Szamado et al. BMIC Biology (2023) 21:4 BMC BIO'Ogy
https://doi.org/10.1186/512915-022-01496-9

RESEARCH ARTICLE Open Access

.. , : e ®
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by trade-offs rather than costs
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Abstract

Background Signal reliability poses a central problem for explaining the evolution of communication. According

to Zahavi's Handicap Principle, signals are honest only if they are costly at the evolutionary equilibrium; otherwise,
deception becomes common and communication breaks down. Theoretical signalling games have proved to be use-
ful for understanding the logic of signalling interactions. Theoretical evaluations of the Handicap Principle are difficult,
however, because finding the equilibrium cost function in such signalling games is notoriously complicated. Here, we
provide a general solution to this problem and show how cost functions can be calculated for any arbitrary, pairwise
asymmetric signalling game at the evolutionary equilibrium.

Results Our model clarifies the relationship between signalling costs at equilibrium and the conditions for reliable
signalling. It shows that these two terms are independent in both additive and multiplicative models, and that the
cost of signalling at honest equilibrium has no effect on the stability of communication. Moreover, it demonstrates
that honest signals at the equilibrium can have any cost value, even negative, being beneficial for the signaller inde-
pendently of the receiver’s response at equilibrium and without requiring further constraints. Our results are general
and we show how they apply to seminal signalling models, including Grafen's model of sexual selection and Godfray’s
model of parent-offspring communication.

Conclusions Our results refute the claim that signals must be costly at the evolutionary equilibrium to be reliable,

as predicted by the Handicap Principle and so-called ‘costly signalling’theory. Thus, our results raise serious concerns
about the handicap paradigm. We argue that the evolution of reliable signalling is better understood within a Darwin-
ian life-history framework, and that the conditions for honest signalling are more clearly stated and understood by
evaluating their trade-offs rather than their costs per se. We discuss potential shortcomings of equilibrium models
and we provide testable predictions to help advance the field and establish a better explanation for honest signals.
Last but not least, our results highlight why signals are expected to be efficient rather than wasteful.
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Significance statement

Honest signals pose a major theoretical problem for under-
standing animal communication, as it is unclear what pre-
vents deception. The leading explanation for honest signals
has long been the Handicap Principle, which predicts that
signals are honest if are costly to produce, as it is their cost-
liness (or wastefulness) that prevents deception and the
breakdown of communication. However, in the models
that reportedly validated the Handicap Principle (e.g. [1,
2]), the costs of signalling are derived from a set of rather
specific assumptions, restricting the possible outcomes.
These results were over-generalized and it was mistakenly
concluded that honest signals must always be costly at the
evolutionary equilibrium. Therefore, models are needed to
investigate how signalling costs — better labelled signal-
ling tradeoffs — influence the evolution of honesty without
unnecessarily restrictive assumptions. Here, we provide a
mathematical model based on general assumptions about
signalling trade-offs that show how the evolution of cost-
free or even beneficial honest signals can be evolutionary
stable at equilibrium. Our results show that honest signals
need not be costly at all, and therefore, the Handicap Prin-
ciple and other costly signalling models cannot provide a
general explanation for understanding the evolution honest
signals. Our model provides a more general approach for
addressing the evolution of honesty and deception in animal
communication. We give testable predictions to advance the
field and our model demonstrates why the handicap para-
digm should be abandoned.

Background
Explaining the evolution of honest signalling has been
a long-standing problem in research on animal [3] and
human communication [4]. Zahavi’s Handicap Principle [5,
6] (HP) has been the leading theoretical paradigm for hon-
est signalling since it was reportedly validated by Grafen’s
‘strategic handicap’ model [1]. The HP predicts that signals
must be costly and reduce survival at the evolutionary equi-
librium — hence the label ‘handicap’ — in order to be hon-
est. This idea is often claimed to provide a general principle
to explain why signals are honest, and it has been widely
accepted, although some have questioned its generality [7].
There is no consensus for how to define, model or test the
HP, which is often confused with other models known as
‘costly signalling theory, because handicaps and signalling
costs have never been clearly defined, and it has never been
shown how signalling costs per se enforce honesty [7-10].
Mathematical signalling games have greatly improved our
understanding of honest signalling [3, 11, 12], as they have
clarified the logic of honesty in conspecific interactions,
including aggression [13], mate choice [1], parent-offspring
conflict [2, 14, 15], and interspecific interactions, such as
plant-herbivore [16], plant-pollinator [17], aposematic
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displays [18], and predator-prey [19] relations. They origi-
nated from economic signalling games [20] and have been
used to analyse the stability of honest signals in a variety of
human social interactions [21]. While these models have
proved to be useful, identifying the costs of signalling at the
honest evolutionary equilibrium (equilibrium cost function)
in such models is far from trivial when the signallers’ quality
varies continuously [1, 2]. As a consequence, it is difficult to
compare the outcome of these models and make any gen-
eral conclusions.

The so-called ‘strategic handicap’ model [1] is the most
influential model of honest signalling, and it critically
assumes that signallers differ in their quality and bear differ-
ential marginal costs for producing a signal. This is a plausible
but widely misinterpreted model because it is very different
from the HP. [7] Unlike the HP, honesty in this model does
not depend upon the absolute costs of signalling and signals
are efficient rather than wasteful. Moreover, honest signals
are selectively favoured in the model despite of their costs; not
because they are costly. This model has nevertheless provided
an important step towards analysing fitness trade-offs for
honest signalling, but the steps used to obtain the equilibrium
cost function are difficult to replicate, hence the mathematics
have been described as ‘brilliant but arcane’ [9].

The complexity of signalling games has been widely
under-estimated, as it has been generally overlooked that
finding an equilibrium cost function requires solving a
double optimization problem [14, 22], one for the receiver
as well as one for the signaller, and that the optimal solu-
tion for the signaller depends on the receiver’s optimum.
This complexity is daunting and it has been circumvented
by ignoring the receiver’s optimization problem (Additonal
file 1: sections 1—4 gives a detailed description of the steps
to solve this problem; while Additional file 1: sections 5-7
provides a more detailed discussion [1, 2, 14, 22-30];). This
issue cannot be resolved until the optimization problem of
the signaller and the receiver are both evaluated.

This double optimization problem has an infinite num-
ber of possible solutions [22, 31], and no general solution
has ever been provided in analytical form. The lack of a
clear methodology for deriving solutions to address this
double optimization problem contributes to widespread
misinterpretations of the HP and Grafen’s strategic choice
model (see [7]) and left the critiques of these ideas dif-
ficult to understand [8, 9] and the debates unresolved. It
has been known for 20 years that such signalling games
have an infinite number of honest equilibria [22, 31], and
yet the nature and implications of these equilibria have
remained unexplored due to the complexity of this prob-
lem. Consequently, the conditions for honest communica-
tion in signalling games are still unclear and controversial,
and the field has stagnated due to being entwined in the
erroneous and confusing handicap paradigm [7].
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Here, we provide a novel and general approach for deter-
mining stable equilibria in continuous signalling games,
and for calculating equilibrium signal cost functions, as a
continuation of previous theoretical developments [23].
We examine signalling models with additive fitness func-
tions (when signal costs and benefits are measured in the
same currency, such as fitness), and also multiplicative
fitness functions (such as when signals have survival costs
that influence their reproductive benefits) [32]. First, we
describe an asymmetric signalling model of animal com-
munication, and we aim for a general approach that will
apply to any signalling context, given that certain, broad
conditions are met. Then, we provide solutions for games
with additive or multiplicative fitness functions. We pro-
vide a formal proof of the conditions for stability being
independent of equilibrium signal cost. Our general for-
mula specifies the full, infinite set of trade-off solutions of
the double optimization problem. Furthermore, we show
that an infinite number of cost-free and negative cost equi-
libria exist in these models. The discovery of these previ-
ously unknown and evolutionarily stable equilibria shows
how new approaches and interpretations can be used to
investigate signalling games in general.
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Our approach does not require prior knowledge or
assumptions about the shape of the potential solution,
and hence it is applicable to any signalling model. We
apply our method to calculate stable equilibria in clas-
sic signalling models, including Grafen’s model of sexual
signals [1], Godfray’s signal-of-need model [2] for parent-
offspring signalling games, and for the signalling model
of Bergstrom et al. [22]. We explain how our results pro-
vide testable predictions regarding cost-free and ben-
eficial (negative-cost) honest signals at equilibrium, and
how these could support (or refute) our results and their
generality. Finally, we discuss the shortcomings of equilib-
rium models and how signalling theory fits into the larger
framework of life-history theory and Darwinian evolution.

Models of signalling games

Signalling games are mathematical models used to ana-
lyse how individuals (signallers) attempt to influence
the decisions of others (receivers) by producing signals
(action at a distance, see Fig. 1). Signals are often strictly
defined as traits that provide information about some
aspect of a signaller not directly observable, such as size
or sex; otherwise signals are unnecessary [20]. Signalling

Fig. 1 Female mate choice: an asymmetric signalling game. Courtship and mating behaviour is a sexual interaction in which a male signaller

(S) expresses a signal, a secondary sexual trait, that functions to persuade choosey female receivers (R) to mate and give him on opportunity

to fertilize her eggs; a scarce resource (e.g. [1]). Males vary in their quality and R will mate with S depending upon his quality or condition.

Sinvests into producing a signal, according to his quality (he need not consciously ‘know’his own quality; such a mechanism only requires
condition-dependence), whereas R cannot evaluate his quality directly; she must decide based solely on attributes of S's signal (i.e. there is an
information asymmetry between S and R). Axes x and y in the inset images represent the amount of shared resource z and fitness w outcomes
respectively. Inset a: For a given signaller quality and no signalling trade-off, the fitness curves of S (blue) and R (yellow) have their optima (blue and
yellow points) at different amounts of shared resource (dashed lines), resulting in a conflict of interest. Inset b: Signal trade-offs modify the signaller’s
fitness curve (blue) such that its optimum is at the same amount of resource that the receiver is willing to share, reducing or eliminating the conflict
in the interaction. Costly signalling theory predicts that this trade-off function must be positive at the equilibrium for signalling to be honest [1, 2]



Szamado et al. BMC Biology (2023) 21:4

games are usually described as conflicts over a resource,
because some of the first models were contests over food
and territories. Indeed, from an evolutionary perspec-
tive, a receiver’s body and behaviour can be viewed as
resources over which signallers compete to exploit for
their own benefit [33]. Signalling games can be symmet-
ric or asymmetric concerning information, resources,
and options (strategies) available to the players. In sym-
metric games, players have the same information sets,
resource availability and strategies at the beginning of the
game, whereas in asymmetric games, players do not share
the same information, resources, or strategic options.

Games can be symmetrical or asymmetrical in many
respects, though it was information asymmetries between
signallers and receivers that have mainly attracted the inter-
est of biologists [34] and economists [20, 35]. Asymmetrical
information is common in nature and thus asymmetrical
signalling games have often been used to investigate how
individuals resolve a wide variety of interactions and types
of conflicts (e.g. genomic, sexual, parent-offspring, and
other intra- and inter-familial conflicts). In these models,
signallers use signals to persuade a receiver to take some
action, which can include mating [1], feeding [2], other
forms of parental investment [36], committing suicide [37,
38], and performing other actions that may or may not be
in the receiver’s interest. Asymmetrical signalling games
have been used to model intra-genomic conflicts and
molecular signals between cells within the body [39, 40].
They have also been used to model a variety of interspecific
interactions, including predator-prey [19, 41], host-parasite
[42—-44], plant-herbivore [16], plant-pollinator [17] and
aposematic displays [18]. They are also used to understand
and address the spread of misinformation and disinforma-
tion in human societies, which is arguably one of the most
important problems facing our species [45-47].

Here, we focus on games with asymmetries in access
to both information and resources. In asymmetric
games, receivers possess a resource and can decide
whether to share it with signallers or not. For example,
young chicks attempt to persuade their parents to feed
them by producing begging calls [2]. In discrete mod-
els, receivers can either give away the entire resource
or keep it for themselves [11, 16, 19, 48-50], whereas in
continuous models, receivers can share some portion of
the resource (2) [1, 2, 14, 22, 23, 31, 32, 51]. Receivers are
assumed to share the resource in a way that maximizes
(inclusive) receiver fitness (wg), but the potential ben-
efits depend upon obtaining reliable information from
signallers about what they offer in exchange. The prob-
lem is that receivers often have incomplete information
about signallers or what they have to offer (information
asymmetry). In the case of mate choice, females assess
the potential benefits of mating with males that differ in
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social status, health, resources, or other aspects of qual-
ity (q); however, male quality cannot be directly assessed
by the receiver, otherwise there is no need for signals.
The signaller can influence the receiver’s decision by its
signal, which may or may not reliably reveal the quality
q of the signaller, to ask for the resource amount (a) that
should maximize signaller fitness (wg) (see Fig. 1). A sig-
nal is ‘honest’ if it provides receivers with reliable infor-
mation about the signaller’s quality, allowing the receiver
to make adaptive decisions. Alternatively, the signal can
be useless or deceptive, so that signallers manipulate the
receivers to share more than an amount z that is in their
adaptive interest. Like previous honest signalling mod-
els, we investigate the conditions under which signals
provide reliable indicators of quality g (for details, see
the ‘Methods’ section and Additional file 1:sections 1-3).

Theoretical models have previously shown that hon-
est signals are evolutionarily stable at an honest equilib-
rium if the following conditions are met [14, 22]: (i) the
signal reveals the signaller’s actual quality g (signals are
honest), so that the receiver can respond adaptively; or
(ii) the signaller only asks for the amount 4 of a resource
that receivers benefit by sharing (shared interest), so that
the conflict between the receiver and signaller is removed
at the honest equilibrium (2 =z). The mathematical for-
mulation of these conditions is detailed in the ‘Methods’
section.

The standard theoretical approach used for resolving
conflicts of interest and to find stable equilibria in asym-
metric signalling games is to introduce a cost function
that transforms the signaller’s fitness function wg, so that
the optimal amount of resource a acquired by the signal-
ler corresponds to the optimal amount of resource that
the receiver shares z (see Fig. 1), and the optima of signal-
ler and receiver, namely, wg and wy, then coincide. This
step is crucial but missing from many previous models.
It is not enough to find the optimum of wg, but wg must
be transformed by using a function traditionally referred
to as a ‘cost function’ in which max(wg) =max(wy). Here,
we will refer to this transformation as a trade-off function
(7). The function T transforms the benefit into the actual
fitness so it is actually a trade-off function. Accordingly,
the signallers’ fitness wg is determined by the relation
between the benefits B and trade-offs T, and without any
trade-offs, wg=B. In additive models (e.g. [2]), B and T
are summed, whereas in multiplicative models (e.g. [1]),
they are multiplied to yield the fitness wyg.

We use the term ‘trade-off function’ because the term
‘cost function’ is unnecessarily restrictive to the positive
domain (counter-intuitively, the cost value is positive
rather than negative), and moreover, it does not repre-
sent the full set of possible solutions, as we demonstrate
below. We also avoid the term ‘cost function’ because it
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has generated much confusion, and we provide a more
detailed explanation in the ‘Discussion’ section. Our key
insight is that this transformation, regardless of its label,
does not necessarily represent an absolute cost, whereas
it is always defined by a trade-off sensu life-history theory.
We construct the most general class of trade-off func-
tions that obey the conditions of honest signalling for
both additive and multiplicative fitness functions (see the
‘Methods’ section and Appendices 2-3). Lastly, we apply
our method to well-known models of honest signalling
(Appendix 4), demonstrating its general applicability.

Results

Since it is the fitness wg that must meet the conditions of
stability and honesty in an honest equilibrium, and not
the benefit B, we first show that a signal trade-off func-
tion T can always be found for any B that ensures that wg
meets these conditions. In order to decompose the signal-
ler’s fitness function into terms that are in one-to-one cor-
respondence with the conditions of honest signalling, we
expand the signaller’s fitness function to its Taylor-series
around (honest) signalling equilibrium. This representa-
tion allows us the derive the exact and most general impli-
cations of the conditions of honest signalling term by term.
As we show below, the conditions of honest signalling con-
strain the first order and second order terms, while the rest
can be chosen arbitrarily. When terms are again summed
up, the resulting wg represents all honest solutions of sig-
nalling. Fig. 2 illustrates the process for additive and mul-
tiplicative models, while Fig. 3 provides a visual guide for
the method of constructing 7 for the additive case (see the
‘Methods’ section, Appendix 2 and Fig. S1).

Additive fitness

The general form of any (at least twice differentiable)
trade-off function for additive fitness T, using Taylor-
series expansion around the equilibrium wherea =z = 2
is (see Appendix 2 and Fig. S1 for details):

T,(q,2)=D(q)-B'(2)-(z—2) — (%B”(é) + s) SZ=2)+ ...

The zero order Taylor coefficient D(q) is the equi-
librium signal trade-off function of signaller quality q.
Traditionally, this coefficient has been used to specify
the cost that signallers pay at the equilibrium, indepen-
dently of the conditions of honest signalling [2]. Fig. 4d
shows examples of costly and cost-free equilibrium
trade-off functions.

B'D
Tu(g.) = Dig) ~ 20

. D(q)
-2~ (2
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The second coefficient _p/(3) describes the equilibrium
path, where the first derivative of wg with regard to the
amount of shared resource z is zero. This coefficient
specifies that wg (2) is an extremum, according to the
shared-interest condition (wg = 0, Eq. 1a). At the equilib-
rium max(wg) = max(wy), and thus this path represents
the receiver’s optimum as well.

The third coefficient —(%B” (2) —1—8) determines the

steepness of the surface along the z dimension when
deviating from the equilibrium path (stability condition).
The condition £>0 ensures that this term is larger than
the second derivative of B for the slope to be negative
(wg < 0, see Eq. 1b) so that wg (2) is a maximum. When
this term is equal or smaller than the second derivative of
B then the signaller’s strategy is not an equilibrium strat-
egy. The conditions of honest signalling do not restrict
higher order terms of the series therefore they can be
arbitrarily chosen.

The Taylor series expansion allows functional decom-
position of the equilibrium trade-off, equilibrium path,
and stability. Accordingly, the equilibrium trade-off
function D(g) can be negative, zero or even positive.
These conditions can be interpreted as costly signals,
cost-free signals, and signals with only benefits, respec-
tively. For any equilibrium path, (i.e. second coeffi-
cient), reflecting the receiver’s optimisation problem,
there is an infinite number of equilibrium trade-off
functions D(g) for the signaller (see Fig. 4d for exam-
ples). In general, the equilibrium trade-off function
(zero order term) is not constrained by the equilibrium
path (first order term) or the stability condition (sec-
ond order term).

Figure 4d shows four possible equilibrium signal trade-
off functions with constant, monotonically increasing,
monotonically decreasing, and oscillating trade-off func-
tions. While the last choice seems unrealistic, it proves
our point that any arbitrary, continuously differentiable
function can be chosen as the equilibrium trade-off func-
tion D(g) because the equilibrium signal cost is independ-
ent of the stability condition.

Multiplicative fitness

For multiplicative fitness, the conditions of honest sig-
nalling imply the following general form for the trade-off
function T, (derivatives are all evaluated at equilibrium
z = z; see Additional file: section 3 and Additional file 1:
Fig. S1 for details):

(32_(}3;2> +e)(z—2)2+....
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Fig. 2 Cost/benefit trade-off functions for two traditional signalling games. Left: An additive offspring begging game. Right: A multiplicative mate
choice signalling game. Dashed vertical lines indicate the receiver’s and the signaller’s optimal amount of resource, given a signaller’s quality or
condition. Trade-off function T, when added to or multiplied by B, transforms the signaller’s benefit B to its actual fitness wg such that its optimum
amount of requested resource g coincides with the amount z shared by the receiver

While the same functional separation is derived as in the
case of additive fitness functions, the same independence
of terms cannot be achieved because of the multiplication
of the functions. Previous models have shown that signal
cost functions D(q) exist where the cost paid at the equilib-
rium by honest signallers is arbitrarily close to zero in mul-
tiplicative models (e.g. this result was derived in a previous

signalling model for a specific cost functions [31] from
another signalling model [1]). Our formula for T, provides
a method to derive all solutions for any asymmetrical signal-
ling game with continuous (and at least twice differentiable)
fitness functions. Moreover, as a novel result, it reveals, that
equilibria with cost-free or beneficial signals exist in multi-
Plicative models too, not only in additive models.
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Fig. 3 Method for reverse-engineering the general trade-off function T. The method transforms any (at least twice) differentiable signaller benefit
function B to the fitness function wg that has the same optimal amount of shared resource as the receiver’s fitness function w. For sake of simplicity,
function arguments are omitted at the right side of equations. D and higher order Taylor coefficients 73, 7, ... can be freely chosen

In Additional file 1: section 4, we derive the general
trade-off functions for well-known biological signalling
games [1, 2, 22]. Additional file 1: Table S1 provides a
comparison of notation across these models, Additional

file 1: Table S2 compares the Taylor coefficients of the
general trade-off functions of the additive and multiplica-
tive cases, while Additional file 1: Table S3 compares the
Taylor coefficients of relevant models.
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Discussion

Our methods and results provide several important
contributions towards understanding the evolution of
honest signals. First, we provide a general methodology
for deriving the full set of an infinite number of trade-
off functions for asymmetric, continuous pairwise sig-
nalling games, which allow for honest signalling. This
general class of trade-off functions consists of three
components: the first term defines the cost (or benefit)
of a signal at the evolutionary equilibrium, the second
one defines the path along the equilibrium, and the third
term specifies the stability condition at the equilibrium.
Second, we confirm the suggestion that the results of
asymmetric signalling models depend upon whether fit-
ness effects are multiplicative or not [9]. For additive fit-
ness, these three components are independent of each
other, whereas for multiplicative fitness models, they
are not. However, the equilibrium cost of signals can be
anything, zero or even negative, in both types of mod-
els and yet signalling remains honest and evolutionar-
ily stable as long as the stability condition is fulfilled. A
negative cost implies that the signal is beneficial inde-
pendent of the receiver’s response. We show the exist-
ence of such beneficial equilibria for seminal models of
the field, including Grafen’s model of sexual selection
[1] and Godfray’s model of parent-offspring communi-
cation [2] (see Appendix 4a,b). Third, these results show
that signal costs at equilibrium are not a necessary con-
dition for the evolution of honest signalling, contrary to
Zahavi’s Handicap Principle [5] and handicap interpre-
tations of Grafen’s theoretical model [1, 2]).

Our results reveal an important limitation and a sur-
prising implication of simple asymmetric signalling
games. Our model does not specify the magnitude of
signal intensity at equilibrium, and just like the equilib-
rium signal cost, the magnitude can be any continuously
differentiable function [17]. For example, in Godfray’s
signalling model [2], the equilibrium signal intensity
(as a function of quality ¢) has a maximum (see Fig. 2 at
[14]). Accordingly, the quality half-space below ¢=0.5
was omitted to ignore the maximum, resulting in a

(See figure on next page.)
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monotonic decreasing signal intensity function. More
generally, it was recently shown that it is possible to con-
struct such ‘dishonest; non-monotonous functions for a
large class of signalling games [17]. In summary, overly
simplified game-theoretical models have generated the
apparent paradox that honest signalling games, which
assume honesty at equilibrium, need not result in honest
signalling, i.e. they will not necessarily generate a mono-
tone increasing or decreasing signal intensity function at
the equilibrium. This paradoxical result implies that the
simplest possible model of honest signalling has not been
sufficiently constrained in previous models, as ‘honest’
solutions were allowed where the signal cannot be used
to predict the actual quality of the signaller.

Existing models have other limitations, first intro-
duced as biologically-inspired constraints [1, 2, 14, 22],
and their most common assumptions are (i) the signal
cost as a function of signal intensity increases monotoni-
cally (see above); and (ii) the equilibrium cost function
D(g) is restricted by the assumption that the lowest qual-
ity signallers produce no signals and have no signal costs
[1, 2, 14, 22]. The first assumption directly excludes any
non-monotonic cost function (e.g. multimodal curves).
The second assumption combined with the first excludes
any potential cost function with zero or negative equi-
librium signal cost. We call these the standard costly
signalling model assumptions. When these assumptions
are applied, the result is the traditional ‘costly signal-
ling’ outcome in which the equilibrium cost function has
positive values with monotonically increasing signal cost
(i.e. equilibrium signals are honest and costly, e.g. see the
strategic choice signalling model [1]). In other words,
Grafen’s claim that signals must be costly (and wasteful)
at the honest equilibrium does not follow from the most
general formulation of the conditions of honest signal-
ling; it follows only from the additional constraints —
the standard costly signalling model assumptions. Note
that the problem here is not the application of specific
assumptions, but rather the misinterpretation that signal
costs directly follow from the general formulation of the
model (e.g. see the claim of Grafen ‘If we see a character

Fig. 4 The effect of different trade-off functions on the fitness of the signaller in case of Godfray's additive model of parent-offspring conflict [15]. a
The signaller’s benefit function B (without trade-off; dependent on its quality g and the received amount of resource 2) defines its optimum strategy
for any g (dark green curve; optimum curves are also projected onto the g — z baseplane for all surfaces). b The receiver’s fitness function wg defines
its optimum strategy for any signaller quality and resource shared (yellow curve). c At the honest equilibrium, the trade-off function T ensures that
the signaller’s optimum coincides with the receiver’s optimum (for the derivation of the terms of T, see Fig. 3). d An arbitrary set of equilibrium
signal trade-off functions D(g) is selected (green curves) from left to right: { D1 (q) = 0,D,(q) = B8(q,2),D3(q) = —B(q.2),D4(g) = sin(3g)/2},
where Z is the optimum transfer of the receiver for the given quality g. e For any D/(q), a trade-off function T is generated (red surfaces),

describing the cost value of signals in and out of equilibrium. f The trade-off function T transforms the benefit function B of the signaller to the
fitness function wg (blue surfaces) such that its optimum strategy coincides with the receiver’s optimum strategy (yellow surfaces replicate the
receiver's fitness wg as of panel b; note different scaling). Projected optima of wg and wg entirely overlap at the g —z baseplane. Parameters are
{W=1/2,y=1/2,G=008,U=1,Z=10,e =1}, for details, see Appendix 2 and 4
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Fig. 4 (Seelegend on previous page.)
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which does signal quality, then it must be a handicap’ [1]
p- 521). These assumptions may or may not be realistic,
but the interpretation that a costly equilibrium is neces-
sary for honesty is incorrect and does not follow from
the general formulation (as signals in Grafen’s model are
not honest because they are costly at the equilibrium).
This misinterpretation of Grafen’s strategic handicap
model (i.e. category mistake, see Fig. 5) led to the wide-
spread acceptance of the HP and the popularity of costly
signalling theory (for a detailed discussion of misinter-
pretations, see [7]). Grafen also made the mistake of
overgeneralizing his ‘main handicap results’ to the full
set of potential solutions (i.e. overgeneralization fal-
lacy, see Fig. 5) when he claimed that all signals of qual-
ity must be handicaps (as honest signals need not be
handicaps).

It is important to note that our findings also highlight
the limitations of studying the evolutionary equilibrium
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for honesty using game theoretical models. Our formula
clears up confusion over differences between conclusions
that follow from the conditions of honest signalling mod-
els versus the consequences from additional constraints.
We show that honest signalling models can only predict
the value of marginal change — the behaviour of the sys-
tem — in vicinity of the evolutionary equilibrium (by
definition) without including additional constraints. They
cannot provide predictions about (i) the cost of signals at
or outside of the equilibrium, or (if) the marginal change
further away from the equilibrium path (see Fig. 4). One
can add additional constraints to the models (see above
discussion, e.g. [1, 2]) but then the results are simply
determined by these constraints. Making such general
conclusions from a model and ignoring its additional
restrictive assumptions is an example of the overgenerali-
zation fallacy. We have demonstrated here how remov-
ing the constraints of these previous models undermines

Fig. 5 The overgeneralization fallacy and category mistake of Grafen's model. The figure shows the relation between the potential set of honest

signalling equilibria maintained by condition-dependent trade-offs (blue set) vs. costly signalling’sensu economics (yellow set) vs ‘costly signalling’
sensu biology (orange set). (i) When additional postulates are included that unnecessarily constrain a model, a conclusion may be correct, not
because of the model, but because of the additional assumptions. When one nevertheless claims that the conclusion is generally true regardless of
postulated assumptions, then this is an overgeneralization fallacy. (i) If removing the constraints switches the conclusion (strongly depending thus
on the assumptions), one has also committed a category mistake, incorrectly attributing properties to the model and missing its true nature. (iii)
Standard costly signalling assumptions (SCSA=A, and A,, orange set) unnecessarily constrain the model of honest signalling (yellow set), because
they exclude a potentially important class of trade-off functions. Nevertheless Grafen overgeneralized the conclusion of his model to all signals of
quality (red arrow to blue set; see overgeneralization fallacy, point (i). (iv) Moreover, biologically relevant assumptions may not be constrained to
SCSA, contrary to what Grafen suggested [1] (see the ‘Discussion’section). Removing SCSA switches the conclusion C of the model to !C: honest
signals need not be costly, as we have proved in this paper. That is, the conclusion of Grafen’s model (C= honest signals are costly), stems from its
specific assumptions and not from more general properties, leading to tautology and a category mistake (see point (i) when Grafen identified

his model with the Handicap Principle (red arrow to HP). That is, Grafen’s model is not a model of HP as the HP conclusions do not follow from the
general properties of the model (it is a model of condition-dependent signals). Thus, even if honest signals turn out to be costly, the Handicap
Principle cannot account for them
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their usual interpretations: honest signals need not be
costly (see Fig. 5) even under conflict of interest, and
hence the HP can be fully rejected.

Equilibrium models have another limitation: by defi-
nition, they investigate honest equilibria only. Whether
other equilibria exist or not is out of the scope of our
analyses. The argument that if honest equilibria exist,
then all signals need to be honest (see Grafen’s ‘main
handicap results’ [1], p. 521) is a non sequitur, as the
existence of (partially) dishonest equilibria cannot be
excluded. There is no guarantee that an honest equilib-
rium will eventually evolve as signalers and receivers may
settle at an entirely or partially dishonest equilibrium.
Equilibrium models cannot account for the dynamics
leading to the equilibrium; for that, additional mecha-
nisms are required, e.g. replicator dynamics [52] or indi-
vidual-based simulations [53].

The results of our model help to explain why empirical
studies do not match the predictions of the HP or costly
signalling theory. Numerous studies have failed to find
‘costly signals’ predicted by Zahavi and Grafen (e.g. see
[54-61]; for example, offspring begging calls are nowhere
as costly as often assumed [54], see [55] for review). Not
even the elaborate peacock’s train, the flagship example
of the HP, fits the predictions of costly signalling models.
The train does not hinder movement [56]; on the con-
trary, males with longer trains are able to take-off faster
than males with shorter ones [57]. Empirical studies have
often been cautious with their conclusions and suggested
that some other types of signalling costs might be discov-
ered that would support the HP. Our results show that
such signal costs are neither sufficient nor necessary to
explain honesty; they are simply irrelevant for signal hon-
esty. Cost-free or even beneficial honest equilibria are
possible: high-quality offspring need not waste energy
to produce honest begging calls and peacock trains need
not be wasteful or even costly to signal male quality.
Honesty is maintained by the potential costs of cheating
through dishonest signals, but not by some general cost
of signalling at the evolutionary equilibrium (see [8, 31]).
It follows that efforts to measure signalling cost at the
equilibrium are not informative about honesty or stabil-
ity of the signalling system. Similar arguments have pre-
viously been made [8, 31], and now our equations provide
the first general mathematical proof.

Traditional explanations of honesty differentiate
between signal costs (i.e. ‘handicaps’) and constraints (i.e.
‘indices’). Recent theoretical models seem to undermine
such a dichotomy. First, these models suggest a contin-
uum from cost-free cues to costly signals (see [26]), and
second, they claim ‘that costly signalling theory provides
the ultimate, adaptive rationale for honest signalling,
whereas the index hypothesis describes one proximate
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(and potentially very general) mechanism for achieving
honesty’ (see [24], Abstract) While we agree that physi-
cal constraints pose a potential proximate mechanism
to explain honesty, our results do not support the first
part of the claim, namely that ‘costly signalling theory
provides the ultimate, adaptive explanation for honest
signalling..” [24]. While we also agree with the claim that
there is a continuum from cost-free to the most costly
signals, there is also a potential continuum from cost-free
to beneficial signals, which was ignored by costly signal-
ling theory.

In summary, previous costly signalling models have
used a set of unnecessarily restricted possible solutions
to explain the evolution of honesty. Consequently,
the costly signalling solutions provided by traditional
costly signalling models are neither unexpected nor
interesting, as the solutions are merely a consequence
of the assumptions postulated by these models. Due to
their restricted design, these models can only investi-
gate costly signalling solutions because other solutions
(e.g. cost-free or beneficial) are impossible within the
boundaries of their additional costly signalling model
assumptions. Given their restrictive set of assump-
tions, these models cannot provide general results for
honest signalling or general predictions about the evo-
lution of signals (Fig. 5). Our method provides a gen-
eral calculation of signalling equilibria, and therefore,
it should help research on honest signalling theory to
progress beyond the domain of restricted costly signal-
ling models.

These results highlight the need for a better framework
than the erroneous HP (and costly signalling) for explain-
ing honest signalling (see Fig. 5). Signals are expected to
confer fitness trade-offs -signalling trade-offs-, which are
better understood as life-history trade-offs rather than
as ‘handicaps, i.e. signals that are honest because they
are costly. The seminal models that attempted to test the
HP relied on life-history trade-offs to create differential
costs between signallers that differ in quality: a trade-off
between reproduction and survival in Grafen’s model
[1] or a trade-off between current and future offspring
in Godfray’s model [2]. A recent laboratory experiment
shows the importance of condition-dependent trade-
offs versus equilibrium costs of signalling [62]. A recent
model that investigated the differences between additive
and multiplicative fitness functions also adopts an evo-
lutionary trade-off framework [29] (see Appendix 7 for
differences between this and our approach). Our results
here show how honesty can be selectively maintained by
condition-dependent signalling trade-offs. Such trade-
offs can be difficult to measure [63, 64], but this approach
allows the use of theoretical models and empirical meth-
odology established in this field [64—67].
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Finally, there are several additional reasons for adopt-
ing the term ‘trade-off function’ instead of ‘cost function’
in signalling theory, as we propose here. The term ‘costly
signalling” has different meanings in the relevant disci-
plines (see Fig. 5). In economics, ‘costly signalling’ refers
to models that apply a utility function with a cost term.
In biology, ‘costly signalling’ is usually associated with the
HP, and these terms are often used interchangeably. This
semantic difference has contributed to confusing costly
signalling theory with the HP, and given the misleading
impression that the HP is supported by mathematical
models [7]. This confusion is reason enough to avoid this
term in biology. Moreover, the name ‘cost function’ in
economics can be misleading when applied to biological
signalling games. As we have seen, this function, regard-
less of its label, provides a transformation that does not
have to realize an absolute cost, as we have seen in our
case of the trade-off function 7. In fact, most biological
models lack an explicit cost function. Furthermore, cost-
bearing utility functions in economics are usually addi-
tive, whereas fitness components in biology are generally
multiplicative. In the additive case, one function can
always represent a cost in the absolute sense. However,
in the multiplicative case, this is not possible, as we have
shown. In biology, the trade-off is between benefit func-
tions. There is no cost function in the seminal models of
mate choice [1] and parent-offspring signalling commu-
nication [2, 14, 15]: neither survival nor reproduction
can be considered to be the costs. Labelling these models
‘costly signalling’ sensu economics is just as misleading as
sensu biology. Thus, for these reasons, we suggest using
‘trade-off’ instead of ‘cost’ function, and indeed, this term
better reflects the key insight of biological signalling games.

Conclusions

Our results help to understand why the handicap para-
digm needs to be rejected, and why signals — their costs,
benefits, and trade-offs — are better understood using
a Darwinian perspective (and conventional tools such
as evolutionary game theory, optimality models, and
life-history theory). Signals need not be costly or waste-
ful to be honest, and cost-free or even beneficial honest
equilibria can be evolutionarily stable. Rather than being
wasteful, we should expect signals to be efficient. Sig-
nals can be both honest and efficient, and cheating may
prove to be less efficient (more costly and even waste-
ful) than honesty. They can be better understood from
a Darwinian ‘Efficiency Principle’ [32] rather than from
the erroneous Handicap Principle. Seemingly exagger-
ated signals, such as the peacock’s train and deer antlers,
might seem wasteful but they may provide minimal or no
fitness cost to the bearer [61] — as honest signallers may
produce them more efficiently than cheaters. There is no
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reason to suspect that signals evolve under a separate,
non-Darwinian process of selection, contrary to Zahavi
[4]; and since they evolve through natural selection like
other traits, they should be efficient rather than wasteful.

Methods

The model

The model consists of two agents, the signaller S and the
receiver R. The signaller elicits a signal to request an amount
a of the resource from the receiver. The signaller’s fitness wg
depends on the signaller’s quality g, on the intensity of its
signal (asking for an amount a of the resource) and on the
amount of resource z provided by the receiver due to the sig-
nal. The receiver’s fitness wy depends on the hidden quality
q of the signaller and on its own response strategy, that spec-
ifies the amount of resource z the receiver shares with the
signaller; Z denotes the equilibrium amount (in honest equi-
librium, it is expected that Z = z = a). The response can be
written as a function directly dependent on g. We treat the
signaller fitness wg as an additive or multiplicative combina-
tion of a benefit function B and a signal trade-off function 7,
where both B(g,z) and T(g,z) are functions of signaller qual-
ity g and the received resource z. T defines the trade-off of
asking for z=a amount of resource as a signaller of quality
g, depending entirely on the signaller. B, on the other hand,
is controlled entirely by the receiver’s response (how much
z the receiver shares, based indirectly, through a signal, on
the signaller’s quality g; see Appendix 1 for a formal deriva-
tion). This interpretation justifies the mathematical decom-
position of wg into these two functions. Derivatives are with
respect to z; a hat over a symbol indicates equilibrium value.
Table 1 lists the quantities of the model.

Conditions of honest equilibrium
The honest signalling equilibrium has two conditions
(for details, see Appendix 1):

1. Condition of honest optimum specifies that there exists
an optimum amount of resource Z that the receiver is
willing to share. That is, the receiver, depending on the
received signal, shares an amount that equals to the
amount it would share if she could directly assess the
signaller’s quality. This means, that signals are honest
as they reveal the signaller’s quality, so that resource
allocation is optimal for the receiver.

2. Condition of shared interest specifies that there is no
conflict between receiver and signaller as the sig-
naller asks the exact amount the receiver is willing
to share and both wg and wg have their respective
maxima at Z = z = a. Since neither the receiver nor
signaller benefits by deviating from it, the condition
implies stability. It has two conditions:
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Table 1 Notation used in the model. Coloured boxes indicate the controlling party, blue for signaller, yellow for receiver. For more

details, see Appendix 1 Table S2

quantity note

signaller’s hidden quality

q 0O
a U

amount of resource requested by the signaller (signal intensity)

z amount of resource shared by the receiver
Z equilibrium amount of resource shared (expected Z = z = a)
wr(q,2) receiver’s fitness function
wg(q, 2) D signaller’s fitness function (sum or product of B and T)
B(q,z) signaller’s benefit function (controlled by the receiver’s response z)
T(q,z) D signaller’s trade-off function
D(q) D signaller’s equilibrium signal trade-off function

2.a. Extremum condition specifies that wg has an
extremum at z = 2:

ws'(z=2) =0.

(1a)
2.b. Stability condition specifies that the extremum at
z = 7z is a maximum:

ws”(z=2) <0.

Reverse-engineering the trade-off function

Finding honest signalling solutions in signalling games
requires: (i) calculating the optimal resource shar-
ing decision for the receiver, (ii) calculating signalling
trade-offs (7, traditionally called a ‘cost function’) that
transform the signaller’s optimal decision to the receiv-
er’s optimum. That is, the signaller has optimal fitness
when it asks for and receives the same amount z that
the receiver is willing to share in its fitness optimum
(see Fig. 1). We provide a formal method to reverse
engineer the trade-off function 7T that is general and
specifies all the infinite number of solutions. We use a
Taylor series expansion of the signaller’s fitness wg to
specify the conditions of honest signalling identified by
previous models [14, 22]. Since wg is composed of B and
T (additively or multiplicatively), wg can be expressed
as the appropriate combination of terms of the Taylor
series of B and T (see Fig. 3 and Fig. S1). The first and
second order Taylor coefficients of wg can be used to

express the stability and honesty conditions (Egs. 1a, b)
as constraints on the first and second derivatives of B
and 7. Since B is given, we use these constraints to con-
struct a general trade-off function T that, when com-
bined with B, yields a signaller fitness function wg that
fulfils the conditions of honest signalling (its optimum
coincides with the optimum of wg). In Appendix 4, we
apply our method to known models.

Additive fitness model

First, we derive the general trade-off function for the
additive model. For a visual guide, see the left panel of
Fig. S1, for details, see Appendix 2. In the case of the
additive fitness model, the signaller’s fitness is the sum
of the benefit and trade-off functions:

ws=B+T. 2)

Both B and T can be written as Taylor series around
the equilibrium z = Z (omitting function arguments g
and z for sake of simplicity):

B(z):B(2)+%é)(z—é)ﬂgz—f)(z—é)%..., (3)
T(z)=TE) + Tl(f) (z—2)+ Tz—f‘%)@ -2+ ... (4)

With g, =B®/k! and 7, = T™/k!, the sum of B and T
can be rewritten:

we(@,2) = (Bo+70) + (B + 1)@=+ (B +5) 2 =27 + ...

(5)
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At the equilibrium z = 2, conditions Eqgs. 1la, b must be
met by wg. According to Eq. 1a, the first derivative of wg
must be zero:

wg = 0,
B1+1 =0,
1 =—p1,
71 =—B.

According to Eq. 1b, the second derivative of wg must be
smaller than zero:

wg < 0,
B2+ 1 <0,

Ty < —Pa,

1
7 < ——B.
2T

The inequality is always satisfied if € > 0:

= —EBN —&. (6)
2
Substituting 7, and 7, into Eq. 4 and D(g) for T (¢, 2), the
constructed trade-off function for additive fitness compo-
nents is:

T@a)zD@ydwz—@—(%B“+eyz—mz+”” @)

Multiplicative fitness model

In the case of the multiplicative fitness model, the signal-
ler’s fitness is the product of the benefit and trade-off func-
tions (for a visual guide, see the right panel of Fig. S1, for
details, see Appendix 3):

WS:B-T.

The Taylor series of a multiplicative wg is the product of
the individual Taylor series of the composite functions B
and T (Egs. 3, 4):
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w(q,2) = Byto + (Bom1 + Bi70) (Z — 2)
+ (Bory + Bty + Pa7o) (2 — 27 + ...

At the equilibrium z = Z, conditions Eqgs. 1la, b must be
met by wg. According to Eq. 1a, the first derivative of wg
must be zero (omitting function arguments):

wg =0,

Bot1 + B1t0 = 0,

Bito
=——
Bo
B'T
1 =— .
B

The first derivative of T at the equilibrium depends on T'
itself, unlike in the additive case. According to Eq. 1b, the
second derivative of wg must be smaller than zero (substi-
tuting 7; from above):

wg <0

Bot2 + B111 + Pato < O,

Ty <

T(BN (B/)2>
D=—=|———71—E€¢.
B\ 2 B

Substituting 7, and 7, into Eq. 4 and D(g) for T (¢, %), the
constructed trade-off function for multiplicative fitness
components is:

T(q,z) = D(q) —

B 2

B/%(q) o2 (D(q) (B” B (B’)2> +8) (z—2)%+....
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