operative ex
hange of arbitrary signals; the aggressive displays ob-served in nature are either unfakeable be
ause of physi
al 
onstraints, or are theuninformative result of a manipulative arms ra
e (Krebs & Dawkins, 1984).On the other hand, some theorists have argued that, in e�e
t, 
ompeting an-imals share enough of a 
ommon interest in avoiding serious injury that honestsignalling 
an be evolutionarily stable. Enquist (1985) presents a game-theoreti
model in whi
h 
ontestants are either strong or weak, and 
ost-free, binary sig-nals are ex
hanged before the de
ision to �ght or 
ee is taken. Enquist 
on-
ludes that, under 
ertain 
onditions1, the honest signalling of �ghting ability,referred to as strategy S, will be evolutionarily stable. Fights will o

ur onlybetween evenly-mat
hed opponents, and weak animals will defer to signals de-noting strength.Enquist's 
on
lusion is driven by the assumption that weak animals 
annota�ord to risk 
onfronting stronger opponents and must be honest about theirshort
omings (and in this sense Enquist's model 
an be 
onsidered a handi
apsignallingmodel). However, Caryl (1987) notes that in real 
ontests weak animalsmay be able to blu� (i.e., signal that they are strong) and then rapidly retreat if
hallenged. Even if weak blu�ers are brie
y atta
ked as they 
ee, the expe
ted1 0:5v � 
 > v � d, where v is the value of the resour
e, 
 is the 
ost of an es
alated�ght between two equally mat
hed opponents, and d is the 
ost to a weak animal ofbeing atta
ked by a strong one.




ost of su
h atta
ks may well be lower than the 
ost of an extended �ght withanother weak animal; this state of a�airs would invalidate Enquist's result.We will now look at Enquist's argument in the light of an evolutionary sim-ulation model of 
ontests over an indivisible resour
e (Noble, 2000b). The aimof using a simulation is to avoid oversimpli�
ation. In parti
ular, time will bemodelled in an approximately 
ontinuous fashion: in Enquist's model there areonly two time-steps | an ex
hange of signals followed by a 
hoi
e of a
tions |and thus the model may fail to 
apture 
riti
al aspe
ts of real-time intera
tions.In a more realisti
 model of animal 
ombat, is it really true that weak animalshave so mu
h to lose by bluÆng that sele
tion will favour the honest signallingof �ghting ability?4.1 The modelThe simulation will be des
ribed only brie
y; full details are given in Noble(2000b). The 
ontests 
ommen
e with two players fa
ing ea
h other in a one-dimensional arena (Figure 7). Ea
h player has a �ghting ability and an a

u-mulated energy s
ore | neither of these properties 
an be per
eived by theopponent. The pair are assumed to be 
ompeting for possession of a food re-sour
e. At ea
h timestep, a player 
an move forwards or ba
kwards by up to ametre, and 
an produ
e an auditory signal of variable intensity.
Contestants

2.5m5m2.5m

Arena edgeFig. 7. Starting positions of the two 
ompeting players. The arena is 10m wide; oneplayer starts 2.5m from the left edge, the other 2.5m from the right edge.Contests 
an end due to one player 
eeing, one player seriously injuring theother, or be
ause a time limit has been rea
hed. If one player moves ba
kwardsfar enough to leave the arena, the other obtains the food resour
e and the 
ontestis over. If both players leave the arena simultaneously, neither obtains the fooditem. If the two players are within 50
m of ea
h other, any forward movement
ounts as an atta
k (and thus atta
ks may be one-sided a�airs). During everytimestep that one player atta
ks another, it may su

eed in in
i
ting a seriousinjury with a probability proportional to its �ghting ability. If a serious injuryo

urs, the 
ontest ends at on
e and and the injured player forfeits the resour
e.The players have a

ess to 11 per
eptual inputs, on whi
h they 
an base theirde
isions about movement and possible signalling. Brie
y, ea
h player has a

essto privileged information about its own state, su
h as its �ghting ability and its



energy level, and 
an observe the signals and movements of the other player.Players are also aware of their position in the arena.The per
eptual inputs are translated into outputs (movement and signalling)using a produ
tion system. A player's produ
tion system spe
i�es its 
onteststrategy; the system is also the genotype that will be passed on if the playersu

eeds in reprodu
ing. Produ
tion systems in
lude up to six rules; a typi
alrule might be \If (own energy level < opponent's signal) and (time elapsed< 72 timesteps) then advan
e 32
m and signal 85%." At ea
h timestep in a
ontest, a player's produ
tion system is given fresh inputs, and the movementand signalling outputs are provided by the �rst rule to have all of its 
onditionsmet. In 
ase no rules �re, the genotype in
ludes default movement and signallingvalues.The simulation is organized into days. Ea
h day, every player in the popula-tion plays out a 
ontest with a random opponent. The result is that ea
h playerparti
ipates in at least one 
ontest per day, and expe
ts on average to parti
ipatein two. After all the 
ontests have been resolved, reprodu
tion takes pla
e: anyplayers with more than a threshold level of energy are randomly paired up andallowed to reprodu
e sexually. Ea
h pair produ
es a single o�spring.The energy budget for the simulation has been set up su
h that the biggest
ost, by far, is due to being seriously injured. This re
e
ts the �ndings of Rie
hert(1982) that, in spider 
ontests, the long-term �tness 
osts of serious injury |and, of 
ourse, death | are orders of magnitude greater than other 
osts su
h asenergeti
 expenditure asso
iated with threat displays. The average 
ost of beingseriously injured is approximately double the value of the 
ontested resour
e.Furthermore, the 
ost to a weak player of an extended �ght with a strong playeris high enough that Enquist's 
onditions for stable 
ommuni
ation of �ghtingability are met.4.2 Simulation resultsBasi
 model Genotypes in the initial population were generated randomly.Ea
h simulation run 
ontinued for the equivalent of about 7,500 generations.Ten evolutionary runs were performed, ea
h with a di�erent random seed value.Contests lasted, on average, 19.4 timesteps. This indi
ates that the playerstended to engage ea
h other in some way, as immediately 
eeing the arena wouldtake only three timesteps. Contests were resolved 66.0% of the time through oneor both players 
eeing, and 24.2% of the time through one player in
i
ting a se-rious injury on the other. The remaining 9.8% of 
ontests rea
hed the maximumtime limit.After 7,500 generations, the median strategy was re
orded for ea
h popula-tion. A 
ommon theme a
ross all 10 strategies was an aggressive default move-ment, 
ombined with at least one rule spelling out 
onditions under whi
h theplayer would retreat. Figure 8 illustrates this by showing one of the simplerstrategies in full. A player following this strategy will start the 
ontest with thedefault move of advan
ing one metre: the initial distan
e to the opponent is al-ways �ve metres, and so the rule will not be satis�ed. If two 
ompeting players



are both following this strategy, after two timesteps they will ea
h have movedforward two metres, and they will be only a metre apart. At this point, the rulemay �re. If one player is relatively weak (i.e., its �ghting ability is less than 53%of the maximum value) then it will retreat 93
m, as for this player the distan
eto the edge will be 4.5m. If the se
ond player is strong, it will pursue the �rst,ensuring that the weaker 
ontestant eventually 
ees from the arena, althoughthe stronger one will never get quite 
lose enough to atta
k. Two strong playerswill 
lash head on; neither will ever retreat. The behaviour of two weak playersis more interesting: they fa
e ea
h other one metre apart, and then ea
h takes a93
m step ba
kwards. They then move forward one metre again. Next they willadvan
e yet again and �ght, as they will be exa
tly 4.57m from the edge of thearena and thus the rule will not �re.If Own fighting ability < 53%Distan
e to opponent < 1.70mDistan
e to edge < 4.57mthen retreat 93
m and signal 47%Otherwise advan
e 1m and signal 80%Fig. 8. The median strategy evolved in run 9. The default movement is maximallyaggressive and the single rule spe
i�es 
onditions for retreating.What 
an we make of this strategy? Does it involve the honest signalling of�ghting ability? The �rst point to noti
e is that users of this strategy pay noattention whatsoever to their opponent's signals. There is no signi�
an
e in thefa
t that a \louder" signal is given when advan
ing than when retreating, be
ausein a population of players all playing this strategy, no-one will be listening.However, there is some indi
ation that players may be signalling, or at leastgiving away information, through their movements. When weaker players rea
hthe moment of truth, one metre from their opponent, they reveal their low�ghting ability by retreating. The interpretation of this result will be 
onsideredin se
tion 4.3.Spa
e pre
ludes a detailed analysis of all 10 of the evolved strategies. How-ever, if we look at the sensory inputs the players a
tually used in their de
isionmaking, we �nd that the most popular were the distan
e to the opponent, one'sown �ghting ability, the distan
e to the edge of the arena, and the 
hange in thedistan
e to the oppponent. The sensory inputs asso
iated with the opponent'ssignalling a
tivity were attended to only infrequently.Stability of Enquist's strategy S The results presented for the basi
 modelsuggest that the ex
hange of honest signals of �ghting ability via the signalling
hannel is not favoured by sele
tion. However, the 10 simulation runs ea
h beganwith a randomly generated set of initial strategies. It is possible that stable



signalling strategies exist, but that their basins of attra
tion in genotype spa
eare not large enough for the strategies to emerge given random initial 
onditions.In this se
tion we will look at what happens when an analogue of Enquist'ssignalling strategy S is programmed into the initial population.If Own fighting ability < 40%Opponent's signal > 50%then retreat 1m and signal 0%If Own fighting ability < 40%then advan
e 1m and signal 0%Otherwise advan
e 1m and signal 100%Fig. 9. An analogue of Enquist's (1985) strategy S, expressed in the framework of theplayers' produ
tion system. The default strategy is an aggressive advan
e and a loudsignal. The �rst rule spe
i�es that weaker players will retreat from a loud signal, andthe se
ond, that they will advan
e without signalling if they hear no signal.Figure 9 shows the way in whi
h strategy S was implemented as a two-ruleprodu
tion system. The 
uto� point between weak and strong was set at 40%as this was the approximate mean �ghting ability implemented in the 10 runsdes
ribed in se
tion 4.2. For stronger players, the 
hosen a
tion will always fallthrough to the default behaviour of aggressively advan
ing while making a loudsignal. For weaker players, rule one or rule two will always �re. This means thatweaker players will announ
e their status by always signalling with zero intensity.If a weak player dete
ts a signal (i.e., a strong opponent) it will retreat, but ifthere is no signal it will advan
e to �ght its presumably weak opponent.The evolutionary stability of strategy S was investigated by 
ondu
ting an-other 10 runs, with players in the initial populations set to play strategy S. Thesesimulations 
an therefore show us whether or not a population of strategy S play-ers is resistant to invasion by mutant strategies. Looking at the proportion ofthe time that various sensory inputs were used to make de
isions in the evolvedplayers, it be
ame 
lear that strategy S was not able to resist the invasion ofalternative strategies: for example, the \Distan
e to opponent" input was usedmost often, despite not being present in the initial population. Inspe
tion of themedian strategies showed them to be very mu
h like those that evolved in thebasi
 model, with any signalling behaviour on the part of the opponent beinglargely ignored.Why is S not stable against invasion? Enquist (1985) shows that it is an ESSunder 
onditions that might appear to be satis�ed here: why the in
onsisten
y?Enquist's argument for the evolutionary stability of S rests on the idea that weak
ontestants must honestly signal their weakness be
ause they 
annot a�ord therisks of being injured by a stronger 
ontestant. The results dis
ussed so farpresent a di�erent pi
ture, in whi
h weak players do not signal their weakness



at all, and only give away information about their state by retreating at thelast possible moment. It may be that, in the 
urrent model, weak players 
ana�ord to behave in this way be
ause the 
ondition d > 12v + 
 | identi�ed byCaryl (1987) as unrealisti
 | is not met. That is, the model la
ks a me
hanismthat would maintain a high value of d (where d is the 
ost to a weak 
ontestantof fa
ing up to a stronger one). Consider the pattern of behaviour outlined forthe strategy shown in Figure 8. Clearly, if weak players 
an blu� it out againststronger opponents, up to a point, and then retreat without being harmed, thend is not parti
ularly high.4.3 Dis
ussionEnquist's (1985) model suggests that weak 
ontestants have so mu
h to loseby bluÆng that sele
tion will favour the honest signalling of �ghting ability.The simulation reported here shows that this 
laim is very mu
h dependent onEnquist's idiosyn
rati
 way of modelling animal 
ombat. Given more realisti
signalling and movement over an extended period of time, reliable signallingof �ghting ability did not evolve. This result held, whether the members of theinitial population were allo
ated random strategies, or were programmed to playan analogue of Enquist's strategy S. Results in the latter 
ondition show thatstrategy S is not an ESS in the 
urrent model, whi
h must detra
t fromEnquist's
laims of generality. These �ndings support and extend Caryl's (1987) 
laim thatEnquist's model of animal 
ombat is implausible.Although disagreeing with his 
on
lusions, we 
an sympathise with Enquist'smotivation. Field observations of behaviour in animal 
ontests sometimes doseem to 
ontradi
t the game-theoreti
 
on
lusion that talk is 
heap (e.g., Hansen,1986; Dabelsteen & Pedersen, 1990). There really is a need for explanation insu
h 
ases: either the appearan
e of signalling is an illusion, or our models areleaving something out. But unfortunately Enquist (1985) settled on some ques-tionable assumptions in his attempt to explain apparent honesty in 
ontests.The available signalling 
hannel was not used by the players, but there waseviden
e that they were gaining information about �ghting ability based onobservations of ea
h other's movements. Does this 
ount as 
ommuni
ation? Apoker analogy may be useful: if you are bluÆng with a terrible hand, the otherplayers do not know whether your 
ards are strong or weak. If someone 
alls yourblu�, by seeing your bet and then raising again, you will probably fold. By doingso, you have given the other players information about your strength (i.e., theynow know that you had a poor hand). However, the reason you folded was notto provide information to others, but be
ause it was the best way to minimizeyour expe
ted losses at that point. Similarly, the weak players using the strategyshown in Figure 8 are giving away information about their weakness when theyba
k o� from immediate 
onfrontation at timestep three. But their 
hoi
e atthis point is to retreat or to start �ghting against an opponent that may well bestronger than they are. The expe
ted 
osts of entering su
h a �ght are higherthan the 
osts of retreating, so the player retreats. Information is 
onveyed to



the opponent by this behaviour, but it is not the fun
tion of the retreat to beinformative.5 Overall Con
lusionConventional game-theoreti
 models in biology abstra
t away from the individ-ual organism and in
orporate radi
al simplifying assumptions su
h as randommating in homogeneous populations, the absen
e of spatial distribution, and thela
k of signi�
ant e
ologi
al feedba
k. Evolutionary simulation models are ableto highlight the importan
e of many of these assumptions through exploringtheir 
ontribution to a model's evolutionary dynami
s. Study of the evolutionof 
ommuni
ation and language is just one domain of enquiry that is 
ru
ially
on
erned with intera
tions between individuals mediated by an environment.It is hoped that the individual-based evolutionary simulation models presentedhere demonstrate the methodologi
al value of taking a 
omparative modellingapproa
h to problems of this kind.Finally, it is worth stressing that simulation results are no substitute forempiri
al eviden
e. If a simulation establishes the plausibility of a hypothesis,this is not the same as establishing its truth. The 
laim here is only that sim-ulation methods 
an demonstrate the logi
al 
oheren
e (or indeed in
oheren
e)of a parti
ular model, and that they may suggest new hypotheses for empiri
alinvestigation (see Di Paolo et al., 2000, for a more 
omplete treatment of theseissues).
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