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The social brain hypothesis states that selection pressures associated with complex social relationships
have driven the evolution of sophisticated cognitive processes in primates. We investigated how the size
of cooperative primate communities depends on the memory of each of its members and on the pressure
exerted by natural selection. To this end we devised an evolutionary game theoretical model in which
social interactions are modelled in terms of a repeated Prisoner’s Dilemma played by individuals who
may exhibit a different memory capacity. Here, memory is greatly simplified and mapped onto a single
parameter m describing the number of conspecifics whose previous action each individual can
remember. We show that increasing m enables cooperation to emerge and be maintained in groups of
increasing sizes. Furthermore, harsher social dilemmas lead to the need for a higher m in order to ensure
high levels of cooperation. Finally, we show how the interplay between the dilemma individuals face and
their memory capacity m allows us to define a critical group size below which cooperation may thrive,
and how this value depends sensitively on the strength of natural selection.
� 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
From a Darwinian perspective, the pervasiveness of cooperation
in nature is a difficult phenomenon to explain. If evolution is
characterized by competition and the survival of the fittest, why
should selfish unrelated individuals cooperate with each other?
Evolutionary game theory (Maynard Smith 1982; Hofbauer &
Sigmund 1998; Gintis 2000; Nowak 2006a; Sigmund 2010)
provides a suitable mathematical formalism to investigate the
evolutionary dynamics of cooperation in a population, from
bacteria to primates, both nonhuman and human (Nowak 2006b).

In the absence of genetic relatedness between individuals, in
which case kin selection provides the traditional framework
(Hamilton 1964), several mechanisms promoting the emergence of
cooperation have been extensively studied in the last few decades,
such as mutualism (Brown 1983; Stevens & Hauser 2004), direct
reciprocity through repeated interactions (Trivers 1971; Axelrod &
Hamilton 1981; Melis et al. 2008; Van Segbroeck et al. 2012), pre-
play communication (in the form of costless or costly) signalling
(Skyrms 2004, 2010; Santos et al. 2011), indirect reciprocity
through reputation (Alexander 1974; Sugden 1986; Alexander
, Instituto para a Investigação

co@gmail.com (J.M. Pacheco).

dy of Animal Behaviour. Published
1987), punishment (Boyd & Richerson 1992; Brandt et al. 2003),
voluntary participation (Hauert et al. 2002) and network reci-
procity (Santos & Pacheco 2005; Ohtsuki et al. 2006; Szabó & Fáth
2007; Addessi & Rossi 2011), among others. None of the previous
models focused on or considered cognition explicitly, although they
recognized thatmaintaining tabs on individuals (such as reputation
markers) is cognitively challenging (Nowak & Sigmund 2005).

The idea of a highly developed cognition as the result of
selection pressures from the very complex social relations of
primates was first devised in primatology as the ‘Machiavellian
intelligence’ hypothesis (Jolly 1966; Humphrey 1976; Byrne &
Whiten 1988) and later summarized as the social brain hypoth-
esis (Dunbar 1998). These hypotheses postulate that the cognitive
evolution that took place in the primate order occurred mainly
because of its propensity for intense sociality, which in turn may
be connected with the necessity of achieving cohesive, coopera-
tive groups. Here we used a simple mathematical model to
investigate whether requiring communities to act cooperatively,
combined with limited cognitive skills (see below), limits the size
of those groups.

Primates engage in multiple social cooperative behaviours. For
instance, grooming interactions occur very frequently and are
a means of reducing stress, eliminating parasites and maintaining
social bonds (Schino 2001; Crockford et al. 2008; Newton-Fisher &
by Elsevier Ltd. All rights reserved.
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Lee 2011; Tiddi et al. 2011). Although it is assumed that most of the
cooperative events occur between kin, given the dynamics of the
composition of the social groups, that is not always the case as
several studies show (Schino 2001; Crockford et al. 2008; Newton-
Fisher & Lee 2011). Chimpanzees, Pan troglodytes, for example, are
male philopatric and are hence expected to be living and cooper-
ating with male relatives. Lukas et al. (2005) analysed several
chimpanzee groups and found a very low relatedness, suggesting
that social interactions may not be driven primarily by kin
relationships.

Experiments of food exchange made with capuchin monkeys,
Cebus apella, showed that grooming had a greater influence on
subsequent food-sharing behaviour in nonhabitual pairings than in
habitual grooming pairs (de Waal 2000). Capuchins also seem to
exchange grooming for other commodities such as tolerance and
food sharing (Tiddi et al. 2011); in rhesus macaques, Macaca
mulatta, previous alliances led to increased grooming (de Waal &
Yoshihara 1983) whereas in longtailed macaques, Macaca fas-
cicularis, experimental manipulation of grooming between indi-
viduals was seen to influence support in agonistic interactions
(Hemelrijk 1994). It has been argued that maintaining a stable
partnership relaxes the need for keeping tight tabs on behaviours,
thus increasing the amount of social tolerance (de Waal 2000;
Brosnan & de Waal 2002; de Waal & Brosnan 2006; de Waal &
Suchak 2010). Cooperation and the maintenance of tabs on indi-
viduals, and in general the social relations of primates, are thought
to require that individuals recognize others in their own group
(Tomasello & Call 1997).

Several studies have shown that primates, like other animals,
have the ability to recognize individuals based on vocal cues
(Snowdon & Cleveland 1980; Rendall et al. 1996; Fitch & Fritz 2006)
and from their faces (Pascalis & Bachevalier 1998; Parr et al. 2000;
Neiworth et al. 2007; Dufour et al. 2009). Nevertheless, some
authors (Proops et al. 2009) have argued that individual recognition
can only be shown if the individuals are able to match individual
cues in different modalities (cross-modal approach), that is, to
match, for example, a picture of a groupmate with its vocalization,
because it requires the subject to have a mental representation of
the individual (Zayan 1994). In spite of the difficulties of training
nonhuman primates to perform in auditoryevisual intermodal
matching (Hashiya & Kojima 2001b; Martinez & Matsuzawa 2009)
some breakthroughs have been achieved, with some species of
nonhuman primates showing the capacity for auditoryevisual
cross-modal representation (Hashiya & Kojima 2001a; Adachi
et al. 2006; Adachi & Fujita 2007; Martinez & Matsuzawa 2009).

Here we assume that each individual in a community of size N
has the capacity to remember the previous action of m (m � N e 1)
of her conspecifics. Hence, individuals are able to identify (1) who
the other N e 1 members of the community are, and, form of these
members, (2) what action (cooperation or defection) they have
taken towards the focal individual in their previous social interac-
tion. The fact that social interactions are frequent alleviates the
requirement for long-term memory. We devised a theoretical
framework to address in simple terms the coevolution of reciprocal
cooperation and this stylized form of memory, thus investigating
how reciprocal cooperation may emerge in response to evolu-
tionary constraints (Stamps 1991; Brosnan & de Waal 2002;
Brosnan et al. 2010). More specifically, we focused on the individ-
ual’s capacity to remember the previous action of a limited number
m of her conspecifics in a population of size N >m (thereby
assuming, also, the capacity for individuals to recognize and
distinguish their conspecifics). Limited memory capacity has been
described in previous theoretical and empirical studies (Milinski &
Wedekind 1998; Cox et al. 1999; Qin et al. 2008; Alonso-Sanz 2009;
Stevens et al. 2011; Volstorf et al. 2011).
In our model, individuals make up a finite population engaging
in iterated Prisoner’s Dilemma (PD) games, the harshest social
dilemma of cooperation, given that both the fear of being cheated
and the temptation to cheat act to drive the population towards the
tragedy of the commons (Hardin 1968). We investigated how
different levels of the individual capacity m of an individual to
remember the previous action of others, thereby enabling indi-
viduals to respond accordingly in future interactions, help maintain
cooperation.

METHODS

Prisoner’s Dilemma

We investigated the evolutionary dynamics of a finite and small,
well-mixed population of size N in which individuals play an iter-
ated two-person PD game with each of the members of the pop-
ulation (Axelrod & Hamilton 1981). In each interaction, individuals
can opt between two possible choices: to cooperate or to defect.
Mutual cooperation leads to the reward R, while mutual defection
results in a punishment P for both individuals. The remaining two
outcomes occur when one player cooperates and the other defects,
resulting in the payoff values of S (sucker’s payoff) for the cooper-
ator and T (temptation to defect) for the defector. The PD game is
characterized by T > R > P > S; consequently, in a one-shot inter-
action, rational (that is, payoff maximizer) individuals will always
choose defection, as it yields a higher payoff independently of the
partner’s decision, resulting in the payoff P for both of them instead
of the higher reward R for mutual cooperation: Hence the dilemma.
Without losing generality, we normalize the reward R to 1 and the
punishment P to 0. At the same time, we rewrite the payoffs as
a function of costs and benefits: a cooperator invests the cost c to
grant the (higher) benefit b to the partner, i.e. R ¼ b � c ¼ 1, P ¼ 0,
T ¼ b and S ¼ �c; given that b and c become interdependent
through R, this leaves only one free parameter, so the payoffs take
the following form: R ¼ 1, P ¼ 0, T ¼ b and S ¼ 1 � b.

Moreover, we equipped individuals with the ability to recognize
other individuals and to remember their past actions. This capacity
is characterized by a single parameter m, defined as the number of
partners whose previous action an individual can recall. In our
model, individuals can adopt either the unconditional Defector
strategy (D) or the (memory constrained) Conditional Cooperator
(CC) strategy, the latter associated with a particular value of m. Ds
always defect, so the value of m is obviously of no use to them. CC
strategists, on the other hand, cooperate with neighbours as long as
they do not remember their previous move. Otherwise, a CC repeats
the neighbour’s previous action. That is, a CC strategist behaves as
a tit-for-tat (TFT) strategist (Rapoport & Chammah 1965) against
‘known’ partners and as an unconditional cooperator against
‘unknown’ partners. Hence, the CC strategy interpolates between
unconditional cooperators and conventional TFT, allowing a simple
and overall analysis of the outcome of cooperation for an arbitrary
m and population size N. Wheneverm ¼ 0, nothing will distinguish
a CC from an unconditional cooperator, whereaswhenm ¼ N � 1, CC
becomes equivalent to TFT. Needless to say, errors in perceiving the
partner’s action or an accidental failure in responding in accord
with CC can have detrimental effects in strict TFT-like interactions.
The introduction of ‘generous TFT’-like strategies can help to avoid
alternating defective moves via occasional forgiveness. However,
we kept our model simple and did not consider explicitly errors
during the interactions. As a result, we are able to discuss themodel
analytically, leading to simple expressions (see below). It is worth
noting that concerning the memory of individuals, a similar
approach was suggested by Aktipis (2006) in a one-shot PD model
set-up with unconditional strategies, where individuals could



J. Moreira et al. / Animal Behaviour 85 (2013) 233e239 235
remember either the opposing defectors or cooperators while
having the option to avoid interacting with ‘undesirable’ members
of the population.

We take fitness as the accumulated payoff obtained from all
interactions inwhich an individual participates. The average fitness
per interaction for each of the strategies as a function of k, the
number of cooperators in the population, is given by

fCC
ðkÞ¼ k�1

N�1
RþN�k

N�1

�
m

N�1
ðwPþð1�wÞSÞþN�1�m
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N�1�k
N�1
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where w is the probability of occurrence of a next game round in
the iterated PD. The fitness for CC accounts for interactions with
other CC strategists (first term) and with Ds, both those present in
memory (first term in parenthesis) and absent from it (last term).
The terms in the defector fitness can be explained in a similar way.
The formulas are normalized by the average number of rounds
ð1�wÞ�1 to give the average fitness per round. If repeated inter-
actions happen with a large enough frequency (w/ 1), then we
can simplify the above expressions to:
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That is, the strategies present in the population transform on
average the original PD game into a different game, represented by
the modified payoff matrix
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Individuals revise their behaviour by copying those who are
perceived as more successful. Successful behaviours will thus be
copied and will tend to spread in the population. At each round an
individual i adopts the strategy of a randomly chosen individual j
with a probabilityWwhichmay bewritten in terms of the so-called
Fermi distributionWðDf Þ ¼ ½1þ e�bDf ��1, whereDf ¼ fj � fi stands
for the fitness difference and b represents noise associated with the
individuals’ ability to perceive the fitness differences and thereby
errors in decisions about strategy adoption. This updatemechanism
is known as the pairwise comparison update rule (Traulsen et al.
2006; Szabo et al. 2009). Hence, b introduces the possibility that
an individual copies the strategy of another whose fitness is actu-
ally lower. For high values of b, strategies with higher fitness are
almost always adopted and we obtain (in the limit of very large b)
pure copying dynamics. This corresponds to the limit of strong
selection. For b/0 selection becomes so weak that evolution
proceeds by random drift. Note that, in fact, this update rule is
similar to Schlag’s (1998) proportional imitation rule and not
a copy-if-better rule. In our terms, an individual copies another that
performed better with a probability that increases with the fitness
difference between them. One of the reasons for avoiding copy-if-
better is that it has been described as rare in nature (Laland
2004). Moreover, to the simplicity of the evolutionary dynamics
used here one may add the fact that it is general enough to be
employed for both cultural and genetic evolution (see e.g. Sigmund
2010). While in the former case one can argue that individuals will
be influenced by the actions and achievements of others, in the
latter it is noteworthy that our dynamics can be recast in the form
of a (frequency-dependent) deathebirth process ubiquitous in
models of genetic evolution (see e.g. Nowak et al. 2004; Traulsen
et al. 2006; Nowak 2006a).

Gradient of Selection

Using the pairwise comparison update rule given above, one can
compute the probabilities UþðkÞ and U�ðkÞ for the number k of CC’s
in the population to grow or diminish by one in a given round:

UþðkÞ ¼ N � k
N

k
N � 1

W
�
fCC

ðkÞ � fDðkÞ
�

U�ðkÞ ¼ k
N
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N � 1

W
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ðkÞ�
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where the first two factors give the probability that a CC and a D
meet each other while the W(Df) function shows the probability of
the respective strategy adoption process.

The difference GðkÞ ¼ UþðkÞ � U�ðkÞ describes the gradient of
selection (Pacheco et al. 2009a, b; Souza et al. 2009; Pacheco &
Santos 2011; Santos & Pacheco 2011) that indicates the most
likely outcome of evolution when the population is composed of k
CC individuals: When G(k) > 0 (G(k) < 0), the direction of selection
acts to increase (decrease) the number of CC individuals.

Fixation Probabilities

In finite populations, and in the absence of mutations, the
evolutionary dynamics will only stop whenever the population rea-
ches a monomorphic state. Hence, it is often of interest to evaluate
the fixation probability 4k, that is, the probability that the system
fixates in a monomorphic cooperative state starting from a given
number k of CC’s. This quantity is given by (Traulsen et al. 2006)

4k ¼
Xk�1

i¼0

Yi
j¼1

rj

�XN�1

i¼0

Yi
j¼1

rj (5)

where rk ¼ U�ðkÞ
UþðkÞ. Under neutral selection (that is, in the limit

b/0) the fixation probability trivially reads 4N
k ¼ k=N, providing

a convenient reference point. For a given k, whenever 4k > 4N
k ,

natural selection will favour cooperative behaviour, the opposite
being true when 4k < 4N

k .

Evolutionary Dynamics in Large Populations

In the continuous limit (N/N), evolution is conveniently
described by the replicator equation (Hofbauer & Sigmund 1998)
_x ¼ xð1� xÞðfCC

� fDÞ ðx ¼ k=NÞ. In this limit, the condition for CC

to be an evolutionarily stable strategy
�
R >

m
N � 1

P þ N � 1�m
N � 1

T
�

(Maynard Smith 1982; Hofbauer & Sigmund 1998) takes the

following simple form:
m

N � 1
>

T � R
T � P

. For the PD game defined as

T ¼ b, R ¼ b�c, P ¼ 0 and S ¼ �c we obtain

m
N � 1

>
c
b

(6)

This shows how a population of individuals who have the necessary
cognitive skills to keep a record of previous encounters may sustain
cooperation for the entire range of the PD.
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RESULTS AND DISCUSSION

The results depicted in Fig. 1 show that, with increasingmemory
capacity (increasing m), the minimum number of CC required to
promote the emergence of cooperation in the population (given by
the intercept of G(k) with the horizontal axis) is reduced. Further-
more, the shape of the gradients of selection clearly indicate that,
population-wide, the game at stake changes with m, exhibiting
several thresholds: Form <m1 ¼ (N � 1)/2 the game remains a PD,
with a single stable fixed point associated with full defection; for
m1 <m <m2 ¼ (N � 1) we obtain an effective coordination game
(also known as a stag-hunt game, Skyrms 2004), where two stable
fixed points (full cooperation and full defection) are separated by an
internal, unstable fixed point; finally, for m ¼m2 ¼ (N � 1) we
obtain a cooperator dominant scenario (Hofbauer & Sigmund
1998), also known as a harmony game, where cooperation is
mostly advantageous and the only stable fixed point becomes full
cooperation. Notably, this occurs even for the most stringent
dilemma conditions studied (b ¼ 2.0) which translates into a high
temptation to defect and also high cost to pay if an individual
cooperates and is cheated upon by the partner. In the case of the
coordination region, the final composition of the population
depends on the initial frequency of CC.

These results contrast with the predictions of earlier studies
(m ¼ 0), where cooperators are always at a disadvantage with
respect to defectors and the fixation of cooperators in populations
as small as N ¼ 20 would only be possible under very weak selec-
tion, associated with small values of the parameter b, such as
b ¼ 0.01 (Traulsen et al. 2006).

Clearly, being able to keep track of the actions of more and more
individuals leads CC to spread through the population. Given that,
population-wide, the effective game played by individuals changes
withm, we now investigate the influence of increasing competition
(by means of the dilemma) and the complexity of social groups (by
changing their size andm) in the observed levels of cooperation. To
this end, we calculate the fixation probability f1 of a single CC, in
groups (populations) of different sizes and, for each size, the critical
value mcr above which the fixation probability exceeds the neutral
value f1 ¼1/N. The results are shown in Fig. 2, where we plotted
mcr for several values of b: 1.1, 1.25, 1.50, 1.75 and 2.0 (keeping
c ¼ b�1 and b ¼ 1.0) as a function of group size. Indeed, N can vary
m=29
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Figure 1. The gradient of selection ðUþðkÞ �U�ðkÞÞ is plotted as a function of the
frequency of CC reciprocators for different values of m in a population of N ¼ 30
(parameters are b ¼ 2.0, c ¼ b�1 and b ¼ 1.0). Theminimum number of CC’s required for
overcoming defectors decreases with increasing memory capacity. When G(k) ¼ 0, the
sign of G(k) in the vicinity of these points indicates whether it is a stable (G(k) > 0 to the
left, G(k) < 0 to the right) or unstable (G(k) < 0 to the left, G(k) > 0 to the right) fixed
point. The same qualitative results remain valid as the population size increases up to
N ¼ 300.
between 2 and 30 in accord with average maximum population
sizes described in several species of primates (Kudo & Dunbar
2001; Dunbar & Shultz 2007a, b; Pérez-Barbería et al. 2007;
Shultz & Dunbar 2010).

By reducing b (and at the same time c), we are correspondingly
reducing the competitive pressure on the population. Translating
this into primate grooming terms means that grooming without
being reciprocated is less severe for lower b, as in this case there
are, for instance, favourable conditions that reduce competition,
such as abundance of food, low predation risk, among others (te
Boekhorst & Hemelrijk 2000). If one returns to the above-
mentioned example of grooming, this means that grooming other
individuals without remembering if they groomed before is less
costly for lower values of b, which would help maintain group
cohesion. Grooming can be costly for the individual performing it
as it can reduce both resting and foraging time, which could cause
problems such as altered cortisol levels (Van Schaik et al. 1991), as
was shown in mouse-eared bats, Myotis myotis (Giorgi et al. 2001).
Also, if an individual is groomed and is not groomed back, he/she
can accumulate parasites that could also be costly in the long-term.
In our case, b could be translated into lower parasitic rates for
example, which would mean that the cost of grooming and not
being groomed back would be lower to each individual.

The results in Fig. 2 clearly show that mcr grows linearly with
group size, increasing also with increasing dilemma strength. This
relation means that the critical memory capacity is always at the
same fraction of the population. However, from the individual point
of view, it means that the group members have to remember the
actions of more and more groupmates with increasing group sizes.
The results also provide important clues as to why primates pref-
erentially aggregate in social cliques within larger group sizes.
Savannah baboons, Papio spp., constitute, perhaps, the most
striking example, as these aggregate in group sizes ranging from 10
to 200 individuals, but have been known to associate in smaller
clique sizes when foraging, depending on seasonal food abundance
and distribution (Anderson 1981; Whiten et al. 1991; Henzi &
Barrett 2003; Swedell 2011).

With cliques, selection pressures of social complexity on the
evolution of a highly developed and very energetically expensive
cognition could be reduced. However, there may have been a point
in primate evolution where predation risk was probably high
enough to promote an increase in group size, thus affecting group
cohesion by means of increasing intergroup competition (Janson &
Goldsmith 1995). With more nonrelated individuals being intro-
duced into the group as a consequence of such risks (and
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consequential genetic diversity), one would potentially witness an
added pressure for the evolution of better memory if cooperation
were to be maintained (Van Schaik 1989; te Boekhorst & Hemelrijk
2000). To verify whether this last premise holds under varying
degrees of selection pressures, we plotted mcr/N as a function of
b for various values of b. Figure 3 shows that the further we depart
from neutral drift and the harder the game becomes (larger b), the
more difficult it is tomaintain cooperationwithout higher cognitive
capacity. For example, for a dilemma characterized by b ¼ 1.1, an
mcr/N of 0.32 (that is, remembering the past actions of about one-
third of the population) is needed at b ¼ 1.0, while at b ¼ 10 an
mcr/N of 0.51 is now required to reach the same outcome. This
entails a significant pressure for larger memory capacity to evolve.

We further note that the results of Fig. 2 are contained in the
b ¼ 1 line of Fig. 3 (for N ¼ 30). Naturally, the model leads to results
in agreement with those obtained by Traulsen et al. (2006) for one-
shot games, in which very high values of the intensity of selection
render cooperation more difficult.

By copying the action of the partner in a previous encounter in
a group in which multiple 2 � 2 iterated PD games are played in
a constrained memory capacity set-up, we are thus able to account
for the evolution of cooperative behaviour in a social group, for
varying group sizes and selection pressures. In the real world, there
has been a debate on the possibility and function of episodic-like
memory in primates (Schwartz & Evans 2001; Cheke & Clayton
2010). Our model provides a less demanding type of memory that
could explain the maintenance of cooperation in large group sizes.
Unlike episodic-like memory, we do not require individuals to
remember information about an event (what, where and when)
based on single-trial learning (Schwartz & Evans 2001), over long
periods of time.

In keeping with this discussion, we hope that future field and
experimental data will help reveal whether this type of memory
may be identified in primates. This might be achieved by explicitly
manipulating experimental procedures to assess whether specific
individuals remember how they were treated in a previous session.
Needless to say, reciprocal behaviour across primates is also diffi-
cult to assess. It should be noted, for instance, that the little solid
evidence that exists for the costs involved in a cooperative act,
probably owing to the difficulty in assessing them (Hammerstein
2003), has previously led some behaviours such as harassment,
begging, tolerated food theft, stress reduction or nepotistic coop-
eration to be characterized as reciprocal and cooperative, when in
fact, they may not be (Stevens & Stephens 2002; Stevens 2004;
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Figure 3. Critical m values, divided by the population size N, are plotted as a function
of the temptation to defect b for different intensities of selection and N ¼ 30. Larger
values of b are accompanied by a rise in the pressure to evolve a higher memory
capacity for all dilemma strengths.
Stevens & Gilby 2004; Gilby 2006; Jensen et al. 2006; Crockford
et al. 2008; Silk 2009; Jaeggi et al. 2010), and there is evidence
that suggests that harassment and begging behaviours account for
much of the supposed reciprocal behaviour in primates (Stevens &
Stephens 2002; Stevens 2004; Stevens & Hauser 2004; Jaeggi et al.
2010).
CONCLUSIONS

We have presented a simple evolutionary game theory model
that shows how the ability to remember past actions, relate them to
specific individuals, and acting according to this registry promotes
cooperation. We showed that increasing the group sizes adds
pressure for individuals to remember actions from more and more
members of their group in order for cooperation to survive. This
simple form of memory can maintain cooperation in larger and
possibly more complex societies, in line with Schino & Aureli
(2009) and other primate literature on reciprocity, establishing
a well-defined association between the size of cohesive groups in
which cooperation may thrive, and the memory capacity needed to
manage and use information on past interactions.
Acknowledgments

This research was supported by grants PTDC/FIS/101248/2008,
PTDC/MAT/122897/2010, SFRH/BD/65967/2009, SFRH/BPD/46393/
2008 and multiannual funding of CMAF-UL, CRIA/FCSH/UNL and
INESC-ID (under the project PEst-OE/EEI/LA0021/2011) provided by
FCT Portugal through PIDDAC Program funds. We further thank the
editor and two referees for their helpful comments.
References

Adachi, I., Kuwahata, H., Fujita, K., Tomonaga, M. & Matsuzawa, T. 2006. Japanese
macaques form a cross-modal representation of their own species in their first
year of life. Primates, 47, 350e354.

Adachi, I. & Fujita, K. 2007. Cross-modal representation of human caretakers in
squirrel monkeys. Behavioural Processes, 74, 27e32.

Addessi, E. & Rossi, S. 2011. Tokens improve capuchin performance in the reverse-
reward contingency task. Proceedings of the Royal Society B, 278, 849e854.

Aktipis, C. A. 2006. Recognition memory and the evolution of cooperation: how
simple strategies succeed in an agent-based world. Adaptive Behavior, 14,
239e247.

Alexander, R. D. 1974. The evolution of social behavior. Annual Review of Ecology
and Systematics, 5, 325e383.

Alexander, R. D. 1987. The Biology of Moral Systems. 2nd edn. Piscataway, New
Jersey: Transaction Publishers.

Alonso-Sanz, R. 2009. Memory versus spatial disorder in the support of coopera-
tion. Bio Systems, 97, 90e102.

Anderson, C. 1981. Subtrooping in a chacma baboon (Papio ursinus) population.
Primates, 22, 445e458.

Axelrod, R. & Hamilton, W. D. 1981. The evolution of cooperation. Science, 211,
1390e1396.

te Boekhorst, I. J. A. & Hemelrijk, C. K. 2000. Nonlinear and synthetic models for
primate societies. In: Dynamics in Human and Primate Societies: Agent-Based
Modeling of Social and Spatial Processes (Ed. by T. A. Kohler &
G. J. Gumerman), pp. 19e44. New York: Oxford University Press.

Boyd, R. & Richerson, P. 1992. Punishment allows the evolution of cooperation (or
anything else) in sizable groups. Ethology and Sociobiology, 13, 171e195.

Brandt, H., Hauert, C. & Sigmund, K. 2003. Punishment and reputation in spatial
public goods games. Proceedings of the Royal Society B, 270, 1099e1104.

Brosnan, S. & de Waal, F. 2002. A proximate perspective on reciprocal altruism.
Human Nature, 13, 129e152.

Brosnan, S. F., Salwiczek, L. & Bshary, R. 2010. The interplay of cognition and
cooperation. Philosophical Transactions of the Royal Society B, 365, 2699e2710.

Brown, J. L. 1983. Cooperation: a biologist’s dilemma. Advances in the Study of
Behavior, 13, 1e37.

Byrne, R. W. & Whiten, A. 1988. Machiavellian Intelligence: Social Expertise and the
Evolution of Intellect in Monkeys, Apes and Humans. Oxford: Clarendon Press.

Cheke, L. G. & Clayton, N. S. 2010. Mental time travel in animals. Wiley Interdis-
ciplinary Reviews: Cognitive Science, 1, 915e930.

Cox, S. J., Slockin, T. J. & Steele, J. 1999. Group size, memory, and interaction rate in
the evolution of cooperation. Current Anthropology, 40, 369e376.



J. Moreira et al. / Animal Behaviour 85 (2013) 233e239238
Crockford, C., Wittig, R. M., Whitten, P. L., Seyfarth, R. M. & Cheney, D. L. 2008.
Social stressors and coping mechanisms in wild female baboons (Papio hama-
dryas ursinus). Hormones and Behavior, 53, 254e265.

Dufour, V., Pelé, M., Neumann, M., Thierry, B. & Call, J. 2009. Calculated reci-
procity after all: computation behind token transfers in orang-utans. Biology
Letters, 5, 172e175.

Dunbar, R. I. M. 1998. The social brain hypothesis. Evolutionary Anthropology, 6,
178e190.

Dunbar, R. I. M. & Shultz, S. 2007a. Evolution in the social brain. Science, 317, 1344e
1347.

Dunbar, R. I. M. & Shultz, S. 2007b. Understanding primate brain evolution. Phil-
osophical Transactions of the Royal Society B, 362, 649e658.

Fitch, W. T. & Fritz, J. B. 2006. Rhesus macaques spontaneously perceive formants
in conspecific vocalizations. Journal of the Acoustical Society of America, 120,
2132e2141.

Gilby, I. C. 2006. Meat sharing among the Gombe chimpanzees: harassment and
reciprocal exchange. Animal Behaviour, 71, 953e963.

Gintis, H. 2000. Game Theory Evolving. Princeton. New Jersey: Princeton University
Press.

Giorgi, M. S., Arlettaz, R., Christe, P. & Vogel, P. 2001. The energetic grooming costs
imposed by a parasitic mite (Spinturnix myoti) upon its bat host (Myotis myotis).
Proceedings of the Royal Society B, 268, 2071e2075.

Hamilton, W. D. 1964. Genetical evolution of social behavior I. Journal of Theoretical
Biology, 7, 1e16.

Hammerstein, P. 2003. Why is reciprocity so rare in social animals? In: Genetic and
Cultural Evolution of Cooperation (Ed. by P. Hammerstein), pp. 83e94. Cam-
bridge, Massachusetts: MIT Press.

Hardin, G. 1968. The tragedy of the commons. Science, 162, 1243e1248.
Hashiya, K. & Kojima, S. 2001a. Acquisition of auditoryevisual intermodal

matching-to-sample by a chimpanzee (Pan troglodytes): comparison with
visualevisual intramodal matching. Animal Cognition, 4, 231e239.

Hashiya, K. & Kojima, S. 2001b. Hearing and auditoryevisual intermodal recog-
nition in the chimpanzee. In: Primate Origins of Human Cognition and Behavior
(Ed. by T. Matsuzawa), pp. 155e189. Tokyo: Springer.

Hauert, C., De Monte, S., Hofbauer, J. & Sigmund, K. 2002. Volunteering as red
queen mechanism for cooperation in public goods games. Science, 296, 1129e
1132.

Hemelrijk, C. K. 1994. Support for being groomed in long-tailed macaques, Macaca
fascicularis. Animal Behaviour, 48, 479e481.

Henzi, P. & Barrett, L. 2003. Evolutionary ecology, sexual conflict, and behavioral
differentiation among baboon populations. Evolutionary Anthropology: Issues,
News, and Reviews, 12, 217e230.

Hofbauer, J. & Sigmund, K. 1998. Evolutionary Games and Population Dynamics.
Cambridge: Cambridge University Press.

Humphrey, N. K. 1976. The social function of intellect. In: Growing Points in Ethology
(Ed. by R. A. Hinde & P. P. G. Bateson), pp. 303e317. Cambridge: Cambridge
University Press.

Jaeggi, A. V., Stevens, J. M. G. & Van Schaik, C. P. 2010. Tolerant food sharing and
reciprocity is precluded by despotism among bonobos but not chimpanzees.
American Journal of Physical Anthropology, 143, 41e51.

Janson, C. H. & Goldsmith, M. L. 1995. Predicting group size in primates: foraging
costs and predation risks. Behavioral Ecology, 6, 326e336.

Jensen, K., Hare, B., Call, J. & Tomasello, M. 2006. What’s in it for me? Self-regard
precludes altruism and spite in chimpanzees. Proceedings of the Royal Society B,
273, 1013e1021.

Jolly, A. 1966. Lemur social behavior and primate intelligence: step from prosimian
to monkey intelligence probably took place in a social context. Science, 153,
501e506.

Kudo, H. & Dunbar, R. I. M. 2001. Neocortex size and social network size in
primates. Animal Behaviour, 62, 711e722.

Laland, K. 2004. Social learning strategies. Learning & Behavior, 32, 4e14.
Lukas, D., Reynolds, V., Boesch, C. & Vigilant, L. 2005. To what extent does living in

a group mean living with kin? Molecular Ecology, 14, 2181e2196.
Martinez, L. & Matsuzawa, T. 2009. Auditoryevisual intermodal matching based

on individual recognition in a chimpanzee (Pan troglodytes). Animal Cognition,
12, 71e85.

Maynard Smith, J. 1982. Evolution and the Theory of Games. Cambridge: Cambridge
University Press.

Melis, A. P., Hare, B. & Tomasello, M. 2008. Do chimpanzees reciprocate received
favours? Animal Behaviour, 76, 951e962.

Milinski, M. & Wedekind, C. 1998. Working memory constrains human coopera-
tion in the Prisoner’s Dilemma. Proceedings of the National Academy of Sciences,
U.S.A., 95, 13755e13758.

Neiworth, J. J., Hassett, J. M. & Sylvester, C. J. 2007. Face processing in humans and
New World monkeys: the influence of experiential and ecological factors.
Animal Cognition, 10, 125e134.

Newton-Fisher, N. E. & Lee, P. C. 2011. Grooming reciprocity in wild male chim-
panzees. Animal Behaviour, 81, 439e446.

Nowak, M. A. 2006a. Evolutionary Dynamics: Exploring the Equations of Life.
Cambridge, Massachusetts: Belknap Press of Harvard University Press.

Nowak, M. A. 2006b. Five rules for the evolution of cooperation. Science, 314, 1560e
1563.

Nowak, M. A. & Sigmund, K. 2005. Evolution of indirect reciprocity. Nature, 437,
1291e1298.
Nowak, M. A., Sasaki, A., Taylor, C. & Fudenberg, D. 2004. Emergence of cooper-
ation and evolutionary stability in finite populations. Nature, 428, 646e650.

Ohtsuki, H., Hauert, C., Lieberman, E. & Nowak, M. A. 2006. A simple rule for the
evolution of cooperation on graphs and social networks. Nature, 441, 502e505.

Pacheco, J. M. & Santos, F. C. 2011. The messianic effect of pathological altruism.
In: Pathological Altruism (Ed. by A. K. Barbara Oakley, G. Madhavan &
D. Wilson), p. 300. New York: Oxford University Press.

Pacheco, J. M., Pinheiro, F. L. & Santos, F. C. 2009a. Population structure induces
a symmetry breaking favoring the emergence of cooperation. PLoS Computa-
tional Biology, 5, e1000596.

Pacheco, J. M., Santos, F. C., Sousa, M. O. & Skyrms, B. 2009b. Evolutionary
dynamics of collective action in N-person stag-hunt dilemmas. Proceedings of
the Royal Society B, 276, 315e321.

Parr, L. A., Winslow, J. T., Hopkins, W. D. & de Waal, F. 2000. Recognizing facial
cues: individual discrimination by chimpanzees (Pan troglodytes) and rhesus
monkeys (Macaca mulatta). Journal of Comparative Psychology, 114, 47e60.

Pascalis, O. & Bachevalier, J. 1998. Face recognition in primates: a cross-species
study. Behavioural Processes, 43, 87e96.

Pérez-Barbería, F. J., Shultz, S. & Dunbar, R. I. M. 2007. Evidence for coevolution of
sociality and relative brain size in three orders of mammals. Evolution, 61,
2811e2821.

Proops, L., McComb, K. & Reby, D. 2009. Cross-modal individual recognition in
domestic horses (Equus caballus). Proceedings of the National Academy of
Sciences, U.S.A., 106, 947e951.

Qin, S.-M., Chen, Y., Zhao, X.-Y. & Shi, J. 2008. Effect of memory on the prisoner’s
dilemma game in a square lattice. Physical Review E, 78, 041129.

Rapoport, A. & Chammah, A. M. 1965. Prisoner’s Dilemma. Chicago: University of
Michigan Press.

Rendall, D., Rodman, P. S. & Emond, R. E. 1996. Vocal recognition of individuals
and kin in free-ranging rhesus monkeys. Animal Behaviour, 51, 1007e1015.

Santos, F. C. & Pacheco, J. M. 2005. Scale-free networks provide a unifying
framework for the emergence of cooperation. Physical Review Letters, 95,
098104.

Santos, F. C. & Pacheco, J. M. 2011. Risk of collective failure provides an escape from
the tragedy of the commons. Proceedings of the National Academy of Sciences,
U.S.A., 108, 10421e10425.

Santos, F. C., Pacheco, J. M. & Skyrms, B. 2011. Co-evolution of pre-play signaling
and cooperation. Journal of Theoretical Biology, 274, 30e35.

Schino, G. 2001. Grooming, competition and social rank among female primates:
a meta-analysis. Animal Behaviour, 62, 265e271.

Schino, G. & Aureli, F. 2009. Reciprocal altruism in primates: partner choice,
cognition, and emotions. Advances in the Study of Behavior, 39, 45e69.

Schlag, K. H. 1998. Why imitate, and if so, how? A boundedly rational approach to
multi-armed bandits. Journal of Economic Theory, 78, 130e156.

Schwartz, B. L. & Evans, S. 2001. Episodic memory in primates. American Journal of
Primatology, 55, 71e85.

Shultz, S. & Dunbar, R. 2010. Encephalization is not a universal macroevolutionary
phenomenon in mammals but is associated with sociality. Proceedings of the
National Academy of Sciences, U.S.A., 107, 21582e21586.

Sigmund, K. 2010. The Calculus of Selfishness. Princeton, New Jersey: Princeton
University Press.

Silk, J. B. 2009. Nepotistic cooperation in non-human primate groups. Philosophical
Transactions of the Royal Society B, 364, 3243e3254.

Skyrms, B. 2004. The Stag Hunt and the Evolution of Social Structure. Cambridge:
Cambridge University Press.

Skyrms, B. 2010. Signals: Evolution, Learning, & Information. Oxford: Oxford
University Press.

Snowdon, C. T. & Cleveland, J. 1980. Individual recognition of contact calls by
pygmy marmosets. Animal Behaviour, 28, 717e727.

Souza, M. O., Pacheco, J. M. & Santos, F. C. 2009. Evolution of cooperation under
N-person snowdrift games. Journal of Theoretical Biology, 260, 581e588.

Stamps, J. A. 1991. Why evolutionary issues are reviving interest in proximate
behavioral mechanisms. American Zoologist, 31, 338e348.

Stevens, J. R. 2004. The selfish nature of generosity: harassment and food sharing in
primates. Proceedings of the Royal Society B, 271, 451e456.

Stevens, J. R. & Gilby, I. C. 2004. A conceptual framework for nonkin food sharing:
timing and currency of benefits. Animal Behaviour, 67, 603e614.

Stevens, J. R. & Hauser, M. D. 2004. Why be nice? Psychological constraints on the
evolution of cooperation. Trends in Cognitive Sciences, 8, 60e65.

Stevens, J. R. & Stephens, D. W. 2002. Food sharing: a model of manipulation by
harassment. Behavioral Ecology, 13, 393e400.

Stevens, J. R., Volstorf, J., Schooler, L. J. & Rieskamp, J. R. 2011. Forgetting
constrains the emergence of cooperative decision strategies. Frontiers in
Psychology, 1, 235, http://dx.doi.org/10.3389/fpsyg.2010.00235.

Sugden, R. 1986. The Economics of Rights, Co-operation and Welfare. Oxford:
Blackwell.

Swedell, L. 2011. African papionins: diversity of social organization and ecological
flexibility. In: Primates in Perspective (Ed. by C. J. Campbell, A. Fuentes,
K. C. MacKinnon, S. K. Bearder & R. M. Stumpf), pp. 241e277. New York: Oxford
University Press.

Szabó, G. & Fáth, G. 2007. Evolutionary games of graphs. Physics Reports, 446,
97e217.

Szabo, G., Szolnoki, A. & Vukov, J. 2009. Selection of dynamical rules in spatial
Prisoner’s Dilemma games. EPL (Europhysics Letters), 87, 18007.



J. Moreira et al. / Animal Behaviour 85 (2013) 233e239 239
Tiddi, B., Aureli, F., Polizzi di Sorrentino, E., Janson, C. H. & Schino, G. 2011.
Grooming for tolerance? Two mechanisms of exchange in wild tufted capuchin
monkeys. Behavioral Ecology, 22, 663e669.

Tomasello, M. & Call, J. 1997. Primate Cognition. New York: Oxford University Press.
Traulsen, A., Nowak, M. A. & Pacheco, J. M. 2006. Stochastic dynamics of invasion

and fixation. Physical Review E, 74, 011909.
Trivers, R. L. 1971. The evolution of reciprocal altruism. Quarterly Review of Biology,

46, 35e57.
Van Schaik, C., van Noordwijk, M., van Bragt, T. & Blankenstein, M. 1991. A pilot

study of the social correlates of levels of urinary cortisol, prolactin, and testos-
terone inwild long-tailedmacaques (Macaca fascicularis). Primates, 32, 345e356.

Van Schaik, C. P.1989. The ecology of social relationships amongst female primates.
In: Comparative Socioecology: the Behavioural Ecology of Humans and Other
Animals (Ed. by V. Standen & R. A. Foley), pp. 241e269. Oxford: Blackwell
Publishing.

Van Segbroeck, S., Pacheco, J. M., Lenaerts, T. & Santos, F. C. 2012. Emergence of
fairness in repeated group interactions. Physical Review Letters, 108, 158104.
Volstorf, J., Rieskamp, J. & Stevens, J. R. 2011. The good, the bad, and the rare:
memory for partners in social interactions. PLoS ONE, 6, e18945.

de Waal, F. B. M. 2000. Attitudinal reciprocity in food sharing among brown
capuchin monkeys. Animal Behaviour, 60, 253e261.

de Waal, F. B. M. & Brosnan, S. F. 2006. Simple and complex reciprocity in
primates. In: Cooperation in Primates and Humans: Evolution and Mechanisms
(Ed. by P. M. Kapeller & C. P. Van Schaik), pp. 85e106. Berlin: Springer.

de Waal, F. B. M. & Suchak, M. 2010. Prosocial primates: selfish and unselfish
motivations. Philosophical Transactions of the Royal Society B, 365, 2711e2722.

de Waal, F. B. M. & Yoshihara, D. 1983. Reconciliation and redirected affection in
rhesus monkeys. Behaviour, 85, 224e241.

Whiten, A., Byrne, R. W., Barton, R. A., Waterman, P. G., Henzi, S. P., Hawkes, K.,
Widdowson, E. M., Altmann, S. A., Milton, K. & Dunbar, R. I. M. 1991. Dietary
and foraging strategies of baboons [and discussion]. Philosophical Transactions
of the Royal Society B, 334, 187e197.

Zayan, R. 1994. Mental representations in the recognition of conspecific individuals.
Behavioural Processes, 33, 233e246.


	Individual memory and the emergence of cooperation
	Methods
	Prisoner's Dilemma
	Gradient of Selection
	Fixation Probabilities
	Evolutionary Dynamics in Large Populations

	Results and discussion
	Conclusions
	Acknowledgments
	References


