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Abstract

We examine the evolution and maintenance of defandeconspicuousness in prey species
using a game theoretic model. In contrast to pres/igorks, predators can raise as well as
lower their attack probabilities as a consequerfi@countering moderately defended prey.
Our model predicts four distinct possibilities 8Ss featuring maximum crypsis. Namely
that such a solution can exist with (1) zero tayici2) a non-zero but non-aversive level of
toxicity, (3) a high, aversive level of toxicity ¢4) that no such maximally cryptic solution
exists. Maximally cryptic prey may still investtioxins, because of the increased chance of
surviving an attack (should they be discovered) tbanes from having toxins. The toxin
load of maximally cryptic prey may be sufficieniirong that the predators will find them
aversive, and seek to avoid similar looking prefutinire. However, this aversiveness does
not always necessarily trigger aposematic sigra@limd highly toxic prey can still be
maximally cryptic, because the increased initiéd i@f attack from becoming more
conspicuous is not necessarily always compensatday/fincreased avoidance of aversive
prey by predators. In other circumstances, thex@tioxin load may be insufficient to
generate aversion but still be non-zero (becausergases survival), and in yet other
circumstances, it is optimal to make no investmemnbxins at all. The model also predicts
ESSs where the prey are highly defended and aecasigt where this defence is advertised
at a cost of increased conspicuousness to predatargany circumstances there is an
infinite array of these aposematic ESSs, wher@tbeise appearance is unimportant as long
as it is highly visible and shared by all membdrthe population. Yet another class of
solutions is possible where there is strong betweéividual variation in appearance

between conspicuous, poorly defended prey.



I ntroduction

There is a very well-developed body of theory peitg to understanding the prevalences
of induced and static constitutive defences agaittatkers: (e.g. Irie & Iwasa, 2005; Shudo
& lwasa, 2004; Shudo & Ilwasa, 2002; Adler et a@0Q2; Shudo & Iwasa, 2001; Iwasa et al.,
1996; Karban & Adler, 1996; VanDam et al., 1996)such models induced defences have
the advantage of saving costs associated with gietemance of constitutive defences but
the disadvantage that the attacks can flourish sunth times as the induced defences kick
in. Thus, induced defences may be an attractivieropthen attacks occur over a longer
timescale of hours or days (examples of this migghattacks on plants by browsing
herbivores or on animals by viral deseases). lghper, we are interested in attacks that
happen on a shorter timescale and which are patigrigthal to attacked individuals (the
classic example of this being predation). Defergmaserally cannot be induced fast enough
to give protection against such rapid attacks,ssindotential prey focus on either primary
defences aimed at reducing the rate of attackeftample, by camouflaging the potential
prey from predators) or secondary defences that@imaduce the likelihood that detection

by a predator results in death.

Secondary defences increase the inclusive fitnieggprey animal by increasing the
likelihood that it escapes from a predator witheerious injury and/or by decreasing the
probability that the same predator will attack piney and its relatives in the future. Though
diverse in form, components of secondary defenarge broadly classified into locomotor
(rapid escape, protean evasive flight), morpholalgispines, tough integuments etc.) and
chemical (toxins, venoms, noxious secretions etagses. In some cases defences may be
visually detectable before an attack is launchetifanction as their own reliable signal to
predators; the existence of numerous sharp spirtee enode of locomotion of an animal

may present predators with reliable and detectalds as to the unprofitability of specific

prey types.

In many other cases, and especially in exampleb@iical defences, the threat posed by
secondary defences are not easily evaluated bytptpredators using external cues in
prey; here defended preyetuire some signal or danger flag which shall geag a

warning to would-be enemies not to attack them,taeyg have usually obtained this in the



form of conspicuous or brilliant coloration, veristinct from the protective tints of the
defenceless animals allied to the(p. 232, Wallace, 1889).

Thus many, but not all, prey with effective secaydiefences possess danger flags in the
form of more or less conspicuous (“aposematic”)nway displays that help predators
distinguish edible from unprofitable and dangerspescies.

Given that defended prey can vary their degre@mp$gicuousness, a pertinent question is
how conspicuouor how cryptic) should a particular prey be? Guoisousness is, in many
prey, directly traded-off against crypsis, such tha benefits that accrue from
conspicuousness (reduced recognition errors, eeldamariness, accelerated learning and
decelerated forgetting processes in predatorg)arned at the expense of increased rates of
detection by predators. Should we expect optimaspiruousness to increase continuously
with the strength of a prey animal’s defence, asrbaently been suggested (Summers &
Clough, 2001), or can we expect a more complexiogiship between defence and
conspicuousness? A second, related and importastiqo is; whether (and when) should
defended prey show between-individual variatiothgir appearance.

Defences themselves may be costly and thereforatied-off against other components of
fitness. There is a growing body of empirical ke that demonstrates that many chemical
defences incur fitness costs, either through tlsésaaf biosynthesis or acquisition (via
sequestration or symbiosis) and storage. Such acstsften seen in reductions in growth, in
adult size, in fecundity or have been directly nuead in energetic terms (Cohen, 1985;
Zalucki et al., 2001;Bowers & Collinge, 1992; Camat997; Bjorkman & Larsson,
1991;Rowell-Rahier & Pasteels, 1986; Dobler & Rdvirdhier, 1994; Grill & Moore,

1998), although we note that in some circumstanosts have not been detected (Bowers,
1988; Kearsley & Whitham,1992). Another pertinenéstion is thereforehbw much

should any given prey invest in its defences?”

Aposematic signals are necessarily co-evolved thi¢hdefences that they advertise. These
signals make the prey more visible to predatomdugeng their primary defence of avoiding
encounters with predators), but have the potetttiabmpensate for this by enhancing
predator’s learned aversion to defended prey (dyeeahancing secondary defences). To
date the co-evolution and optimisation of congiiutlefences in prey animals and signals

of those defences have received surprisingly likteoretical attention compared to the



economics of induced defences. The model of Leghat. (1986) is, however, particularly
important. This model includes: (1) componentsroiralividual predator’s psychology and
behaviour (varied learning rates and sensory gésatian in order to calculate attack
probabilities); (2) the properties of individuakg(continuous variation in effectiveness of
unprofitability in terms of individual survival areffects on predators’ learning rates, costs
of a defence, and degree of conspicuousness) asth§8turing of prey populations(size
and degree of clustering of prey as a proxy forddlection). Leimar et al. combine these
components into a model that determined evolutibnstable strategies (ESSs) for the
continuously-varying parameters of conspicuousaasgsunprofitability. Their model
predicts that there can be a single monotypic E8Sdme nontrivial level of defence for a
prey of given conspicuousness. Increases in optewals of defence would be caused by:
() increases in survival rates of individuals conga with (ii) a positive relationship
between learning rate and prey unprofitability pded that there was a capacity for
predators to confer the benefit of avoidance leayoin the same individuals (through

repeated attacks) or through kin grouping.

Furthermore, Leimar et al. (1986) found that kiouging, perhaps combined with an
increase in predation threat, could destabilispsisyin favour of aposematism, but that,
once evolved, kin grouping was not necessary ®mntaintenance of aposematism. When
aposematism already exists, it could be stabilgef) a positive relationship between
conspicuousness and learning and (ii) a superndongleak-shift-like) response, in which
the strongest levels of avoidance are conferreph@motypes that are more conspicuous
than those generally encountered. The game theagproach developed by Leimar et al.
represents a seminal work in the theory of pregnleds and warning signals, providing a
framework in which the evolution of both traits daeanalysed. However we note a number

of areas that in our view warrant further attentiowl development.

The model of Leimar et al. (1986) considers a eaove predators (initially one individual)
that start out with an initial “excitatory” attaténdency described a&), its generalisation
gradient due to theptedator’s experience of cryptic and profitable ypd other speciés
When these naive predators now meet unprofitalelg, gieneralised attack probabilities are
reduced according to an inhibitory gradib(t,x,,y1) , wherex; is the conspicuousness and

y1 the unprofitability of the encountered prey indivad. Hence, in this model, attack



probabilities for a range of prey appearances aeterchined by a generalisation function of
the form

G(X)= e(X)[1- h(x,x1,y1)]" wheren is the number of previous encounters between freda

and prey.

Although now close to 20 years old, the model ahag remains the dominant work on the
coevolution of defences and signals of those defe(®ee Ch. 8 of Ruxton et al. 2004
other published models in aposematism theory censine joint evolution of primary and
secondary defences (though see recent and relatgelsin: Speed & Ruxton, 2005;
Merilaita & Tullberg, 2005); other models focus sifieally on the evolution of aposematic
displays ignoring the fact that aposematism costamensemble of primary and secondary
defences. Since the model of Leimar et al. (1988 constructed to explicitly examine the
effects of individual predator psychology on apoagoevolution, their formulation is
entirely reasonable. However, the implication @ tomponent of the model is that the
predator can reduce its range of generalised aptantdabilities, because of repeated
inhibitory effects, but it cannot ever raise it. Mtever prey gets attacked, whatever their
appearance and toxicity, whatever the outcomeavkesion of the predator increases for
every further prey individual encountered, or astecannot decrease. However, this is
clearly not an appropriate long-term strategy fpredator, as it must necessarily

lead to ever decreasing uptake rates. In additverargue in this paper that the generality of
the results described in Leimar et al. (1986) cesnime cases be hard to evaluate, as they
select specific functional forms at the outset. érengeneral model of predation may

provide a more flexible framework for evaluation.

In this paper we therefore examine the evolutiooasfspicuousness and defence in
defended species with a complementary model toathagimar et al. (1986). We assume
that the secondary defence is a form of toxicityp(igh it can clearly be extended beyond
this) and present a model that we strive to malkgeasral as possible whilst still being
capable of making useful specific predictions. Thather than describe the effects of
learning in individual predators, a set of predaisrmodelled here as a group in equilibrium

for states of learning, hunger etc.



Furthermore, in the model described here, predatordoth lower and raise their attack
probabilities with prey that contain modest quaesiof toxins (Sherratt et al., 2004). We
use the model to investigate (1) the relationskeifgveen defence and the appearance of a
prey when the levels of mortality from causes othan predation and the degree of kin
grouping varies; (2) the optimal level of conspigsioess for a range of toxicity levels; and
(3) the extent to which optimal toxicity can beeaffed by the appearance of an animal and

the degree of kin grouping within the population.

Model Description

We consider a single population of individuals thia potentially prey to a predator. Each
prey individuali is described by three parametetsr{, 4}. The parametet; describes the
toxicity (or, more generally, investment in antegdatory defence) of individuglwith
increasing values indicating increasing toxicityd§ = 0 indicating minimal investment in
toxicity. The parametar describes the conspicuousness of individial more generally
the probability of detection upon encounter witbradator is an increasing functionrgf
Increasing values aof indicate increasing conspicuousness, withO indicating maximum
crypsis. The final parametéralso describes the appearance of the individuélsineh that
changes irdaffect theappearance of the individual without affectingatgspicuousness.
Thus two prey types can be equal in conspicuousagaast the background (have identical
r values) but be very different in appearance fracheother (have differedtvalues. For
example two brightly coloured butterfly species barequally easy to detect against the
background foliage but can still be identified &idct species. The most common
definition for crypsis is due to Endler (1978):calour pattern is cryptic if it resembles a
random sample from the background...”. As Endler kifngointed out, a key consequence
of the concept of random samples is that two afiépatterns (being to different random
samples of the background) can be equally easictible. This suggests that two
individuals can look different (i.e. have differéntalues in our model) but have the same
likelihood of detection (identical r values): seaxi®n et al. pp 13 (2004) for further
discussion. Thusand@are orthogonal axes that together describe theredes space of
possible appearancélithout loss of generality, we assume that thess axe polar rather
than Cartesianf/taking values in (0;2). We are interested in finding the evolutionarily

stable values oftf, r;, 4}.



A key assumption of the model is that toxin producis expensive. We describe this by
assuming that the fecundity of an individ&alk a decreasing function tf However, there
is also a direct benefit to toxicity in that incseay investment in toxicity increases the
likelihood of surviving a predatory attack. Spexddiy, we assume that if the predator
attacks a prey item then the probability that treyps capturedK) is a declining function
of t.

There is another way that toxicity can affect suvvship and this is by influencing the
probability that upon encountering an individuatyitem, the predator decides to attack
that particular prey individual. This probabilitggnoted byQ) declines with the
aversiveness of the experiences that the predali&ely to have previously had (and
subsequently remembered) on attacking similar logpkirey items. Let us consider a
predator attacking individual We first of all need to define “similar lookingridividuals to
individuali. We do this with a functiof(r;, 4, rj, ), which is a measure of the visual
similarity between individualsandj. Sincreases as the points;{d} and {r;,d4} get closer
together; in particular in this paper we treat & asivariate function of the Euclidian
distance between the two species (see Appendi¥é)also have to describe the
aversiveness of an experience with a prey item¢hvhie do with functiond. Specifically
H(t;) is the aversiveness of attacking individudositive values dfl indicate an aversive
experience; the higher the toxicity, the more pesitl is and so the more aversive the
experience. However, if an individual's investmemtoxins is low then the experience of
attacking it may not be aversive at all, indeedpfrezlator may treat it as a beneficial
experience. We describe such situations by a negasilue oH. We define the critical

value of toxicity {c) as that which produces a neutrally aversive nesgo
H(t,)=0 (1)

This non-zero value dfrepresents the phenomenon that prey may have éstimon-

trivially in defence to become sufficiently avemsigs to be unattractive to predators. That is,
predators may be prepared to still consume prey saime mild aversive features, because
the rewards of nutritional content are worth thiga$i cost. We also need to describe
encounter rates between the predator and preytharehse with which they are
subsequently remembered. We assume that the edtaritindividual of conspicuousnass



Is detected by a predator (i.e. the rate thatehsountered by a predator multiplied by the
probability it is detected when it encountersstpi whereD is an increasing function of
but even maximally cryptic prey have some chandeeaig detected (i.e. whenrO,

D(r)>0). The rate at which such encounters occur ancaggeecalled by the predatorlis
whereL too is an increasing function ofIf the predator has perfect recollection of all
encounters thebh = D. Drawing all this together, on encountering induali, then the
available information to the predators (scaledHgytotal number of predators) on the

attractiveness or aversiveness of that prey iteandted;) can be calculated as follows
1 N
= 2Lk S0 @
i=1j

whereN is the number of prey items in the population amslthe number of predators. We
shall take this as our measure of the informatiat &n average predator has about
individuali. When this individual meets a predator, we assunatit is equally likely to be
any of then available, so that the predator will on averageshais information about its
aversiveness. It shall be further assumed thgbdpelation is in equilibrium, and its size is
sufficiently large, so that any individual encourttas no effect on the population size. We
assume that on encountering individyahe probability of the predator mounting anekta
Is Q(I;) andQ declines with increasinig. Note that the larger the prey population, theanor
encounters each predator is likely to have antiaariore information it has. This in turn
means that a predator’s preference will be morariglelefined, and for a large populatibn

will tend to be a large positive or large negatraéue so tha® willbe closer to 0 or 1.

We must now describe the fitness of individuae assume that there is a background
mortality rateA. From our arguments above, the rate of predatiweéed mortality on this
individual isD(r;)K(t)Q(l;), and so the fitness of individuatan be described by

F(t)
A+D(r)K(t)Q(!)




It is this fitness function that we use in our E&ulations, where we consider inclusive
fitness assuming that the average relatedness &etwdividuals isa. Note, since we are

only interested in situations where the populaisoat equilibrium, this fitness description is
equivalent to the alternative per capita rate ofease. Our key results are presented in the
next section, with some of the ESS calculationfired in Appendix 1. It should be noted at
this point that a strategy which can be attainedugh small, selectively advantageous steps
is called convergence stable. We only demonstranvgtrategies in our model are

resistant to such changes, and do not show tleegtes are convergence stable.

Results

We begin by considering the payoff function derivedhe previous section and how it can
be used to find ESSs.

Relative payoffs

We represent the average relatedness of individoahe “local” area bya. We assume that
the population in this area consists of a propaortibidentical individualsg which plays the
strategyt,r, 8, the remaining members of the population being ateel to this group and
playingt,,r,,6,. t,,r,,8, is an ESS if and only if the reward td,ar,, 6, -individual in such

a population is greater than the reward tg,&individual, for any possible set of alternative
parametersr,d. We shall consider local ESSs only, where it suased that alternative

strategies are mutations which are very closedatiginal values.

The payoff to an individual playing a mutant stgptés given by

F (1)

PO 0.6) = S K a0)

©)

where

= %{ aL(r)H @t)S(r,r,6,60) + A—a)L(r)H (t,)S(r,r,,6,6,)},

St 5,86 =x +r*~2rcod-0)
andS(0)=1.
The payoff to a resident (averaged over a much langa) is

10



F(t,)
A+ D(r)K(t,)Q(l,)

Pt,,r,6;t,r,6) =

where
N
I1 = F L(r1)H (t1)

| is the toxicity information for the mutant in thexal area, and, is the toxicity

information for the resident over the larger aresséntially unaffected by the mutant). To
obtain the inclusive fitness for both mutant argldent the payoffs should be multiplied by

the term(1+a(N-1)); we leave this term out as it has no effect onresults.

We explore the different types of ESS possibleunrodel in this section. We break this

down by considering the different types of conspignessrg) in turn.
Optimal toxicity

The ESS value dfcan be found by solving the following equatiort att,,r =r,,6 =6, .

%P(t,r,@;tl,rl,el) =0=>

0.0t :(A +DIKEQ() F/(t) _K'(L) _ Q'(1)) H’(tl)j “o
D(K®)Q(L)  Ft) Kt) ' QU Ht)

(4a)

This solution is stable if

2

gt—zP(t,r,ﬁ;tl,rl,91)<O

This reduces to
_A+D(r)K(t,)Q(,) F"(t,) N K" (t,) +2aK/(t1)I Q'(ly) H’(tl)+
D(r)K(t)Q(,) F(t) K(t,) Kt) " Q) H(t)

. Q”(h)[llHl(tl)J o, QHM) g (4b)
Q) " Ht) Q) Ht)

11



We can thus use this condition to check stabibtyany particular situation, although it is

not possible to verify that such solutions are gbkvstable.

Note that it is also possible foy=0 to be stable, which occurs if
9,(r;,0) <0 (4c)

For the sake of simplicity we shall assume thatethe precisely one value of which

satisfies condition (4a), or alternatively (4c) &oy givenr, (a reasonable assumption for

well behaved functional forms). We show in Appentlithat whenevet,>0 (t>t,), the
(unique) optimal value dfincreases asincreases, so if optimal toxicity is aversive faya
value ofr,, it is for all larger values af, under reasonable assumptions. Thus for each such

appearance there is an equilibrium level of toyitf) given by equation (4a), provided that

this yields a non-zero toxicity, where the inforroatof toxicity is given by

B =(—N '1jL(r1)H(t1) - (EJL(H)H(H)
n n
(5)

sinceN is large.

1) ESSfeaturing maximal crypsis(i.e.r =0)
Appendix 1 demonstrates that there will be an EBS m= 0, if and only if we satisfy the

condition:
D' , QU)o _ L' ()
50 +1; o) (S O@-a+a L(O)]>O (6)

where we represent the average relatedness ofdodig in the “local” area bg,

12



I, = (EJL(O)H (t,), andtyis the ESS level of toxicity, which is found by
n

substitutingr; =0 in equation (4a).

Note that it is also possible foy=0 to be stable, which occurs if
9, (00) <0 (7)

This set of equations can only be solved iterafieeice specific functional forms for all the
functions and all parameter values have been spécBut the results in Appendix 1 do
allow us to draw general conclusions about the tfpaaximally cryptic ESSs that are
possible. Specifically, there is an ESS with maximarypsis and minimal investment in
toxins (i.e.r=0,t = 0) provided that inequalities (6) and (7) arés§ad.

However, it is also possible for the ESS to invaignificant investment in toxins without
this triggering a change from maximally cryptic appance. That is, there is an ESS with (
= 0 andt; > 0), if equation (4a) and inequality (6) are Jedts

i) ESS with warning colouration (i.e.r >0)

One result from Appendix 1 is that individuals wikver give up on maximal crypsis unless
there is investment in toxins. That is, there igamean ESS with; > 0 andt; = 0. In fact,

there is no ESS with> 0, unless the associated toxin investment iscseifitly strong to be
aversive (i.et;> t). However an ESS with> 0 can exist providing that equation (4a) is

satisfied, together with

L >t (8)
and
gz(rl,tl)—gs(rl,tl) <0 9)
where
_(D'(r) Q'(1y) L'(r)
gz(rl,tl)—[ b(r) +al, O J (10)

13



Q'(I4) o
) = S/ (0)l,(1-a), 11
Os(rty) o) O, 1-a) (11)

However, an interesting aspect to this case, iswkademonstrate in Appendix 1 that when
an ESS with warning colouration is possible, tHesré is no unique ESS, indeed, there is an
infinite number of ESSs. Specifically, under readua conditions on the parameters, there
will be a lower critical value of (denotedR), and all values > R, have a unique value bf
such that {,t(r)}is an ESS. This critical value &tis given by

Q) __D'(R

V=" o 0y T T 0w

L — Ay L (R)
(S O)@-a) aL(R))j' (12)

The value of(r) (obtained from equation (4a)) always increasdh micreasing, and so we
predict a strong correlation between investmembxicity and conspicuousness of

aposematic signals.

iii) ESSswherethereis heterogeneity in appear ance between individuals.

For the ESSs that have been discussed so farathe of @ has been irrelevant. For
maximally cryptic solutions with = 0, it is easy to see that there is no selegiressure on
the value off. For the ESSs with aversive preyX t;) and warning colouratiorr & 0), it is
clear there is now strong selection pressuré,diut this selection pressure drives the
population towards homogeneity in this parameter final parameter value settled upon is
irrelevant providing all individuals adopt the sawadue (i.e. all individuals look alike).

However, in Appendix 1 we demonstrate that theeesguations where the prey contains no
toxins or some moderate level of toxin but is naraive in the sense that predators increase
their willingness to attack similar looking preyfuture ¢; < t;) where the solution is more
complicated. Herghe evolutionarily stable appearance is not fulpsis (i.e.r; > 0). This

is due to the fact that looking very similar to @tmon-toxic cryptic individuals outweighs

the benefit of the extra crypsis. Some “aposenthsitinctiveness” (in the sense of A.R.
Wallace’s original formulation) from more ediblesgrtypes is therefore optimal, even

though the prey is not outrightly aversive. Sudoktion will only occur when a small

14



decrease in crypsis (a small increasg) idoes not cause a large increase in encounter rate

(D(r)).

Discussion

We first consider the general classes of possiBI® &olution and subsequently consider
how variation in the value of key variables deteresi which solution(s) is most likely.
Finally we compare the model described in this papth the original model in Leimar et
al.(1986).

Evolutionary stable outcomes

Our model predicts four distinct possibilities #osolution with maximum crypsis<0).
Namely that (1) such a solution exists with zepadity (t=0),(2) it exists with a non-zero
but non-aversive level of toxicity (B<t;), (3) it exists with a high, aversive level of iciky
(t>tc) or (4) that no such maximally cryptic solutiorisg. That is, under some, but not all
circumstances, an ESS involving the prey all mising the rate at which they are detected
by predators occurs. Interestingly, maximally ciyprey may still invest in toxins, because
of the increased chance of surviving an attackabates from having toxins. The toxin load
of maximally cryptic prey may be sufficiently stipthat the predators will find them
aversive, and seek to avoid similar looking prefuture. However, this aversiveness does
not necessarily trigger aposematic signalling, laigtily toxic prey can still be maximally
cryptic, because the increase in rate of attaak fbecoming more conspicuous is not
necessarily always compensated for by increaseidavee of aversive prey by predators. In
other circumstances, the optimal toxin load maynkefficient to generate aversion but still
be non-zero (because it increases survival), agédtiother circumstances, it is optimal to

make no investment in toxins at all.

Each of these four possibilities may (for some cmafions of parameter values) exist as the
only ESS (which we label as situatian However there are also combinations of parameter
values where each type of maximally cryptic ESStsxalongside a range of non-cryptic
ESSs, which involve aversive levels of toxins (aedl such situations). Any such non-

cryptic solution is more stable the larger the infation of the toxicity of that appearance
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(thus conditions are often given in termslofis greater than some valu&nder reasonable

conditions the solution paiirt(r) are stable for values ofabove a given threshoR| so that
multiple (infinite) solutions exist in many circutasces. Effectively, if an animal is
conspicuous enough to be easily seen and thisatadidigh toxicity so that predators avoid
it, it does not matter exactly which level of commsipusness the prey individuals choose as
long as everyone looks the same.

Any animal that changes its appearance will sufferall levels of conspicuousness above a

certain threshold are stable.

Higher levels of conspicuousness are generallycgssal with higher levels of toxicity.
Thus there are eight distinct scenarios (1-4,d4fween each of which we can specify

(admittedly complex) boundary conditions in ternhishe values given to parameter values.

Note that it is possible that there is no solugdtther with r=0 or r>0, where all individuals
are identical in toxicity and appearance. In tlase; the solution will have the population of
prey individuals uniformly spread across @lfalues. They need not all have identical
values, and in general will not. Generally we exgecritical maximum value af below
which all prey select values. Again increasingill be associated with increasing (or at least
non-decreasing) toxicity. Such non-point solutionsur when prey seek to be different

from others, to disrupt associative learning. Inmedel increased between-individual
separation in appearance is associated with inetleaanspicuousness (and so increased
attack rates). It is this trade-off between miningsattack rates and maximising visual

difference from other prey that generates thisrogeneous-appearance ESS.

Whilst we have found the (local) ESSs for each adenwe have not considered the
convergence stability of each solution. It is likddat when there is a unique cryptic ESS
then this will be globally stable, and we have dssed the case where there is no pure
solution above. When there are aposematic ESSg, éine an infinite number of them, and
the situation will be much more complicated. Ih clear that all the ESSs will be able to
be reached by repeated localised mutations. issiple that starting from crypsis, the
lowest value of which can be stable, the lower bouRdwill always be attained. It is also
possible that there will be a non-point solutiomedl as the aposematic point solutions, so
that none of these aposematic ESSs can be re&iohedrypsis. It is unclear what dynamic
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behaviour will occur from a starting point wher®. One thing that we can say is that close
to any point solution evolution in the directionras likely to be stronger than that in the
direction oft because of the discontinuity in the derivativéhis direction so that although
analysis is likely to be complicated, it may effeely reduce to the one dimensional case,
and depend crucially on expressions (4a-c). Alsoetltan be a single cryptic solution as
well as many aposematic solutions, and the behaviere may again be different. We have
not even begun to address these interesting dyrgumeigtions, which will be reserved for

later work.

Key parameters and the nature of the ESS

Rather than solve our equations for specific cagésnctional responses and parameter
values, we can make general statements aboutftherine of our various parameters on
which solutions are likely to occur. For any pastar value ofr there is a unique optimal

value of toxicityt. In general for>0 the highet is in conjunction withr, the more likely it

iS to be stable against changes in appearanceettigteans highdr,, see (5) and (6)).

Increasing the level of deaths from other calsesduces the value tfor a givenr, and so
reduces the likelihood of the solution being staated reduces the stable range of non-
cryptic solutions. This makes sense since, agiflieence of predation declines, the value of
deterrence declines relative to the decreased di@yuot higher toxicity. Increasing the level
of relatednesa increases the toxicity level that is optimal foyajivenr, and makes that
solution more likely to be stable. In general imsiag relatedness increases the range of
non-cryptic stable solutions. The higher the relagss, the closer the individual best
strategy is to the group optimum, which tends ttigéer toxicity and conspicuousness.
The strategy is less liable to cheating (copyingespance with less toxicity), since, if you

cheat, you harm your relatives whilst helping yeifts

If we substitute some plausible functional formsstfee general functions used in the model,
then we gain some further insights. Specificallyp@pdix 2 demonstrates that high toxicity
tends to occur when the population of prey is latige relatedness in the population is large,
detection probability is large (even when maximalyptic), learning occurs quickly,
fecundity declines slowly with toxicity, the probkty of attack declines quickly with
information of toxicity and the level of toxicityeeded to be aversive is large.
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Note that when death can only occur through preddtie.A = 0) and relatedness has no
effect @ = 0), there is an optimal toxicity independenappearance. This can be explained
by the fact that each individual just finds its tdesel (any population using some trade-off
between toxicity and appearance is invaded by diviglual with identical appearance and
optimal toxicity). When other mortality factors dadrelatedness feature, then there is an

optimal level of toxicity for any appearance.

The present model compared to that of Leimar et al. (1986)

The key difference between the model of Leimad.edrad ours is the assumptions about the
predator population. In their model, there are rissy a group of new predators emerging
at the start of a season and then continuing to leeer time, so that learning causes
changes in the predation pressure over time. Ehis our view, eminently reasonable in a
study that aims to examine the initial origins pbsematism, in which all predators were
initially naive. Here, by contrast, we considereguilibrium situation, where there is no
change in predation pressure over time. The equitiblevel may have been reached by
learning, or genetic inheritance or a combinatibthe two. However the equilibrium is
maintained essentially because there is alway$aaded mix of young and old individuals
in overlapping generations. After the initial evodun of aposematism, the Leimar et al.
model might thus correspond ecologically to seaspremlators such as wasps, and ours to

more long-lived predators, such as birds and lard

Note that in Leimar et al's model solution (2) —ex there is non-zero investment in toxins
but not sufficient to cause aversion - is not gmesas (in their model) all non-zet@re
aversive, and learning can never make a predatoe hkely to eat something, so as time
goes on all prey individuals are in less and lesgydr. Leimar et al's solutions can include a
maximally cryptic ESS with either no investmentefences (solution 1) or with defences
sufficient to cause aversion (solution 3) withregé ESS >0, as opposed to the range of

solutionsr>R that we generate.

It should be noted that Leimar’s solutions aretno¢ co-evolutionary ESSs, in the sense

that they fix one parameter (etyand then find the optimal solution with the othérve did
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this, our model would also yield (at most) one Eawlutionr>0. Conversely if both of
their parameters were allowed to vary simultangoii$é possible that solutions similar to
ours would be generated. Indeed it seems logiedlamange of values would be stable.
The non-cryptic solutions rely on predators recsmg the prey and avoiding them. Thus
any appearance that is sufficiently visible mayisaf as long as all individuals of the
species look the same.

Leimar et al's model always yields at least onenpsolution (i.e. where all individuals have
identical appearance). Ours yields no point safutinder some circumstances. In this case
the benefits of crypsis are outweighed by the sintyt of appearance to other edible forms,
and a spread of appearances to dilute the infoomaétie predator receives about the

attractiveness of this type of prey is optimal.

One of Leimar et al's key predictions was that a-ooyptic ESS could only occur if
predators are reluctant to attack prey that areernonspicuous than those so far
encountered, or that faster learning occurred thighmore conspicuous individuals. This is
not necessary in our model, which has ESSs where th no greater tendency to avoid the
more conspicuous individuals, unless there is exadehat they are toxic; indeed the precise
mechanisms of learning are not central to our madehey are to Leimar et al's (although
they indirectly affect it through the functiobi§t) andL(r)) , as explained above). Leimar
concludes that an increased level of survival @fcids witht>0 is important to allow ESSs
featuringnon-zero investment in defence to exist, and werafi@ll agreement with this

conclusion.

Conclusions

There has been recent speculation (Summers & CJa0@h),that there may be a positive
relationship between the conspicuousness of apdiesignals and the strength of the
defence that they advertise. Here we present itsieefkplicit mathematical model that can
explore this suggestion, and our model predictsaport this conjecture. These predictions
rest to some extent upon an assumption, which weider reasonable, about how our

functions manifest themselves in nature (see sasweission on this in Appendix 1).
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Our model makes the novel prediction that if cands support the evolution of a

sufficiently strong defence that the prey are averand advertise that defence in a
conspicuous appearance, then a broad range afatheESSs are possible. The specific ESS
reached depends on the history of a particulal jmesy population. Hence, the model
suggests that the great diversity of levels of nedeand appearance of aposematic prey does
not necessarily require special explanation bahiemergent consequence of the co-

evolution of defence and signal of that defence.

The theoretical literature in relation to secondadefences is currently unclear about whether
or how much we can expect cryptic prey to be degddndeimar et al. (1986) and also Speed
& Ruxton (2004) both suggest that when the thneahfpredators is small cryptic prey
should not invest in secondary defences. Howevanynother authors assume that cryptic
prey can in fact be highly defended (e.g. Harvegl et1982; Yachi &Higashi, 1998;
Servedio, 2000; Speed, 2001; Brodie & Agrawal, 3001this work, we predict that in

some cases (with high costs and/ or low predatgk) maximally cryptic prey will be
undefended. In other cases such as when thereigher risk of predation they will be
defended but only moderately: sufficiently to enteamdividual survivial but not

sufficiently to make them aversive to predatorsstith other cases prey will be sufficiently
defended to be aversive but still choose not toaithis if the costs of conspicuousness are
too great. One important consequence is that apgigeooloration is not necessarily the
optimal state for prey that possess substantignbefs. Many of the results in this paper rest
on the assumptions of stability and uniqguenesk@bptimal toxicity for any given
appearance. The general nature of the model, &cbtinplexity of the payoff function, has
meant that we were unable to prove this is alwayes thdeed, there will certainly be
functional forms where this uniqueness will notwg@lthough we maintain that these are
biologically unlikely. There may be cases wheredbhgsumption of stability is untrue, which
could lead to polymorphism within the populatiothaugh we have not been able to find
this. Such solutions, if they exist, would inevitabe more complex and would probably
require significant simplification of the modelitovestigate. Our model also makes the
novel prediction of a stable prey strategy thablwes very high levels of variability in
appearance in prey, combined with moderate andharievels of defence. At present
expectation in many theoretical models is thatggpostatic selection favours diversity in
edible, undefended prey populations but that as ssdhere is any level of defence

selection becomes anti-apostatic, favouring uniftyrigMallet & Joron, 1999). However we
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indicate here that one class of stable evolutionesuylt is a combination of some moderate
investment in secondary defence with high leveldieérsity in the prey appearance.
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Appendix 1: Derivation of ESS solutions

Optimal toxicity for a given level of conspicuousness

g,(r.,t,) is increasing withr, provided thatl, >0, V(i) = -iQ'(i)/Q() is increasing with
positivei at the critical valuer, and D(r,)Q(l,) increases witlr, (or at least does not

decrease sufficiently quickly) at this value. Iras@g conspicuousness)ill certainly
increase the rate at which prey are detected apoes D). However, increasing will
increasd, which in turn will decrease the probability thia&t detection leads to attad®)(
So the rate of attack (the prodid®) could in principle increase, decrease, or inlith@ing
case stay the same as conspicuousmgssi¢reases. Indeed it would be possible to pick
functional forms to achieve all these possibleaffeHowever we consider that for the
overwhelming majority of biologically plausible foulationsD will increase faster with
rithanQ decreases, and so the prodd€ will increase with increasing. Our arguments
are as follows. As the prey becomes more conspggincreases) then the range of
distances over which it can be detected will insee&ince almost all prey live in habitats
where predator-prey interactions occur in two oe¢hdimensions, a small increase in
detection distance can lead to a large increasadnunter ratelY), because of the
geometric effect. Although increasing conspicuossneill reduce the likelihood of an
encounter leading to an attack, this probabilitlf mot be affected by geometry in the same
way, so we would not expect this probabili)) o decrease quickly enough with increasing
r to compensate for the dramatic increasp imith increasing conspicuousness. Further, we
would expecQ to be a saturating function of conspicuousmeggsee discussions of
learning and discrimination in Pearce & Bouton, Z0Bervedio, 2000; Roper &Redston,
1987; Gamberale-Stille, 2001). The mechanism thases the predator to attack
conspicuous defended prey is confusing them wiilergprey types that are defended and
cryptic, once conspicuous has increased suffigighdt such confusion is unlikely, further
increases in conspicuousness will have little éffe@. In contrast, there is less reason to
expect a similar saturating effect whereby incregsionspicuousness does not lead to
increased encounter rates without imposing spassiimptions of the habitat structure of
animal movement. So again, from this reason oueetgpion is that the produbiQ will

increase with increasing conspicuousness (incrgagin
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It should be noted here that these conditionsfeent, but not necessary, so for instance
if V(i) is increasing rapidly, therD(r,)Q(l,) could be decreasing (as long as this is not too

quickly) with the same result. In fact there isnk lbetween these two assumptions. If
L(r)=K D(r) for some constant K (reasonable given the relatipnisetween these two

functions) thenD(r,)Q(l,) increasing is the same result\d,)<1. We shall assume that
these results are true. Similarlyggfr, ,t,) = 0, the function decreases withinder our
assumption of a unique solution, since there fseeia unique solution with = 0and
g,(r,;,0) <0or g,(r,,0) >0and there is a unique solution with(r,,t,) = 0.

Thus under our assumptions there is a unique ealfir t, for everyr;, which is increasing

withr,.

So any solution must include this optimal levetaficity. We next proceed to find the
values ofr, and 8, which can be stable in conjunction with this. Ntitat in the special case

whereA=a=0, the optimal level of toxicity is independentagfpearance (but not of

aversiveness, as it affects this throt(h)).

It may seem strange that optimal toxicity can lmeependent of appearance. However,
natural selection acts at the level of the indiaidand a stable solution is one that cannot be
beaten by an invader. Any situation where the patpn does not choose the level of
toxicity dictated by the trade-off betweBrandK, e.g. to be more toxic to deter predation,
will be invaded by individuals which have the samp@earance but choose the trade-off

level.

In the case wherk is non-zero (bua=0), there is a link between optimahnd appearance,
for the sole reason that appearance affects thguwelcontribution of predation and other
factors to mortality (given bR (r,)Q(I,)K(t,)/A).

There is thus a unique value fwhich is the optimal toxicity level for any given We

have to find which value(s) of, if any, give ESSs.

The maximum crypsis solution (r;=0)
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Firstly we look at the possibility of a solutionttvir, =0 (note that this automatically means
that the value o8, is irrelevant).We only need to consider invasigridvger values of,

i.e. show that

% P(t,,r,6,;;t,0,6)<0

9.(01)+9,01)>0

yielding
D’(O)+|1Q/(|1)(S/ «Mkaﬂa&}o (13)
DO ' Q(,) L(©)

The second term is positive for some functib(r3 andS(y)(and for sufficiently smalh) if

and only ifH(t,)>0. In this caser, =0 is clearly stable.

This means that for some functional forms being gletely cryptic is always an ESS
providing the best value ofs sufficiently toxic to be aversive, in the sen$eeducing

attacks by predators.
Other point solutions (r;>0)

If r, >0 then the value o#, is relevant, and we have to consider invasiondii karger
and smaller values ofand different values @. Consideringd = g, initially, we are

interested in the derivative
9 .

Ep(tl’r’gl’tl’rl’el)

which is discontinuous at = r,due to the similarity functio®. The derivative becomes
d . d

E P(t1’ r’el’tl’ r1!91) = _gz(rl’tl) - g3(r1’t1)a_r(| r=n |)

For a stable solution we need this derivative tpdstive forr <r,and negative for >r,.

This is equivalent to
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gZ(rl'tl) - ga(rl’tl) <0 (143-)
9,(r,t,) +95(r,t,) >0 (14b)

Note that the discontinuity in the derivativeratmeans that there is not a unique
equilibrium value and the conspicuousness leyé stable provided that (14) is satisfied.

Equation(14a) is more difficult to satisfy than k)4unlessa is unrealistically large) It is

easy to see that it is impossible to satisfy tbrdH(t,)<0 (1, <0). If H(t,)>0 then we

require
D'(r) _, QUI( e« g ay_ oL (1)
D) QY [S o= aL(rl))J<0 (4

Allowing 8 # 6, does not impose any further restrictions (invasigisuch a strategy is
easier to resist wheneve(t, )>0).Any solution satisfying conditions (4) and (15}hsis

stable.

On the (reasonable) assumption tBE{(r)/ D(r)is decreasing, then if eithi(r)=K D(r)
for some constarK orais small,t,,r,,8, is a local ESS iR <r,< o for some critical value
R (in addition to the possible crypsis= 0 solution) This is a sufficient condition only; this

result may occur even if the above is not satisfiSdnilarly, the result may hold even if

D(r,)Q(l,)does not increase with, and because of the discontinuity in the derieatf

the fitness function with respecttpthe local ESSs are likely to occur for values,ofying
in an interval). This value ofR may be infinite, which would mean that no solutwith

r, >0 exists.

To see this, consider the following. The criter{@b) reduces to

L’(rl)]

_D/(rl) / R
V(l,)> D) /(S O)(1-a) aL(rl)
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where the right-hand side of the above is positaigen that optimat, does not decrease
withr,, thenl increases with it so that the left-hand side ofaheve increases whilst the

right-hand side decreases. Thus the critical vRligegiven by

D'(R)
D(R)

V() =- (S’ (O)(l—a)—aL/(R)j (16)

L(R)
Solution summary

t=0 andr=0Owheng, (0,0) <0, g, (00) + g, (0,0) >0

t>0 andr=0Owheng, (O,t;) =0,9,(0t,) +g,(0,t,) >0
t=0 andr>0can never occur

t>0 andr>0Owheng, (r,,t;) =0 (t, >t_ also needed),

gZ(rl’tl) - gs(rl’tl) <0

A unique ESS, multiple ESSs or no ESSs?
We have an infinite set of candidate solutions wgilbg the paifr,t(r)), for all positiver,

wheret(r)is obtained from condition (4) and is non-decregsuith r, as soon afr) reaches
t. (recall thatt, is the value for which H( )= 1,=0).

If t(r)< t, for all values of, then we know that all of these solutions arealvist except

possibly whemr=0. This occurs if the optimal value bin the limit asr tends to infinity is

not greater than, i.e.

0,(c,t.) <0

so that
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A+DEKEIQO) F'(t) _K'L) N\ (i QO an
DE@K(E)QO) F) KE) n “ Q0

if (17) is true then t(0)<, and so forr,=0 we havel, <0. Thus there is a unique ESS at

r,=0 if (13) and (17) hold, otherwise no ESSs if (fhd) not(13) holds.

If (17) does not hold, there will be multiple saduts with r,>0, as well as a solution with

r,=0 if and only if (13) holds.

Non-point solutions

It is possible to have a solution where not alth&f population look alike. In particular there
are sets of functions where no point solution issgae. Since, for sufficiently smadlr,=0
is always a solution wheH(t,)>0 we shall briefly consider the situation wheét,)<O.

Inthis case each individual gives information of thon-toxicity of those that it resembles,
so that it is best to look as little like the otlsgrecies members as possible. For any given

value offr,it is clear that the best distribution o\gis a uniform one on (Orf.

If a population follows this distribution &, then
N i s an R T1 .
I, =—L()H () [==S((2r7 -2/ c0s@))**)d6 = —L(r,)H (t,) | = S(2r, sing)dy
n o 27T n o T

In fact such a solution is unlikely to be stablacs it would be invaded by a small group
that chooses a smallerand gets further in appearance from the othedgeduces
conspicuousness. A solution is likely to coverrgeaof values af .Calculation and
checking for stability in this case will be diffitdor real functions, and will probably
require numerical solutions. Any solution will bethe form of a density function
P(r8)=C(r)/2rr, i.e. dependent on r but ngt

It will satisfy the following two conditions:
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(i) the payoff to all individuals in the populatiomust be identical

(if) C(r) is continuous and there will be a uniquagnt, r(r,), where C¢,,)=0 (otherwise

individuals could change to marginally larger riwgreater payoff), giving
N = j C(r)dr
0

Assuming thaa=0, we expect a solution will be of the form
1) D(W)Q(I (w))=D(0)Q(I (0)) for all w.

2) C(r,)=0

3)I(w)=H (t)TL(I‘)C(I‘)T%TS((WZ +r12 —2wr cos@))®)dadr
so that

1(0)=H (t)TL(r)C(r)T%TS(r)dedr =H (t)TL(r)C(r)S(r)dr

We conjecture that there will usually be a unigoleison of this type.

Appendix2: Example functions

We now consider some examples of the functionsriestabove to show the type of

solutions which can occur.

Kk

F(t)=e'””,K(t)=1+t/IB

H@E) =t-y
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d,
d, +@-d,)e”

D(r) =L(r) =

S(y) = max@-w -v,y*0).
Finally the information functioQ is given by

g.e ™, x>0
QX =
1-(1-q,)e"™, x<0

This yields a unique value for optimabiven by

K (t1-y)D(r)N/n
A(B +t,)e PD()AG L, 1 N
D(r,) Bap a B+t n

g, (r,t) =-

This general expression works only fot, (the ratio of the derivative of Q and Q is adittl
more complex fot<t_, but the principle is no different). All solutiomghent<t_are

unstable unless=0, as mentioned eatrlier.
In the simplifying case wher&=a=0, we obtain

t, = Max(a - 8,0), independently of, which works whethert, >t_ or not. Wheru>p,

inequality (4b) reduces to

1 2 1
- + —

a? (B+t)° a®

which is clearly satisfied, confirming that thewabn is stable.

r, =0 is an ESS if

D', Q(h)(s,(o)(l a)+ aL’(O)] -0
DO Q) L©O)
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Whena=0 we obtain

Q/(ll)D(O) ol s (1_ (1_q0)e/<|1q0/(1—q0))d0 (1—d0) —_ (1_d0) (e_|1Kq0/(1_qo) _ (1_q ))

.S’ (0
S )Q(II)D/(O) ' — v x —Qoke 10 KW,

for negativel, (itis trivially true for positivel, ). This is clearly satisfied wheh is near

0 and when it is very large and negative, but fibgsian be violated for intermediate
values. Thus instability occurs in a critical rarmgenformationl, only, which for some
parameters may be empty;lif is large and negative then individuals are véinaetive to
predators and maximum camouflage is best, ifis near zero individuals are slightly
attractive to predators but cannot improve thinggnby changing appearance, so staying
atr=0 is again best. For intermediate values individuady be able to reduce their
attractiveness by moving away from their currermgesgyance, even though they will be
discovered by predators more often=0 is more likely to be a solution if the rate of
decline of attacks as toxicity increases declin@slg, predators cannot identify differences
between individuals for discriminatory purposesywsell or camouflage is very effective.
As long asais not very large, the same pattern occurs for zenoa.

r, >0 is an ESS if

D/(rl) _ I]_ Ql(ll) (S/ (0)(1_a) -a L/ (rl)J < O
D(r,) Q(l,) L(r,)

This is only possible i, >0. Fora=0 we obtain

QUIDM) ., o (-dy)e™

Ils/ (O) / 1 —rl
Q(Il)D (rl) KV(do + (1_do)e r )

If further A=0 then

_N d,

T T mdyer AN

which yields
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Nd,vk(a -5 -y)
n@-d,)

>e'”:>rl>R:In[

n@-d,)
kd,Nv(a-LB-y)

so that any value af that is sufficiently large will be stable (and &ome parameter

values this will be true for afl, since R will be negative). Hence, beyond some tulels

value of conspicuousness, any common form willtabls.
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