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In an inuential paper, Grafen (1990) provided a mathematical demon-

stration of the validity of Zahavi's handicap principle (Zahavi 1975). Grafen

showed how an honest signalling system is stabilized through costly sig-

nalling: cost stabilizes the system when the cost of lying is greater than any

bene�t associated with doing so. Because cost serves to prevent lies, a stable

signalling system clearly will require some sort of cost associated with lying.

Must there be cost associated with telling the truth, as well? In Grafen's

model, the answer is \yes". Subsequent discrete models (models that allow

only a �nite set of discrete states and a �nite set of discrete signals) yield

the opposite result: cost need not be associated with honest signals (Hurd

1995; Sz�amad�o 1999), so long as dishonest signals are costly. Is result this

an artifact of the discrete nature of these models, or is Grafen's result |

that honesty must be costly | a consequence of the speci�c assumptions in

his model?

The resolution of this question is more than an esoteric mathematical

exercise; it has important implications for the empirical study of handicap

signalling. Why? If signals can be free at equilibrium, as argued by Hurd

and Sz�amad�o, empirical researchers will not be able to con�rm the hand-

icap mechanism through measurements of signal cost, because organisms

will typically use equilibrium (and thus cost-free) signals. To observe signal

cost, organisms would have to be manipulated into sending non-equilibrium

signals. This would make empirical veri�cation of the handicap principle

extremely diÆcult (and might also explain why the expected signal costs

are rarely observed; see e.g. Bergstrom and Lachmann 1998). If, instead,

signals cannot be free at equilibrium, the handicap theory predicts that re-

searchers should be able to observe costs associated with equilibrium signals

in unperturbed systems.
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In this letter, we extend Grafen's model in order to evaluate the likeli-

hood of these two alternatives. In Grafen's analysis, signal cost increases

monotonically with the level of expression of the \advertising" trait. Be-

cause of this assumption, the advertising trait has no real utility outside its

role as a signal. Holding the response of the signal receiver constant, any

signaller | regardless of quality | will optimize its �tnesses when express-

ing the minimal level of the advertising trait. With the exception of the

discrete models of Hurd (1995) and Sz�amad�o (1999), all of the subsequent

costly signalling models of which we are are aware employ this assumption

as well.

In practice, however, however, many traits involved in advertising will

have a utility outside their role as a signal; some may be primarily sig-

nals with some functional consequences, while others may be predominately

functional traits that serve secondary signalling roles (Lotem, Wagner, and

Balshine-Earn 1999). The optimum level of expression of these traits will

depend on the individual's characteristics, such as size, speed, age, or ge-

netic competence. Consider, for example, the paradigmatic plumage of the

peacock. A peacock's tail is not only a signal; it also plays a vital role in

ight. Hence the optimal length of this tail, even if it were not used as a

sexual signal, would exceed zero (and would probably be some function of

the size and strength of its bearer.)

We can phrase this in a more formal fashion. In absence of any inuence

the expressed trait might have as a signal, individuals with di�erent qual-

ities q will optimally express di�erent levels of an advertising trait a. The

choice of a therefore carries information. Other individuals (discriminating

peahens, for example) will be able to infer q by observing the value of a

(especially when it is easier to assess a than to assess q directly).

3



De�ne w(a; p; q) as the �tness of a male of quality q with an advertising

trait at level a, whose perceived quality by the females is p. Now assume that

there is an optimal advertising level for each quality, A(q). This would be for

example the optimal tail length of a peacock of quality q, if | regardless of

the chosen tail length | he were perceived as being of of his real quality, q.

Additionally, assume that males of di�erent qualities have di�erent optimal

advertising levels (i.e., q 6= q0 implies A(q) 6= A(q0)), so that females can

infer the quality of the males from the advertising level. We want to ask

whether there exist �tness functions w with optimal advertising level A(q)

such that at equilibrium all individuals will advertise at level A(q)? That is,

do there exist signalling systems in which signallers choose the same value

of the advertising trait as they would choose if receivers ignored this trait

entirely? One might imagine that this is possible, using advertisements A(q)

for which \honesty" is always cheap, but \lying" always costly.

Before proceeding to the main results of this paper, we present a simple

example (after Hurd 1995 and Sz�amad�o 1999) to illustrates that this mech-

anism for cost-free honesty can work in the case of discrete signals. Sub-

sequently, we show that this is impossible for continuous �tness functions

at the separating equilibrium, at which di�erent quality males advertise at

distinct levels.

Honest cost-free signals in a discrete model

Consider an interaction in which a signaller of quality q = 1; 2; 3; 4 or 5,

selects a trait value a = 1; 2; 3; 4 or 5. A signal receiver observes the trait

value a and attempts to estimate the quality q of the signaller. Assume that

there is a basic conict of interest between the signaller and signal receiver.
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The signal receiver enjoys the highest payo� when correctly estimating the

type of the signaller. The signaller, by contrast, receives a higher payo�

from being perceived as having a higher quality q. With receiver response

held constant, the payo� from expressing trait a when of quality q is given

by the following payo� matrix.

Trait

1 2 3 4 5

1 0 -100 -100 -100 -100

2 -100 0 -100 -100 -100

Quality 3 -100 -100 0 -100 -100

4 -100 -100 -100 0 -100

5 -100 -100 -100 -100 0

This payo� matrix, and the equilibrium signalling strategy, are shown

in graphical form in Figure 1a. The only equilibrium will have signallers

expressing trait 1 if of quality 1, 2 if of quality 2, 3 if of quality 3, and so

forth. Receivers will correctly interpret the signaller's type from the signal.

For the signaller, any gains from \lying" will be more than o�set by increased

signal cost. As Hurd (1995) noted, this suggests a mechanism by which there

can be honest signalling without cost, in a signalling system with conicting

interests between signaller and receiver:

No signalling costs at all need be paid by any individuals

when the game is at a signalling ESS. In more biological terms,
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mutants who do not play the ESS strategy are the only ones

which must pay \the cost of honesty." (Hurd 1995, p.221)

This appears to be a compelling argument: barring certain restrictions

on signal cost, honest signalling can be maintained via the handicap mech-

anism without the actual production of costly signals. (The authors were

also convinced by this argument for a long time.) However, it turns out

that this argument relies on the discrete nature of the signalling system, as

conjectured by Hurd (1995) and Sz�amod�o (1999). When there is a contin-

uous range of possible signals, and when signal cost meets certain minimal

continuity conditions, honest signalling cannot be cost-free (in the absence

of endogenous costs or other special mechanisms, as in Bergstrom and Lach-

mann (1998) and Viljugrein (1997)). In the following section, we present a

simple proof of this claim. In this analysis, we will examine only the sepa-

rating equilibrium, in which di�erent quality signallers send distinct signals.

We will not consider hybrid, pooling or semi-pooling equilibria, which also

exist in many signalling games (Fudenberg and Tirole 1991; Lachmann and

Bergstrom 1998) and in fact may be more eÆcient than separating equilibria

(Bergstrom and Lachmann 1997, 1998).

[Figure 1 about here.]

No honest cost-free signalling in continuous models

Let us adopt Grafen's (1990) original formulation of signalling equilibrium.

For expositional simplicity, we will similarly adopt Grafen's female-choice

sexual selection scenario, in which each male signaller advertises his quality

q to discriminating female signal-receivers, by choosing an advertising level

a = A(p). Females use the value of a to make an estimate p = P (a) of
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a male's true quality q. As we demonstrate later, the points made in this

analysis will extend to other signalling scenarios as well.

Since we are considering only separating equilibria, we will assume that

at equilibrium, the females will perceive an honest-signalling male as hav-

ing his true value, i.e., at equilibrium P (A(q)) = q for all q. Beyond this

assumption, we can disregard the strategic choice problem facing females.

Let w(a; p; q) represent the �tness of a male with quality q expressing the

advertising trait at level a and perceived to be of quality p. We assume that

w is everywhere di�erentiable with respect to a, p, and q. (This is a stronger

continuity condition than the minimum necessary for our results, but it is

convenient in its simplicity. When w is not di�erentiable around equilibrium,

there may be cases in which signallers at q advertise exactly at A(q).) A

pair of advertising and perception strategies A�; P � is an equilibrium if, for

all q, for all alternative advertising levels a

w

�
A�(q); P �(A�(q)); q

�
� w

�
a; P �(a); q

�
(1)

This is Grafen's expression (1). This expression must also hold for advertis-

ing levels very close to A�(q), and therefore

dw

da

�
A�(q); P �(A�(q)); q

�
=

@w

@a

�
A�(q); P �(A�(q)); q

�
+ (2)

@w

@p

�
A�(q); P �(A�(q)); q

�
dP �

da

�
A�(q)

�

= 0:

In this equation, the partial derivative @w=@a represents the derivative

of the �tness when we change the advertised level a, but keep the perceived

quality constant. By contrast, the term dw=da refers to the derivative of

w, when we change the advertising level a, and allow the perceived quality
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to change as well (since females see a change in the advertising level of the

male and thus adjust perceived quality).

For notational convenience, from here on we will assume that derivatives

of the �tness function w are evaluated on the (A�(q); P �(A�(q)); q) line,

unless otherwise speci�ed. Our assumption on female choice implies that

P �(A�(q)) = q, so that this is actually the path (A�(q); q; q). For any point

at which @w
@p

6= 0 (i.e., the male's �tness is a�ected by his perceived quality)

and at which dP �

da
6= 0 (i.e., the advertising trait a�ects the perceived quality)

it follows that @w
@a

6= 0.

Therefore, the level of expression of the advertising trait a at the sig-

nalling equilibrium cannot be an optimum in the absence of the receiver

response. Signalling must be costly. This is shown in Figure 1b. No mat-

ter how steep the slope of the �tness surface, the selection pressure of the

receiver's response will pull the signalling path o� of the otherwise-optimal

ridge as illustrated.

In our opinion, this result sheds light on the debate over whether or not

signals stabilized by the the handicap mechanism must be \ineÆcient" or

\wasteful" (Hurd 1995; John 1997; Zahavi 1997; Getty 1998). Since we can

prove that the choice of advertising trait is never optimal in the absence

of receiver response, is fair to say, as Zahavi does, that \there is no way to

describe these characters as eÆcient, except for their e�ects on the behaviour

of other individuals" (Zahavi 1997, p.229).

Moreover, along the equilibrium path, the only gains to be made by the

signaller from a marginal increase in quality are associated with the quality

increase itself, and not with any e�ect that can then be had on receiver

response through changes in the optimal advertising level a. We can see
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this as follows. The derivative of w with respect to quality q is

dw

dq
=
@w

@a

dA�

dq
+
@w

@p

dP �

da

dA�

dq
+
@w

@q
: (3)

Applying expression (2), we get

dw

dq
=
dw

da

dA�

dq
+
@w

@q
: (4)

At equilibrium, dw
da

= 0, and therefore

dw

dq
=
@w

@q
: (5)

This means that as the quality of the male increases, w will increase only

through direct bene�ts gained from the increased quality, but not through

bene�ts gained by being perceived as being of a better quality, such as being

able to mate with more females. The latter bene�ts | though real | are

precisely negated by increased \investment" in the signalling trait a. Note,

however that the equation holds only along the path (A�(q); q; q). As such,

it refers only to the local �tness bene�ts of increasing in quality from q to

q + dq, and not to the global �tness bene�t of higher quality.

Relation to previous models

As mentioned in the introduction, this result is applicable beyond the sexual

selection signalling scenario. Bullock (1997) distinguishes between two types

of handicap models. In \di�erential cost" models, the bene�t of a given

receiver response is the same for all signallers but the cost of sending a

particular signal a depends on the quality q of the signaller; examples include

Grafen's (1990) sexual selection signalling model and Vega-Redondo and

Hasson's (1993) model of predator-prey signalling. In \di�erential gains"

models, the cost of sending a given signal is the same for all signallers, but
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the bene�t of a particular receiver response depends on the quality of the

signaller; examples include Godfray's (1991) model of nestling begging and

Johnstone and Grafen's (1992) continuous Sir Philip Sidney game. Below,

we show that the results derived above apply to both types of models.

In general, di�erential costs and di�erential gains models feature signaller

�tness functions of the following forms, respectively (Bullock 1997):

wdc(a; p; q) = V (a; q) +B(p) (6)

wdg(a; p; q) = V (a) +B(p; q): (7)

Invoking the same requirements as before (@w
@p

6= 0 and dP �

da
6= 0) and

using the fact that dw
da

= 0 at equilibrium, we see that in both models, @w
@a

6= 0

at equilibrium. Signalling must be costly. Further algebraic manipulation

reveals that along the optimal signalling path dwdc

dq
= @V

@q
j(a;q)=(A�(q);q), and

dwdg

dq
= @B

@q
j(p;q)=(q;q). In both cases, dw

dq
is independent of the derivative with

respect to p. This means that as before, the local �tness bene�ts from the

increased quality come exclusively from the direct �tness consequences of

this increased quality, and not through any bene�ts gained by changes in

the receivers' perception of the increased quality.

Our results can also be seen in the context of Hasson's (1997) taxonomy

of signalling models. Hasson separates �tness into a basal (personal) �tness

component F and a social component S. He then takes derivatives dw=dF

and dw=dS; this corresponds, approximately, to our distinction between

(@w=@q + @w=@t) and (@w=@p) respectively. Hasson points out that at

signalling equilibrium, dw=dF > 0 and dw=dS < 0, and that from the

continuity and continuous di�erentiability ofW , it follows that the expressed

trait value deviates from that which would be optimal in the absence of
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receiver response. The results of the present paper can alternatively be

derived in relatively straightforward manner from these results of Hasson's;

the ease with which this can be done is a testament to the general power of

Hasson's approach.

These results suggest a novel hypothesis for the evolutionary origin of

costly signalling systems. As discussed above, the optimal values of many

phenotypic traits will depend on other underlying (and often more diÆcult

to assess) traits. Such a phenotypic trait | call it an advertising trait |

therefore carries information that other individuals can evolve to recognize

and correctly interpret. Once this happens, the optimum choice of advertis-

ing trait given the underlying traits will necessarily shift, as we have shown

above. This shifting process will continue until the costs of deviating from

the prior optimum level of the advertising trait are precisely balanced by

the gains to deviating which arise from altering the perceptions of other

individuals. At this equilibrium, the advertising trait has become a costly

signal, with signalling levels in agreement with the predictions of costly sig-

nalling theory. Of course, this verbal argument merely hints at a mechanism

by which costly signalling could evolve; formal evolutionary models will be

required to determine the feasibility of this modest suggestion.
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the advertising level. However, this line is not a stable sig-
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Figure 1: a. Direct �tness payo�s for choosing di�erent qualities and adver-
tising levels in a discrete model. The �tness consequences of the receiver's
response to the advertisement are not included. Each quality level has its
own advertising level that gives payo� 0, and all other advertising levels
will give a payo� of �100. Dots indicate equilibrium advertising levels for
signallers of each quality level. Lying is always so costly that it is never
worthwhile. Telling the truth imposes no cost, and thus no costly signal is
ever sent. b. A similar model to case a, but with quality and advertising
levels as continuous variables. Direct �tness payo� for advertising level a,
signaller quality q, and perceived quality p is assumed to be �(q � a)2 + p,
for a and q between 0 and 1:5. The upper diagonal shows the optimal ad-
vertising level, ignoring receiver response, for every signaller quality. On
that line cost is 0, and it is receivers can infer the signaller quality from the
advertising level. However, this line is not a stable signalling equilibrium. A
stable signalling equilibrium is shown by the line below the diagonal. As can
be seen, signallers are pulled away from the direct-�tness optimum; signals
are indeed costly.
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