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Many animals are able to perform recognition feats that astound us—such as
a rodent recognizing kin it has never met. Yet in other contexts, animals
appear clueless as when reed warblers rear cuckoo chicks that bear no
resemblance to their own species. Failures of recognition when it would
seem adaptive have been especially puzzling. Here, we present a simple
tug-of-war game theory model examining how individuals should optimally
invest in affecting the accuracy of discrimination between desirable and
undesirable recipients. In the game, discriminating individuals (operators)
and desirable and undesirable recipients (targets and mimics, respectively)
can all invest effort into their own preferred outcome. We demonstrate
that stable inaccurate recognition will arise when undesirable recipients
have large fitness gains from inaccurate recognition relative to the pay-offs
that the other two parties receive from accurate recognition. The probability
of accurate recognition is often determined by just the relative pay-offs to the
desirable and undesirable recipients, rather than to the discriminator. Our
results provide a new lens on long-standing puzzles including a lack of
nepotism in social insect colonies, tolerance of brood parasites and male
birds caring for extra-pair young in their nests, which our model suggests
should often lack accurate discrimination.

This article is part of the theme issue ‘Signal detection theory in
recognition systems: from evolving models to experimental tests’.

1. Introduction

A central tenet of behaviour ecology is that animals should be selected to invest
their efforts or resources in strategies and decisions to maximize net fitness
gains. In many social, sexual and species—interactions contexts, recognition sys-
tems allow animals to make optimal decisions of how to behave depending on
who is interacting [1,2]. Animals need to be able to distinguish chicks from
brood parasites [3], nest-mates from non-nest-mates [4], friends from foes [5],
cooperators from defectors [6,7] and palatable from poisonous prey [8]
among other challenges. Although animals benefit by making accurate choices,
some individuals like brood parasitic chicks depend on their ability to generate
inaccurate recognition decisions [9]. Indeed, some of the most enduring puzzles
in evolutionary biology including parents raising heterospecific brood parasites
[10-12], Batesian mimicry [13-15] and a lack of within nest nepotism in many
polygynous or polyandrous social insects [16,17] have fascinated biologists
because of the apparent failures of recognition systems. Whether such apparent
recognition failures represent inherent constraints limiting recognition or adap-
tive investments in the face of recognition challenges has been a major question.
The acceptance threshold theory provides a powerful framework for analysing
how animals should invest in recognition systems [18].

Understanding of organismal recognition systems has moved forward
significantly with the systematic empirical analysis within the framework of
signal detection/acceptance threshold theory [19-24]. The tested theories gener-
ally focus on the setting of acceptance thresholds that optimally balance rejection
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and acceptance errors [18], with a given amount of overlap in
the distributions of the recognition cues that are used by
focal individuals (also known as operators or discriminators)
to identify desirable and undesirable recipients of a particular
action, such as provisioning or courtship. The degree of overlap
and the shapes of the recognition cue distributions are often
treated as fixed in the optimization, as it is reasonable at
ecological timescales where acceptance thresholds are com-
pared across recognition contexts, but the cues themselves
have been established previously in development [25].
Over longer evolutionary timescales, the cue distributions
and their overlap may coevolve with the discriminator’s
acceptance threshold to the extent that selection acts on the
cue-associated phenotypes of the desirable and undesirable
organismal recipients themselves. Johnstone [26] showed
how the evolutionary game theory should be used to model
the coevolution of a signaller’s signal level with the signal
detection thresholds of receivers and eavesdroppers in noisy
environments, and the game theory is similarly required
when a discriminator’s acceptance threshold coevolves with
the cues/signals of the desirable versus undesirable recipients
being discriminated.

Of course, selection may act on much more than just the
operator’s acceptance threshold and the cues of the desirable
and undesirable recipients. For example, selection altering the
distinctiveness of cues/signals of desirable and undesirable reci-
pients [27-31] might also generate selection on (i) the sensory or
perceptual system of a discriminator to make these cues more
easily discriminable [32], or (ii) the discriminator’s degree of
investment in learning so as to further sharpen discrimination
[10,33-35]. Moreover, recipients might be favoured not only to
alter the distinctiveness of their own cues/signals but also
to behave in ways which would further modulate the discri-
minator’s ability to perceive such distinctiveness, such as by
manipulating (enhancing or diminishing) the recognition ability
or motivation of operators [9]. In short, selection might act on
many aspects of the phenotypes of both discriminators and reci-
pients in ways that might affect the likelihood of the successful
discrimination by discriminators.

In light of the many ways that selection can alter
the outcome of an evolutionary recognition game among discri-
minators, desirable and undesirable recipients, we suggest that
the next generation of recognition models should dispense with
the assumptions of fixed sensory or perceptual constraints
and fixed recipient cues/signals, and the assumptions that
are implicit within the classic signal detection framework
[36-39]. Instead, we seek to build a general evolutionary
game among discriminators, desirable and undesirable recipi-
ents, with each deciding how much to invest (at a cost) in
phenotypes that alter the overall probability of successful dis-
crimination by discriminators. More specifically, we consider
a recognition system involving an operator (discriminator),
target (desirable recipient) and a mimic (undesirable recipient).
Operators and targets are assumed to do best when the operator
successfully discriminates between targets and mimics, but
mimics are assumed to do best when this discrimination is
unsuccessful (i.e. the operator chooses the mimic over the
target). Because there are evolutionary conflicts of interests
among some of the parties (between the operator or target
and the mimic), we seek to solve for the investments by
all parties that generate a stable resolution of the conflicts.
A convenient framework for solving the stable resolution of
conflicts is provided by a generalization of tug-of-war game

theory [40-43], in which each player must decide how much n

to invest in attempting to win a conflict at the expense of
some other component of fitness. The degree to which each
player wins in tug-of-war theory depends not on its absolute
investment, but on its investment relative to those of the other
players [40]. The latter two features of the tug-of-war theory
make it especially suitable as a model of conflict resolution
in general. Thus, we propose a new framework for modelling
recognition systems that is essentially an application of the
tug-of-war theory to recognition systems that involve conflicts
of interests among the interacting parties.

Suppose there is a discrimination game involving an operator
(discriminating individual), a target (the operator’s desired
recipient of an action) and a mimic (an individual who benefits
more when it is confused with the target). We construe this
game broadly, i.e. not applying to just games among predators,
Batesian mimics and models. For example, the game structure
could apply to nest-mate recognition in social species, in
which colony guards must discriminate between nest-mates
and potential non-nest-mate threats [19,23], and to parent—
offspring recognition, as when male parents might benefit by
discriminating between genetic offspring versus unrelated
extra-pair young [44]. In both of the latter examples, there
could be substantial fitness benefits to the targets (desirable
recipients) for being properly identified by the operator and
to the mimics for being able to induce acceptance errors by
the operator.

Each individual in the game can invest effort in modifying
the probability that the operator successfully discriminates
in favour of the target (such investments may have been
implemented before their interaction). Let p is the probabi-
lity that the operator accepts or chooses the target instead of
the mimic. We assume that both the operator and the target
benefit more the higher the value of p, so p can be expressed
as follows:

a + etar + €op

_ ) 2.1
P a+ eqr + €op + mim ( )

where e, is the effort (investment) of the target to promote
discrimination (increase p), emim is the effort (investment) of
the mimic to reduce discrimination (decrease p), eop is the
effort (investment) of the operator to promote discrimination
and 7 is a small positive constant. The structure of equation
(2.1) encodes the assumption that, in the absence of a mimic
or any mimic effort, the operator is guaranteed to accept the
target and not a mimic, conveying benefits to both the operator
and the target. For simplicity, the efforts are assumed to be set
in advance of the actual recognition interactions (i.e. are not
dynamically adjusted during or as a result of the interactions),
but they need not be genetically fixed as they might be adjusted
facultatively in different recognition contexts encountered by
individuals. Our model also allows for the possibility that,
for a given recognition context, a given individual may be in
amodel role in some interactions, but in a mimic or an operator
role in others.



Next, we express the fitness pay-offs for each party. For the
operator, we initially assume that its fitness pay-off is given by

Wop = pVip + (1 = p)Vop — €ap, (2.2)

where V;p and V, are the fitness pay-offs to the operator for
correct and incorrect discrimination, respectively. We define
Aop as a pay-off differential for correct versus incorrect
discrimination, i.e. Ay, = VZ)P — Vop > 0. Thus, the operator’s
fitness pay-off can be re-written more simply as Wy, = pAgp —
eop, focusing only on terms that are a function of its investment
eop- This modification does not affect equilibria because only
terms involving the selfish investments matter in the joint fit-
ness maximization described in the following equation (i.e.
maximizing a function and a constant yields the same solution
as maximizing the function by itself).
Similarly, the target’s fitness is given by

!

Wiar = PV + (1 = PIWViar — etar. (2.3)
We assume that V},, > Vi, and can represent this difference as
Atar = Vi, — Viar > 0. Thus, the target’s fitness pay-off can be
re-written as W,y = PAiar — €rap including only terms that are a
function of its investment e,, (as discussed earlier, only these
terms matter in the joint fitness maximization below).

Finally, the mimic’s fitness is given by

Winim = (1 = PV + PVinim — €mim- (2.4)

We assume that V7,
as Amim = Vim — Vmim > 0. Note that we are assuming
that both the operator and the target profit, although not

necessarily to the same degree, by correct discrimination,

> Vmim and can represent this difference

but that the mimic profits from incorrect discrimination.
Thus, the mimic’s fitness pay-off can be re-written as Wyim =
(1 = P)Amim — €mim, including only terms that are a function of
its investment e, (as discussed earlier, only these terms
matter in the joint fitness maximization below).

We seek the set of efforts (€}, €5, ezp) that simul-
taneously maximize all three net fitness pay-offs, so we
seek the critical points simultaneously satisfying

0Wiar

8wop -0 8wmim

-0, -0, =0. 25
aetar aeop aemim ( )

The stable non-trivial equilibria for the above model are
as follows. If Ay <Agy, then the operator invests zero effort,
with the optimal effort of the target becoming e =
(Amim(Atar)z /(Amim + Atar)z) —a and the optimal effort of the
mimic becoming e}, = (Atar(Amim)z /Amim + Atar)z) —1.
Assuming the latter two efforts are positive, plugging these
efforts back into p yields, simply, p* = Aar/ Atar + Amim-

If, however, Ay, > A, We get the unrealistic result that
the operator should invest an infinite effort in promoting dis-
crimination, and the model and the mimic should invest zero
effort. Based on both of these findings, we conclude that a
linear cost for operators cannot explain recognition systems
seen in nature. This raises the need to consider the more
realistic situation in which the operator’s effort cost at least
eventually rises in a convex fashion with the increasing
effort invested in promoting discrimination.

(b) The basic model with non-linear operator effort

Costs

We now consider what happens when the operator’s cost for
investing effort in promoting discrimination increases as the
square of the effort invested. More steeply increasing costs
to improve already highly accurate operator detection sys-
tems is suggested by research, demonstrating high costs of
reducing sensory noise in already well-adapted bacterial
systems [45]. Sensory systems and their refinement are also
known to be costly in animals [46]. We shall keep the fitness
expressions for the target and the mimic the same as earlier,
but the operator’s fitness now becomes

2
Wop = pVop — €

With this change, the optimal set of efforts becomes
etar* = (Amim(Atar)z/(Amim + A'car)z) - (Aop/zAtar) —a for the
target, emim' = Atar(Amim)z /Amim + Agar)? for the mimic and
egp = Aop/2A¢: for the operator. These solutions correspond
to local fitness maxima for each of the parties as the second
derivatives of the fitness pay-offs with respect to investment
is negative in all cases. The optimal efforts for each player
depend on the pay-offs to other players to differing degrees.
The target’s optimal effort is influenced by both the mimic’s
and the operator’s pay-offs, whereas the mimic’s and the
operator’s optimal efforts are each influenced only by the
target’s pay-off.

The aforementioned solutions can be simplified further
by introducing a parameter k that is just the ratio Apim/Atar-
Then, the optimal investments become just

x kAtar _ Aop * o szmim

e e * Bop
tar (1 + k)2 2Atar 7 “mim

———, = .
1+k* P 2Aa

(2.7)

The properties of the solutions in equation (2.7) yield a
number of predictions.

(i) Plugging these optimal efforts back into p yields
(assuming that all investments are positive), as in
the model with linear operator investment costs,
p* = (Atar/ Atar + Amim) = (1/1 + k). Thus, in both basic
models, the optimal efforts yield a successful discrimi-
nation probability that depends only on the target’s
and the mimic’s relative fitness benefits for their pre-
ferred discrimination outcomes. The reason for this
is that the operator’s optimal effort is given by A.p/
2Aa, an amount that is deducted from the target’s
optimal effort. That is, as the fitness benefit of success-
ful discrimination to the operator increases relative to
that for the target, the operator invests more in suc-
cessful discrimination, but the target deducts exactly
this amount from its own effort. The result is that
the operator’s effort has no net effect on the prob-
ability of successful discrimination at the equilibrium
even though operators invest more the greater their
pay-off for successful discrimination. Thus, stable
accurate recognition by operators is expected when
the pay-off to targets for successful operator discrimi-
nation is much higher than the pay-off to the mimic
for failed operator discrimination. However, stable
inaccurate recognition by operators is expected when
the pay-off to mimics for failed operator discrimi-
nation is much higher than the pay-off to targets for
successful operator discrimination.
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Figure 1. Conditions under which all three parties will invest effort in achiev-
ing their optimal recognition outcome. For values of A, below the surface,
the target (as indicated by the arrow), the mimic and the operator will have
a positive optimal efforts. For values of A,, above the surface, the target will
not exert any effort and only the mimic and operator exhibit positive optimal
efforts. For this graph, a is taken to be positive but negligible. (Online version
in colour.)

(ii) Itis possible for the mathematical expression for the tar-
get’s optimal effort in equation (2.7) to become negative,
in particular if Agp > QAnim(Awd)’/ Amim + Aar)?) —
2aA,y. This is most likely to occur when the target’s fit-
ness benefit for successful discrimination is small
relative to the operator’'s and mimic’s benefits for their
best outcomes (figure 1). In such a case, the target’s opti-
mal investment becomes zero, and only the operator and
mimic invest in their best outcomes (the solutions for this
case not given because of their complexity). It is unclear
what biological situation would favour zero effort on the
part of the target. In any event, we are particularly inter-
ested in recognition systems in which targets have a
significant fitness interest in having the operator
making a correct discrimination; therefore, we will
restrict our attention to cases where all the solutions in
(2.7) are non-zero, and thus, all parties make investments
in the recognition tug-of-war.

(iii) Asisintuitive, each party’s optimal investment increases
its fitness pay-off for successful discrimination (the oper-
ator or target) or unsuccessful discrimination (the
mimic), all other variables held constant [26]. This is
reminiscent of the ‘life-dinner’ principle, in which pred-
ator-avoidance investments by prey in a tug-of-war with
predators should often exceed prey-capture investments
by predators because the prey’s life is at stake, whereas
only a single dinner is at stake from the predator’s per-
spective [47].

(iv) The operator’s optimal investment declines as the tar-
get’s pay-off for correct operator discrimination
increases but is not affected by the mimic’s pay-off for
incorrect operator discrimination. This result echoes
findings in another work from this volume [35], which
shows that optimal investments in individual recog-
nition from senders (i.e. targets) and receivers (i.e.
operators) will tend to be asymmetric. Interestingly, the
target’s investment increases as the mimic’s pay-off for
failed discrimination increases, up until the point at
which the mimic’s pay-off becomes equal or greater
than the target’s pay-off for successful discrimination.
Past the latter point, the target decreases its investment
as the mimic’s pay-off increases. Conversely, the

effort type

2.5 3.0 35 4.0 4.5 5.0
A

tar

Figure 2. Optimal efforts of the operator (e,"), mimic (emim’) and target
(eqr) s a function of the fitness pay-off to the target (Ag) for successful
discrimination. For this graph, Ao, =2, Apim =3 and a = 0.01. The target’s
optimal effort steadily increases as its pay-off for successful discrimination
increases, the operator's optimal effort steadily decreases as the target's
pay-off for successful discrimination increases and the mimic’s optimal
effort increases and then decreases, as the target's pay-off for successful
discrimination increases. (Online version in colour.)

mimic’s investment increases as the target’s pay-off for
correct discrimination increases, up until the point at
which the target’s pay-off becomes equal or greater
than the mimic’s pay-off for successful discrimination.
Past the latter point, the mimic decreases its investment
as the target’s pay-off increases (figure 2). In other
words, each of the latter two parties escalates its invest-
ment as the other’s party’s fitness pay-off for its best
outcome increases, but only as long as its own fitness
pay-off exceeds the fitness pay-off of the other party. It
is as if each party starts ‘giving up’ when the rival
party’s relative incentive to invest becomes stronger.

(c) Variable interaction rates

In the aforementioned basic models, an operator, target and
mimic reap pay-offs from affecting discrimination likelihood
only when all are present together in a triad consisting of
an operator, a target and a mimic. We refer to the latter
kinds of triads as ‘recognition triads’. However, it is not gen-
erally realistic to assume that each player is equally likely to
find itself in this triadic discrimination context. All three
players may have different frequencies depending on the
scenario. Consider the case of a brood parasitic cowbird (a
mimic) interacting with host parents (operators) and host
chicks (targets) [48]. The mimic in this case is always in a rec-
ognition triad; however, not all host nests are parasitized, so
the rates are lower for operators and targets. Given that there
are fewer parents than chicks in any given breeding cycle, the
chances that a given target would be in a triad is lower than
the probability for the operator in this case. Interspecific
brood parasitism is a case where there is a single mapping
between an individual and its potential role (host parent =
operator, host chick =target, brood parasite=mimic). It
need not be the case, however, that an individual plays one
role in the model across different interactions. In the case of
colonial nesting or breeding species, parents and offspring
often have elaborate means to identify each other to aid the
accurate delivery of parental care to the target offspring
[33,49,50]. In these situations, depending on which parent’s
perspective we take as the operator, any particular offspring
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may be in a target or mimic role. Across the population as a
whole, a given offspring is more often considered a mimic
than a target from the perspective of adults, because there
are many more non-parent adults than they have parents.
However, from the perspective of the offspring, they are
likely to find themselves in a target role more often than a
mimic as parents do not choose between their offspring
and all others, but perhaps a few other offspring at most in
any given decision.

Thus, we can write the operator’s fitness new pay-off
as Wop = UopPAop — egp, the target’s fitness new pay-off as
Wiar = UtarPDtar — Crar and the mimic’s fitness new pay-off
aS Wim = Umim(1 = P)Amim — €mim, Where Ugp, Ugr and Umim
are the operator’s, target’s and mimic’s probabilities of find-
ing themselves in a recognition triad, respectively. Each u
value will be higher as the recognition triad scenario is
more common for a given player. The u’s can be thought
of as reflecting the rates at which each party finds itself in a
recognition triad, which is similar conceptually to the ‘inter-
action rate’ of operators in the classical optimal acceptance
threshold theory [18].

The optimal investments in this generalized model are
given by

2
umim”m,r kAtar uopAop
Ctar* = 5 5 A —4a,
(”tar + umimk) UtarAtar (2 8)
Ui Umin K Ay UopQop
Emim* =

’ eop* = .
(gar + umimk)2 2UarAgar

The optimal efforts in equation (2.8) are similar to that we
saw in equation (2.7), but now taking into account the relative
interaction rates of the three parties. We still find that the target’s
and operator’s efforts are expected to be inversely related, all else
being equal. Substituting the solutions in equation (2.8) back
into the probability of correct operator discrimination yields
px = utarAtar ) (29)

UtarDtar + Umim Amim

If k = Amim/ Atar and j = Upim /Uiy, then we obtain the following
simple expression:

.1
p = T+jk
Thus, in the model with variable interaction rates, re-
cognition is expected to be more accurate with increased
probability that the target finds itself a recognition triad and/
or the greater the fitness gain of the target relative to the mimic
(figure 3).

(2.10)

3. Discussion

Signal detection theory seeks to understand the probability of
correct and incorrect recognition decisions in a system based
on the relative benefits of accuracy, costs of errors and difficulty
of discrimination. The game theory models presented earlier,
unlike classic signal detection models [18], are unfettered by
assumptions about the sensory, perceptual and cue/signal
production mechanisms in recognition systems, instead allow-
ing them to evolve freely for all three parties in a recognition
triad. Thus, such models may yield a deeper understanding
of many of the puzzling properties of recognition systems
than would be obtained by applying the signal detection
framework alone.

L

=1
A W L

Figure 3. Overall probability p* of successful discrimination by the operator
when all three parties are exhibiting non-zero optimal efforts. The variable j
equals the ratio of the interaction rates, Umim/Ugr and the variable k is the
ratio of the fitness pay-offs Apm/As- High probability of correct operator
recognition will occur when j is low (interaction rate for target is much
higher than that for mimics), & is low (target’s fitness pay-off for successful
recognition is much higher than the mimic’s pay-off for failed recognition), or
both. Low probability of correct operator recognition will occur when j is high
(interaction rate for the mimic is much higher than that for targets) and  is
high (mimic’s fitness pay-off for failed recognition is much higher than the
target’s pay-off for successful recognition). (Online version in colour.)

We illustrate a class of such puzzles that we think may be
illuminated by our model, puzzles that involve otherwise
unexpected failures of recognition.

(a) Lack of within-colony nepotism in social insects

A number of studies have shown that despite the simultaneous
presence of multiple kin classes within social insect colonies,
owing to queen multiple mating [51,52] or co-existence of mul-
tiple reproducing queens [53-55], there is little evidence that
workers discriminate between more highly related kin (e.g.
full-sisters) or less-highly related kin (e.g. half-sisters) [56-60].
First, this was puzzling, because one might think that selection
would favour operators (e.g. discriminating workers) to favour
their more highly related kin (targets), at least to the extent that
the latter can reproduce. Of course, the less-highly related kin
(mimics) could lose out from the latter discrimination and so
would be expected to profit from trying to prevent it, perhaps
by hiding their distinctive cues and/or exaggerating the cues
shared by all colony members.

Suppose for example, we apply our aforementioned theory
to the evolution of intracolonial nepotism among honeybee
workers. Because of frequent multiple mating by the queen
[51], a given worker is more likely to encounter brood
that are half-sisters than full-sisters (e.g. if the queen mates
with 20 different males and uses the sperm equally, a given
worker will encounter a full-sister only 5% of the time on aver-
age). That means a focal larvae is much more likely to be in a
context where it is in the mimic role than in the target role,
meaning Umim >> Uy, because most of the workers who
would care for it are related as half-sisters. According to the
aforementioned theory, this means that the result is likely to
be a weak or a failed recognition system because the mimic
gains so much more cumulatively by hiding its kinship cues
than the target would gain by exaggerating its kinship cues.
This logic applies to every larvae, so it is not surprising that a
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lack of intracolony nepotism is what is observed. Similarly, the
same logic also applies to worker—worker interactions where
any given worker is most often in the role of mimic given
that relative rarity of her full-sisters.

(b) Parent—offspring recognition—extra-pair young

In many bird species with bi-parental care, breeding males
have genetically unrelated extra-pair young within their own
nest [61-64], however several studies have shown that such
males typically do not appear to discriminate against extra-
pair young in either feeding or aggression [44,65-68]. In this
case, the breeding male is the operator, the genetic young are
potential targets and the extra-pair young are potential
mimics. Our theory suggests that there are two possible expla-
nations for this lack of nepotism. One is that not all nests
usually have extra-pair young, so potential targets are often
not in recognition triads, whereas extra-pair young usually
co-occur with young that are genetic offspring of the breeding
male, such that, again, #mim > Utar- Moreover, the consequence
of successful discrimination might be the death of the extra-
pair young, but only slightly more food for genetic offspring
of the breeding male, so that Apim > A¢ar. Both of the aforemen-
tioned factors should act to reduce the accuracy of
discrimination according to our model.

(c) Parent—offspring recognition—interspecific
brood parasitism

The above logic also applies to interspecific brood parasitism
in birds. Host parents (operators) would obviously benefit
from discriminating between their own young (potential tar-
gets) and parasitic young (potential mimics) [3]. However, the
percentage of hosts that are parasitized (population-wide) is
often low [3], whereas parasitic brood are almost always
at least initially surrounded by host brood within the same
nest, so again we have iy, > U,y As in the case of recognition
of extra-pair young, it again is also often true that Apim > Aar
because not all brood parasites kill their host nest-mates
[69,70] and not all potential targets occur in a nest with a
mimic. Interestingly, in the above cases, the strategy of the
brood parasitic young is not always to mimic the appearance
of the host young throughout its development, but may
involve other nefarious manipulations of the host’s recognition
system, leading to the bizarre cases in which the maturing
parasitic young bear little resemblance to the host young
[3,9,71,72]. Cuckoo chicks often bear little resemblance to the
chicks of their hosts, although it is noteworthy that cuckoo
chicks eject or kill the host eggs in their nests, meaning that
at the chick stage, they are no longer in a recognition triad
[73]. The absence of the appropriate target during the chick
stage may explain some of the chick phenotypes found in cuck-
oos. Although we have not dynamically modelled the effects of
mimic frequency on the evolutionary trajectories of investment
in recognition systems, we can surmise that such an extension
may explain some of the evolutionary dynamics inferred in
brood parasite—host evolutionary dynamics. If mimics are
successful and increase in frequency, then it would lead to
increased rates of operators and targets being in recognition
triads, leading to higher target investment and the mimic
may give up. This pattern may explain the host-shifts that
have been inferred for some host races of brood parasites [3].

In addition to explaining many puzzling features of failed
recognition, our model predicts accurate recognition in many
contexts where well-developed recognition systems are common.

(d) Parent—offspring recognition in colonial nesting/
breeding species

In contrast with the puzzling failures of recognition in the
contexts of extra-pair young and brood parasites, efficient
and accurate parent—offspring recognition appears to the
norm in many colonial breeding species including swallows
[33], bats [74], pinnipeds [50,75], gulls [76,77] and penguins
[49]. As with other parent-offspring scenarios discussed ear-
lier, we can understand the evolution of recognition systems
as a game among parents (operators), genetic young (targets)
and other young (mimics). A major difference between colo-
nial breeding species and other instances of parent-offspring
recognition is the relative benefit of recognition errors to the
mimic. Mimics in a colonial breeding scenario would benefit
from inaccurate recognition by gaining food resources, just as
in the extra-pair young or brood parasite scenarios. If poten-
tial mimic offspring are non-mobile, as when they are altricial
and sufficiently young (e.g. not yet fledged), they would have
a low chance of even being in a mimic role (i, low)
because they would be unlikely to appear in the nest of unre-
lated parental adults. If the young in a colonial situation
are mobile (as in precocial colonial birds), the cost of accurate
recognition may just be one less feeding for a mimic, because
the mimic can return to its natal nest after parasitizing an unre-
lated family group, in contrast with the likely death for a mimic
extra-pair altricial young or young brood parasite trapped in a
nest with an unrelated breeder that is much stronger than it.
Even though the fitness benefits may be similar for parental
feeding decisions, being identified as a non-genetic offspring
of an operator in a colonial setting need not carry dire conse-
quences. Therefore, A, is likely to be much lower in colonial
species, increasing the probability of accurate recognition.

(e) Dear enemy effect

The ‘dear enemy’ effect is a phenomenon where territory
owners reduce their levels of aggression to neighbours, while
maintaining high levels of aggression to unfamiliar challengers
[5,78,79]. The recognition triad in the case of the ‘dear enemy’
effect would include a focal territory owner (operator), a neigh-
bour (target) and unfamiliar individuals (mimic). We might
assume that receiving aggression from the operator has a similar
cost for a target or mimic, so that A,y and A, are similar in this
scenario. The relative rate at which operators encounter targets
is likely to be much higher than their encounter rate for mimics,
which may drive this pattern. Times of instability owing to influ-
xes of new animals or rapid territorial turnover would lead
to increased mimic encounter rates and might be expected to
reduce the likelihood of neighbour/stranger discrimination.
Indeed, studies have described apparent failures of the ‘dear
enemy’ effect under such unstable conditions [80-82].

(f) Future theoretical extensions of optimal recognition
Here, we have presented a relatively simple and straightfor-
ward tug-of-war model to understand the optimal
investments for accurate recognition depending on the strategy
of individuals involved (i.e. operator, target or mimic). We
extend the basic model to consider variable interaction rates,
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which suggests that the relative frequency of interactions and
fitness differentials for targets and mimics are key factors
explaining the likelihood of accurate recognition. Two obvious
directions for future theoretical analysis would be to take gen-
etics into account, both by considering relatedness and being
more explicit about the genetic basis of the traits, e.g. using a
quantitative genetics framework. Our models do not contain
any relatedness terms, though many of the puzzling recognition
failures in the literature our model appears to explain have
involved variation in genetic relatedness within social insect
colonies or in the case of extra-pair young [16]. Incorporating
relatedness into future models will probably provide even cris-
per predictions regarding recognition system accuracy when
some or all parties are genetically related. A third desirable
extension to the model would be to relate the interaction rate
terms more explicitly to the relative numbers of individuals in
the different roles (model, mimic and operator), perhaps incor-
porating population dynamics and density dependence into the
trait evolution using adaptive dynamics approaches.

Players in different roles may be the same individual in
different contexts or at different times of their life. For example,
in the context of recognizing young in a colonial breeding
species, one’s parent’s target is another parent’s mimic [83,84].
The young themselves will grow up later to be operators. Our

model makes no assumptions about the types of traits that

different players may use in the game, though in practice this
may be unrealistic. It may not always be possible for individuals
to shift rapidly between target and mimic roles in the most opti-
mal way, especially if the traits used would be the same or
similar (e.g. a given individual can only have one cuticular
hydrocarbon profile at a time). Considering the genetic corre-
lations among traits (but allowing those correlations to
themselves evolve) may be a fruitful direction for additional
theoretical studies. Nevertheless, we suggest that thinking
about the fitness consequences and possible asymmetric inter-
action rates among (minimally), all three parties in recognition
systems will be pivotal in understanding the evolutionary
basis of variation in recognition accuracy across species and
recognition contexts.
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