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Animals often convey useful information, despite a conflict of interest
between the signaller and receiver. There are two major explanations for
such ‘honest” signalling, particularly when the size or intensity of signals
reliably indicates the underlying quality of the signaller. Costly signalling
theory (including the handicap principle) predicts that dishonest signals
are too costly to fake, whereas the index hypothesis predicts that dishonest
signals cannot be faked. Recent evidence of a highly conserved causal link
between individual quality and signal growth appears to bolster the index
hypothesis. However, it is not clear that this also diminishes costly signalling
theory, as is often suggested. Here, by incorporating a mechanism of signal
growth into costly signalling theory, we show that index signals can actually
be favoured owing to the cost of dishonesty. We conclude that costly signal-
ling theory provides the ultimate, adaptive rationale for honest signalling,
whereas the index hypothesis describes one proximate (and potentially
very general) mechanism for achieving honesty.

1. Introduction

A remarkable feature of animal communication is the apparent honesty with
which individuals advertise their quality. This observation is particularly puzzling
when the interests of signallers and receivers conflict. Most famously, in compe-
tition over mates, males of the highest genetic quality or physical condition also
tend to display the most exaggerated ornaments and weaponry [1-4]. This can
give high-quality males greater access to mates, either because females prefer the
showiest males [5] or because rival males yield to the most armoured opponents
[6]. Given such benefits of signalling high quality, the problem is to explain why
natural selection does not favour low-quality males who ‘fake” a larger signal.

There are two major explanations for honest signalling despite a conflict of
interest, typically presented as alternative hypotheses [7—-14]. First, costly signal-
ling theory (including the handicap principle [15]) predicts that honesty will be
maintained when dishonest signals are too costly to fake [2,9,14,16]. Specifically,
the maintenance of honesty does not require a realized cost paid by honest sig-
nallers, as in Zahavi’s [15] view of the handicap principle, but rather a potential
cost for dishonesty [17-19]. Second, the index hypothesis predicts that physio-
logical or developmental mechanisms create a causal link between quality and
signal size, such that dishonest signals cannot be faked [7,8,20].

Recently, the index hypothesis has been bolstered by studies of the growth of
male sexual signals. These studies show that signal growth is regulated by a
highly conserved mechanism—the insulin/insulin-like signalling (ILS) path-
way—which closely tracks the quality (e.g. health or nutritional state) of
individual animals [21,22]. By this mechanism, low-quality males have limited
potential for growth, and so it can appear that their signal size is intrinsically ‘con-
strained’. This apparent constraint, coupled with the finding that signals can lack
detectable costs [23—28], has been taken as evidence that honest signalling can be
explained without costly signalling theory [21,22,29,30].

However, it is still not clear that the index hypothesis is a true alternative to
costly signalling theory [10,31]. This is because, whereas costly signalling theory
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provides an adaptive explanation for honest signalling, indi-
ces have been treated as static constraints not subjected to
natural selection [7,8,32]. Yet, recent evidence strongly
suggests that the strength of a causal link between quality
and the growth of a particular trait (e.g. coded by alleles
that alter a trait’s sensitivity to the ILS pathway) may
indeed be adjusted by selection [21]. Consequently, a major
gap in signalling theory is the lack of an adaptive explanation
for the evolution and maintenance of index signals. This is
particularly crucial in the light of recent suggestions that
most sexual signals may in fact be examples of indices [21,29].

Here, we address the relationship between costly signal-
ling theory and the index hypothesis by examining the
adaptive evolution of index signals. Specifically, we incorpor-
ate into costly signalling theory a mechanism that causally
links individual quality to signal size, and we determine
the conditions that favour such a mechanism. We use this
model as a formal argument that the honesty of index signals
can actually be explained by the cost of dishonesty. Further-
more, in contrast to suggestions that index signals will
represent only a special case of costly signalling theory [31],
our model implies that indices may indeed be a very general
mechanism for achieving honesty.

2. Models and results

We consider individuals” division of resources between a sig-
nalling trait and their own survival, or viability (after [32]).
Signallers vary in quality g (0 < g < 1), which could be any
trait that is of interest to receivers but that cannot be observed
directly (e.g. fighting ability, good genes or health). We
assume that receivers attempt to judge quality by measuring
a focal individual’s signal size s (0 <'s <1) relative to the
mean signal size s in the rest of the population (excluding
the focal individual). We assume that by producing a large
signal, an individual reduces its survival probability, which
is given by (s, q) =1 — s1* K and ranges from unity at s =0
to zero at s=1. Crucially, the shape of this cost function
may depend on individual quality. A given signal size may
be equally costly for individuals of any quality (k= 0), or it
may be more costly for low-quality individuals (k > 0). This
differential cost is a key mechanism that promotes honest
signalling [16,32—-35].

(a) The optimal quality-dependent strategy

To recover basic predictions of costly signalling theory, we
first determine the optimal strategy for varying signal size
with individual quality. This is the strategy that maximizes
individual fitness w, which we measure as the product of
an individual’s relative signal size and its survival probability
(w = (s/s) - t(s, q)). Using standard optimization techniques
(see the electronic supplementary material), we find that
the optimal signal size is

$°(q) = 2 4 kg) M, (2.1)

This leads to the following results

Result 1. Consistent with previous models, quality depen-
dence in the optimal signal size (ds*/dg > 0) requires that
signalling is differentially costly for low-quality individuals
(k > 0; figure 1a). By contrast, when there is no differential
cost of signalling (k = 0), the model predicts that all signallers
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Figure 1. A simple model of costly signalling. Plots show the optimal qual-
ity-dependent signal size s* (a) and the associated cost paid by honest
signallers (b). If a given signal size is equally costly for individuals of any
quality (k = 0), then it is not adaptive for individuals to advertise their qual-
ity. However, if a given signal size is differentially costly for low-quality
individuals (k > 0), then individuals will honestly signal their quality,
with high-quality individuals producing the larger signals. As the magnitude
of the differential cost increases in this model, s* tends to increase, whereas
the cost of producing the optimal signal tends to decline. The outcome of the
joint evolution of signal size and quality dependence, from figure 2, is shown
by the red circles (for k = 0) and blue squares (for k = 5).

will express s* = 1/2, irrespective of quality. In reality, given
that the signal no longer reflects quality at this point, we
expect that receivers will ignore the signal trait, and so it
may eventually be lost altogether (this is beyond the scope
of our model).

Result 2. The optimal signal size s* and the realized cost paid
by honest signallers, measured by 1 — (s* g), depend on the
marginal cost of faking a dishonest signal (figure 1a, b). If this
marginal cost is low (small k), then s* tends to be relatively
small, and the realized cost of honest signalling tends to be
relatively large (i.e. the signal is a traditional ‘handicap’).
If the marginal cost is high (large k), then s* tends to be relatively
large, and the realized cost of honest signalling tends to be
relatively small (see also [18,32]).

(b) Selection of a causal link between quality and
signal size

Like most models in costly signalling theory, the above-
mentioned model does not explicitly incorporate a mechanism
for achieving signal honesty. Whereas the optimality model
assumes full flexibility in adjusting signal size to individual
quality, natural selection may instead favour a simple rule
that approximates the optimal strategy. To address this, we con-
sider a second model in which signal size is a function of two
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traits, s(x, ¢c) = x(1 — (1 — q)eil/ ), where x represents the maxi-

mum signal size that an individual is able to produce (herein the
‘signalling strategy’), and c imposes a causal, linear relationship
between quality and signal size, which limits the signal size of
low-quality individuals (herein ‘quality dependence’). This cap-
tures the key mechanism of index signalling, where quality
dependence can be understood as sensitivity to the ILS path-
way, for example. In this scenario, we do not suppose that
individuals can vary their expression of x and ¢ in response to
quality. Instead, we assume that natural selection acts on genetic
variation for both x and ¢, and our aim is to find the joint evolu-
tionarily stable strategy (ESS) x*, c* that best fits the distribution
of signaller qualities in the population.

To analyse selection for signal size in this scenario, we
specify a simple genetic basis for the signalling strategy and
quality dependence. We assume that both traits are coded
by alleles at a single locus and that there is no genetic corre-
lation between the traits. Furthermore, we consider the fitness
of a focal individual that carries mutant alleles for the traits
Xm, Cm (producing a signal size s,,) in an otherwise mono-
morphic population of individuals expressing x, c. The
population mean signal size (excluding the focal individual)
is therefore s = s(x, ¢), and the fitness of the focal individual is

Sm(Xm, Cm)

s(x, ¢)

W(Xm, Cm, X, €) = H(Sm, q), (22)

where survival probability ¢ is the same quality-dependent
function given above. Assuming that mutant alleles differ
only slightly from the resident population, we find the local
joint ESS x¥, c* using an evolutionary invasion analysis (see
the electronic supplementary material).

As an illustrative example, we consider a population in
which signallers are either low or high quality (7 =0 or 1),
each with probability 1/2. If the cost of dishonesty accounts
for honest signalling in this scenario, then alleles for quality
dependence will be favoured to avoid any differential cost
to low-quality individuals for producing a large signal.
Indeed, we find that the joint ESS is

X = (k + 2)—1/(1+k)

* > , 23)
and ¢" =1/log [Z—(Z—Q—Ic)l/(H’]‘):|
which leads to the following results

Result 3. If there is no differential cost of signalling (k = 0),
then quality dependence is disfavoured (c* — 0), and no sig-
nalling of quality ultimately occurs (figure 2a). By contrast, if
signalling is differentially costly for low-quality individuals
(k> 0), then quality dependence is always favoured (c* > 0),
and honest signalling is therefore enforced (figure 2b). We
have checked a large number of numerical examples to con-
firm that c* gradually increases with increasing k, as expected.

Result 4. In this example, the signal size at the joint ESS
(s*=s [x* c*]), and hence the costs incurred by honest signal-
lers, exactly matches the signal size and costs of the optimal
conditional strategy (see filled symbols in figure 1). Hence, as
found above, the equilibrium signal size s* and the realized
costs associated with honest indices will depend on the
marginal cost of faking a dishonest signal (mediated by k).

More generally, when the distribution of individual qual-
ities is more complex, the joint ESS x* c* will be an
approximation of the optimal strategy. We illustrate this in

the electronic supplementary material, using an example n

with three possible levels of quality in the population.

3. Discussion

Our results show that causal links between quality and signal
size (i.e. index signals) can evolve by the same factors that
favour an optimal, quality-dependent signalling strategy.
We used a simple optimality model to show that (i)
quality-dependent signals are favoured by a differential cost
of signalling to low-quality individuals (k> 0; figure 1a),
and (ii) the realized cost of honest signalling can depend on
the marginal cost of faking a dishonest signal (figure 1b).
We then included a mechanism that causally links individual
quality and signal size and found that (iii) such index signals
are favoured only when there is a differential cost of signal-
ling (k> 0; figure 2), and (iv) the realized cost of index
signalling will also depend on the marginal cost of dishon-
esty (figure 1b). Overall, these results suggest that the
adaptive explanation for honest signalling, established by
costly signalling theory (results 1 and 2), similarly applies
to index signals (results 3 and 4).

(a) Index signals, costly signalling theory and the
handicap principle

Our results undermine an influential classification of the
explanations for honest signalling. Following Maynard
Smith & Harper [7,8], three potential explanations are often
cited: common interest between signaller and receiver; costs
or handicaps (referring to a differential cost of signalling
and/or a cost to honest signallers) and constraints (referring
to the index hypothesis) [9]. In this classification, index sig-
nalling is seen as a distinct explanation, because the causal
link between quality and signal size is treated as a constraint,
or a modelling assumption [7,8]. By contrast, we show here
that such links can emerge from a model of adaptive signal-
ling, and only when signalling is differentially costly for
low-quality individuals. This suggests that, contrary to
recent claims [21,22,29,30], evidence for a strong causal link
between individual quality and signal size does not diminish
the role of costs in the maintenance of honesty.

Our results imply that index signals fit neatly into the
framework of costly signalling theory (see also [31]). That
is, whenever the interests of signallers and receivers conflict,
costly signalling theory provides the ultimate, adaptive expla-
nation for honest signalling, whereas the index hypothesis
describes one proximate mechanism for achieving honesty.
The fundamental aspect of costly signalling theory is the
potential cost of faking a dishonest signal. This applies to
honest signals that incur a realized cost at equilibrium (i.e.
traditional ‘handicaps’) and to honest signals with minimal
realized costs (e.g. when the cost of dishonesty is socially
imposed) [13]. Similarly, index signals may or may not
incur significant realized costs: as our model illustrates, this
can depend on the marginal cost of faking a dishonest
signal. It follows that, in contrast to the view of indices as
‘cheap’ signals [7], they should actually be defined by their
mechanism of quality dependence rather than by the costs
(or lack thereof) incurred by honest signallers.

Furthermore, in contrast to the suggestion that that index
signals represent only a special case of costly signalling
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Figure 2. Index signals can evolve by a mechanism of costly signalling
theory. Plots illustrate the joint evolutionary dynamics of a signalling strategy
x, which sets the maximum signal size, and quality dependence ¢, which
limits the signal size of low-quality individuals. In this example with individ-
uals in either low or high quality (7 = 0 or 1), each with probability 1/2, the
arrows show the local direction of natural selection at a given trait combi-
nation (grey lines are null dines, and selection gradients are multiplied by
rate constants v, = 1 and v, = 5; see electronic supplementary material).
In (a), where a given signal size is equally costly for individuals of either
quality (k= 0), quality dependence is disfavoured and honest signalling
breaks down. In (b), where a given signal size is differentially costly for
low-quality individuals (k=5), quality dependence is favoured and
honest signalling is therefore enforced. Realized signal sizes at the joint
ESS x*, ¢* (filled symbols) are shown in figure 1.

theory [31], our results imply that indices may be a very gen-
eral mechanism for ensuring honesty. This supports recent
claims that most sexual signals, including the most extrava-
gant ornaments and weaponry, may be examples of indices
[21,29]. Indeed, whenever signalling is differentially costly
for low-quality individuals, simple rules that enforce honesty
could often be the most efficient route to signal size plasticity.
Sensitivity of signal growth to the ILS pathway, for example,
may be more efficient than alternative forms of plasticity that
would involve sensing and processing information about
individual quality and then invoking the regulation of
signal growth [36].

Our basic conclusions can also be extended to other
examples of index signals (figure 3a). For example, a classic
example is the roar of male red deer (Cervus elaphus), which
rival stags use to assess each other’s body size and hence
fighting ability [37]. Roar frequency is negatively correlated
with the length of the vocal tract, and therefore stags with
longer necks—and correspondingly larger bodies—produce
the lowest roars [38]. This causal relationship between neck
length and roar frequency gives the appearance of a physical
constraint that enforces honest signalling. However, one can
imagine a mutation that increases neck length for a given

(@)

®) cost incurred
here

body size or quality

Figure 3. Classic and contemporary examples of index signals can be
explained by costly signalling theory. Index signals, clockwise from top left
(): the roar of male red deer (C. elaphus) signals body size and hence fight-
ing ability; the calls of male toads (Bufo bufo) signal their body size to
potential mates; the carotenoid-pigmented plumage of male house finches
(Carpodacus mexicanus) signals their health to females; and male rhinoceros
beetles (Allomyrina dithotomus) use enlarged horns to fight for access to
mates. In all cases, it is possible to imagine a mutation that increases the
signal size (or intensity) of low-quality individuals; however, the expected
cost incurred by these dishonest signallers may explain the maintenance
and stability of honest signalling. This cost of dishonest signalling could
be tested experimentally (b). For example, small (low-quality) male beetles
could build a larger horn through a change in the sensitivity of horn growth
to the ILS pathway, and this could be mimicked by upregulating horn growth
in the smallest males. Whereas some have predicted that such dishonest sig-
nals will be favoured [29], our model predicts that dishonest males will suffer
a fitness cost that exceeds the cost incurred by larger (high-quality) males
with a comparable horn size. Images obtained from www.shutterstock.com
and used with permission.

body size, or a mutation that increases investment in overall
body size. Presumably such a mutation would incur net fit-
ness costs, because neck length and body size are probably
subjected to selection in other contexts. Our model predicts
that if low-quality males experience a disproportionate cost
of exaggerating neck length or body size, then selection can
favour a causal link between male quality and the ability to
roar at low frequency.

On the other hand, our model will not apply to examples
of so-called revealing handicaps [39-41], where signallers are
thought to undergo some task that reveals a quality of inter-
est to receivers. If revealing handicaps exist, they are traits
that are truly unfakable, because the content of the message
is directly observed. Hence, they do not actually operate as
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signals, and—as opposed to index signals—costs play no role
in their honesty [16].

(b) Implications for empirical tests
It has long been a challenge to test for the relevant costs of
animal signals [2,17,18,25,42]. This is because, as stressed
above, the modern view of costly signalling theory does not
necessarily imply that observed signals will be costly;
instead, the key prediction is that a given signal size will be
differentially costly for low-quality individuals [2,13,17,31].
This has been supported by a few experiments that forced
individuals to bear a signal size that exceeded their true qual-
ity [43-45]. However, no study has also tested for the
potentially high production costs of growing the most extra-
vagant signals, such as the peacock’s tail or the horns and
antlers of insects and mammals.

Fortunately, recent advances in the study of index signals
could actually lead to long-awaited tests of costly signalling

theory. In particular, a detailed knowledge of the pathways
that control signal growth [21,22] should lead to genetic
tools for upregulating signals in individuals of different qual-
ity. Theory predicts that the targeted upregulation of
signalling traits in low-quality individuals will reveal the dis-
proportionate production cost of faking a dishonest signal
(figure 3b). Such tests may finally shed light on the ultimate
explanation for the link between quality and extravagance
in the animal world.
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