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ABSTRACT In many species, young solicit food from their
parents, which respond by feeding them. Because of the
difference in genetic make-up between parents and their
offspring and the consequent conflict, this interaction is often
studied as a paradigm for the evolution of communication.
Existent theoretical models demonstrate that chick signaling
and parent responding can be stable if solicitation is a costly
signal. The marginal cost of producing stronger signals allows
the system to converge to an equilibrium: young beg with
intensity that reflects their need, and parents use this infor-
mation to maximize their own inclusive fitness. However, we
show that there is another equilibrium where chicks do not beg
and parents’ provisioning effort is optimal with respect to the
statistically probable distribution of chicks’ states. Expected
fitness for parents and offspring at the nonsignaling equilib-
rium is higher than at the signaling equilibrium. Because
nonsignaling is stable and it is likely to be the ancestral
condition, we would like to know how natural systems evolved
from nonsignaling to signaling. We suggest that begging may
have evolved through direct sibling fighting before the estab-
lishment of a parental response, that is, that nonsignaling
squabbling leads to signaling. In multiple-offspring broods,
young following a condition-dependent strategy in the contest
for resources provide information about their condition. Par-
ents can use this information even though it is not an
adaptation for communication, and evolution will lead the
system to the signaling equilibrium. This interpretation im-
plies that signaling evolved in multiple-offspring broods, but
given that signaling is evolutionarily stable, it would also be
favored in species which secondarily evolved single-chick
broods.

Biological communication systems pose a number of intrigu-
ing evolutionary questions. In particular, the problem of
evolutionary stability (what maintains a communication
system viable in the presence of mutants using deviant
strategies) is the topic of several recent studies (1-5).
Stability, however, is not the only interesting question to ask.
When more than one equilibrium can be found, a detailed
knowledge of the equilibrium properties of present systems
does not explain why the present equilibrium, and not the
equally stable alternatives, have evolved. This is specially
interesting when conditions that can be inferred to be more
primitive than those observed today are shown to be stable.
If the original system was stable, why did it evolve into what
we see presently? We believe that such a problem is relevant
in the case of food begging in birds.

It has long been known that the young of many bird and
mammal species solicit food from their parents. This solic-
itation behavior is so apparent that it is commonly assumed
to be costly (see refs. 6-8). As Zahavi (9, 10) points out, this
very cost may be the keystone for understanding food
solicitation systems. Solicitation costs may act as a handicap
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that determines the existence of a Nash equilibrium at which
offspring solicitation levels are determined by their needs
and parental investment is in turn determined by solicitation
level (3). [Godfray (3) refers to the signaling equilibrium as
an evolutionarily stable strategy (ESS); however, the condi-
tions required for a Nash equilibrium to be an ESS have not
been verified anywhere.] We show that in addition to God-
fray’s signaling equilibrium, there is a nonsignaling equilib-
rium at which chicks do not beg in proportion to their needs
and parents determine investment according to the expected
distribution of needs among chicks in the population. Since
nonsignaling is presumably the ancestral condition, this
raises the question of what led to the evolutionary change
toward the present signaling equilibrium. We advance the
hypothesis that a noncommunicatory argument explains this
displacement. Furthermore, we show that according to the
assumptions in Godfray’s model, chicks and parents at the
nonsignaling equilibrium have higher fitness than those at
the signaling equilibrium.

The Signaling and Nonsignaling Equilibria

Assume that food solicitations are costly and that offspring
condition cannot be inferred by the parents in the absence of
signaling. If parents provided a fixed amount of parental care
to each of their young, irrespective of their behavior, young
would be selected to save as much energy as possible and
hence would not solicit food in a costly manner. Likewise, if
the young’s needs were not measurable by their parents
through solicitation level, parents would be selected to
provide a fixed investment set at some optimal level. Hence,
the pair of strategies: {if young, don’t solicit food; if parent,
invest a fixed amount in your offspring}, constitutes a Nash
equilibrium pair (11).

To confirm this point formally, we need a mathematical
model. For this purpose, we start from Godfray’s (3) model of
signaling of need by offspring to their parents. This model
assumes that parents rear a single offspring per litter or brood.
Offspring can be in different condition, ¢, and the expected
fitness of an offspring in condition ¢, which solicits food with
intensity x and receives an amount y of food (or any other
commodity the parents are providing) is assumed to be:

fx,y,¢) = U-(1 — ™) = V-x, [1]

where the (nonnegative) parameter V relates solicitation in-
tensity to its cost and U is a scale parameter, taken to be U =
1 in what follows. Parents have to make a trade-off between
investing in their present offspring or in future ones (3); as a
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result of providing y to their present offspring, their expected
future reproductive success is decreased to:

86) = G = v+, (2]

where G is the expected future reproductive success in the
absence of breeding and vy reflects the cost of food provision-
ing. To find the Nash equilibria for this system, we must
introduce a third function: the probability distribution function
for the condition of the young, p(c). The expected inclusive
fitness of a soliciting strategy, %, “in condition c, solicit food
with intensity x(c)” in a population where parents provision
their young according to the rule “if your offspring solicits food
with intensity x, provide it with y(x)” will be:

Fenlx(c);y&)] = f pOftx(c), y&), ¢) + r-glylx(c)))lde, [3]

Qfc)

where (c) is the domain of possible conditions and r is the
coefficient of relatedness between young and future offspring
of their parents. Likewise, the expected inclusive fitness of the
provisioning strategy, 9, will be:

FLye); x(c)] = f pO)[fix(e), y(x), ¢) + gly(x(c)))lde. [4]

Q)

The pair of strategies {x*(c), y*(x)} constitutes a Nash equi-
librium if:

Fonlx*(©); y*(0)] = Foplx(c)sy*(x)] w(c)} (5]
F Ly @) x5 (0)] = Fly)sx*(c)] Yyw) [

Because the probability distribution function for the condition
of the young, p (¢), is nonnegative on (c), the signaling
equilibrium strategies can be obtained by maximizing the
integrand of %, [x(c); y(x)] with respect to x(c) and the
integrand of Fp[y(x); x(c)] with respect to y(x). By doing this,
one obtains the pair of functions:

* _ 7(1 - r) l (E) . 1 (Cmax>:|

* (C) N 4 |:C log Y Cmax log Y 6
1 | (cmax) V-x » [6]

o8 y(1 =7

()

Cmax

where cmax is the maximum condition that young could possibly
attain. Following Godfray (3), let cmax = 2.5 and ¢min = 0.5. A
cautionary note on the meaning of young condition is required
at this point. Eq. 1 tries to capture the fact that there is
interindividual variability and that the same amount of paren-
tal investment, when devoted to different individuals, leads to
different increases in their expected fitness. In practice, there
are many features in which individuals may differ: size, age, fat
reserves, and resistance to diseases, to name but a few.
“Condition” ¢ should not be identified with any one of these
features in particular; rather, it is meant to summarize them all
for mathematical convenience (3).

Notice that the method described above only looks for
local maxima. This is the reason the nonsignaling equilib-
rium was not revealed: the nonsignaling equilibrium is in the
boundary of the space of functions and does not constitute
a local maximum. From a mathematical point of view,
strategies in which offspring solicited food with negative
intensity would be favored. It is only because these strategies
make no biological sense that nonsignaling becomes an
equilibrium point. Finding the optimal investment level when
the offspring are not signaling, yys, is straightforward, be-
cause now the expected fitness of the parents is a function of
a single variable, rather than a functional (12) as in the
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signaling case, and the optimal investment level can be
obtained using standard calculus methods. If we let the
parental fitness in this case, Fp, be:

Fy(y) = f p(A)[f(0, y, ¢) + g(y)ldc, [7]
Q(c)
then y,s will be determined by the condition:
dF,
— =0. [81]
dy 1y=y,

We have so far demonstrated that, in addition to the signaling
Nash equilibrium, there is a nonsignaling Nash equilibrium.

In the next section we examine the difference in fitness
accruing to each part between these two equilibria. We
calculate, for different probability density functions p(c), the
percentage increase in payoff of being in the nonsignaling
equilibrium over being at the signaling equilibrium to parents
(A%,) and young (A%,), defined as:

'Fch[o;yns] - gch[x*(c);y*(x)]

A = 00 e @ v )] o
_— 05 yns] — Fply ) x* ()] -
AFp = 100 F, [ (0); 1 (0)]

Next we introduce the family of distributions represented in
Fig. 1. The members of this family are defined by a single
parameter, the kurtosis index, k. For k = 0, the distribution
is uniform, and, for k£ = 1, only young of condition ¢ = 1.5
exist. All the members of the family have mean condition 1.5
and no skew. We express the benefit of being in the
nonsignaling equilibrium as the percentage increase in in-
clusive fitness relative to fitness predicted by Godfray’s
model for individuals at the signaling equilibrium. Fig. 2
shows the percentage increase in inclusive fitness derived by
parents and offspring from being at the nonsignaling equi-
librium plotted against the kurtosis index of the distribution
of offspring condition for a wide range of values of the
parameter y. [The value of "has no effect whatsoever for the
nonsignaling equilibrium. In the signaling equilibrium, the
signaling intensity x appears multiplied by IV (Eq. 1) and the
product Vx is constant (Eq. 6), so that the value of " has an
effect on signaling intensity but not on ensuing fitness.]

p.d.f.

Condition (low -> high)

FiG. 1. The probability density functions (p.d.f.) for three distri-
butions of offspring condition. Higher values of the kurtosis index (k)
result in a higher and narrower peak centered on the mean value.
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FiG. 2. Percentage increase in inclusive fitness that (a) offspring
and (b) parents derive from nonsignaling plotted against the kurtosis
index (k) of the distribution of offspring conditions. The thick line
represents the parameter values used by Godfray (3); U = 1, y = 0.08,
and V' = 0.1. Thin lines are y = 0.16, 0.12, 0.04, and 0.01.

Rather surprisingly, the expected fitness in the nonsignaling
equilibrium is higher than in the signaling one in all but the
most extreme conditions. The symmetric distribution of
conditions, however, is probably not very realistic. In most
populations, the distribution of offspring condition could be

2t u =

Condition (low -> high)

FiG. 3. Probability density functions (p.d.f.) with different modal
values (M).
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FiG. 4. Percentage increase in inclusive fitness that (a) offspring
and (b) parents derive from nonsignaling plotted against the mode of
the distributions of offspring condition (M). Parameter values are as
in Fig. 2.

either positively or negatively skewed, and this might make
signaling profitable. To study this possibility, we introduce
another family of distributions, represented in Fig. 3. Again,
each member is described by a single, continuous parameter:
the modal condition M. With this family of distributions,
62.5% of the young are distributed in the peak around the
modal value (the width of which is 25% of the range of
possible conditions). However, this modification does little
to change the picture that emerged with the symmetric
distribution family; at the nonsignaling equilibrium, both
parties have higher fitness than at the signaling equilibrium
(Fig. 4). With the present fitness functions, this result
generalizes to broods with any number of siblings so long as
the parents have perfect control of food allocation amongst
chicks.

Discussion

We have seen that, according to Godfray’s (3) model of
signaling of need, there are two Nash equilibria: a signaling
and a nonsignaling equilibrium. For most of the parameter
values explored, the expected fitness for parents and their
young was higher at the (ancestral) nonsignaling equilibrium
than at the prevalent signaling equilibrium. If nothing else,
the result that expected fitness is lower at the signaling than
at the nonsignaling equilibrium highlights an important
feature of the definition of signaling. Maynard Smith and
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Harper (13) define a signal as “an action or structure that
increases the fitness of an individual by altering the behavior
of other organisms detecting it, and that has characteristics
that have evolved because they have that effect” (our italics).
At least in the case of begging, signaling seems to have
more to do with evolutionary stability than with increasing
fitness.

Because parental care presumably evolved from a condi-
tion where fertilized eggs were released into the environment
and not cared for, we must assume that the ancestral
condition for food-soliciting species was nonsignaling.
Therefore, it is a challenge to explain how and why these
species shifted from the nonsignaling Nash equilibrium to
the signaling one. It is important to bear in mind that this
shift requires an explanation, regardless of the comparison
between expected fitness at the signaling and the nonsignal-
ing equilibria. In a way, the situation is similar to the
common-sense and paradoxical ESS of the hawk—dove game
with uncorrelated asymmetries (14): if, due to historical
factors a species is trapped in a paradoxical ESS, it will
normally not be able to jump to the common-sense ESS.
Likewise with the signaling Nash equilibrium: by the very
definition of a Nash equilibrium, a species should not be able
to swap from one to the other. Changes from a high- to
low-payoff equilibrium may be more counterintuitive than
changes from a low- to high-payoff equilibrium, but they
pose the same mathematical problem. What is compelling in
this case is that we strongly believe that one equilibrium is
ancestral to the other.

A possible scenario for the evolution of signaling of need
is provided by the exploitation of sensory biases (15, 16). A
strategy of the kind “if offspring does not signal treat it as
an average offspring, if it does signal increase provisioning”
would be selectively neutral in a population at the nonsig-
naling equilibrium and could spread by genetic drift. If the
increase in provisioning was smaller or equal to that of
the signaling-equilibrium strategy, this would be the end of
the story: offspring would be favored by nonsignaling. If, on
the other hand, the increase in provisioning of the mutant
strategy was high enough, offspring might be able to increase
their expected fitness by signaling at very low intensity. This
contingency would trigger a cascade of events leading to the
signaling equilibrium: chicks in higher need would be
selected to signal with higher intensity, thus providing
information to their parents about their state. Parents would
then be selected to modulate their provisioning effort ac-
cording to the signaling intensity of their offspring, and in
due time the population would stabilize at the signaling
equilibrium.

Although the exploitation of sensory biases provides a
possible explanation for the evolution of signaling of need,
it forces us to postulate an initial sensory bias so pro-
nounced that parents in the ancestral population would
have had to respond to the signals of their offspring more
strongly than at the signaling Nash equilibrium. This is
unlikely.

An alternative explanation can work without initial sen-
sory biases. Food solicitations may have evolved in species
rearing several offspring simultaneously, as a result of
physical competition between siblings for the resources
provided by the nondiscriminating parents. The argument
goes thus: in the ancestral, nonsignaling condition, the
parents would bring food to the nest according to availability
and not according to chick behavior. Offspring can bias food
allocation among themselves by monopolizing positions
close to the feeding parent or by interfering in any other
way in the feeding of their siblings. This is known to happen
in the present day in both hole-nesting and open-nesting
birds (for example, see refs. 17-19). As a result, young will
compete with each other trying to increase their share of
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resources. Parents need not respond to this aggressive be-
havior for it to be selected: so long as the young have partial
control over food allocation, this behavior will evolve. At the
ESS, and assuming that all chicks have the same competitive
ability, chicks will invest some energy into fighting their
nestmates but will get as much food as if none of the chicks
was fighting for food (20). This behavior of the chicks will
select for an increase in the total amount of food the parents
bring to the nest (21), but no communication has yet been
established. We know, however, that the competitive ability
of a chick should be reflected in the intensity with which it
fights its nestmates at the ESS (22). As the expected payoff
from being fed is condition-dependent, chicks in different
condition will also fight their siblings with different inten-
sities (23, 24). Hence, parents are receiving information
about the condition and fighting ability of their offspring,
and they will be selected to modulate investment in the brood
and bias food so as to maximize their own fitness. A
communicatory role for physical expressions of need has
now emerged, and the system will converge to a signaling
equilibrium. The exact properties of this equilibrium
remain to be derived, but the above reasoning makes it clear
that in multichick broods, so long as parents cannot avoid
sibling competition, there is no nonsignaling Nash equilib-
rium. Theoretical models of begging have recently been
extended to multichick scenarios (4). However, even these
models restrict the possible strategies. They are “bidding
games” in which each chick simultaneously makes a
signal, after which the parent(s) decide how much food to
bring and how to apportion it. Direct sibling competition by
physical means (positional contests or overt aggression) is
not included. In our opinion, direct sibling competition must
have been an important component in the evolution of
signaling of need, perhaps the main single factor that
triggered the evolution of signaling from a nonsignaling
equilibrium.
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