




Observations of New World monkeys support the prediction that male care

giving will be greatest when resource quality is greatest. That is, in New World

monkeys, male care giving only occurs when females give birth during the wet

season. Of course, this is not a sufficient condition for male care. Energetic costs for

females must be considerably greater than energetic costs for males if paternal care is

to evolve (in chapter 4 it was shown that this condition is satisfied in many New

World monkeys). The point is, that if female energetic costs are very much higher

than male energetic costs then seasonal birth peaks at times of resource abundance

enhance the opportunities for male care giving.

Male care giving in chacma baboons, which peaks during times of food

scarcity, appears to contradict the model. Anderson (1992) studied male care giving

in chacma baboons at the Suikerobsrand nature reserve in South Africa. These

baboons live in a harsh, mountainous and seasonal habitat. The severe environment

puts the baboons under high energetic stress, especially during the winter when food

is low in both quality and quantity. At these times resting metabolic rate is around

14% higher than expected. Furthermore, during the winter travel time increases

greatly and, given the mountainous terrain, locomotor costs are high. Given these

environmental constraints, it would be fair to surmise that this is a low quality,

highly seasonal habitat, where energetic costs are high. Male assistance in infant

transport and protection occurs in some, but by no means all, chacma baboon

populations. Levels of paternal care-giving in Anderson's study group are high, and

the advantages to females are clear. Male investment alone has greater influence on

improving survival rates and shortening inter-birth interval than any other factor. In

this case, male care appears to be a response to high female energetic costs in a poor

quality habitat. Anderson found that male carrying was greatest in the winter, and

when predation risk is high. Furthermore, males were more likely to carry the

heavier, more burdensome infants. In other words, males tailor their cooperation to

the times of greatest female need. Overall, the results of this study contradict our

expectations that male care will be greatest during times of resource abundance. It

seems that the severe winter conditions overwhelm all other considerations.

At this point it would be premature to draw any firm conclusions on the basis

of these models. The simulations themselves are fairly complex, involving 12

different strategy strings and variable pay-off matrices. However, in the real world,
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variation in resource quality has far reaching effects, which are considerably more

complex and inter-dependent than can be captured in these models. Controlled

experiments are required to investigate cooperative and competitive strategies when

pay-offs vary, as they do in the seasonal model. It has been suggested here that the

model may be particularly relevant in looking at paternal care in New World

monkeys, all of which live in highly seasonal habitats. Male care giving only occurs

in those species that give birth in the wet season. Males may be less able to afford the

costs of care giving when females give birth in the dry season. It is not clear why

females should give birth in the dry season at all, since this means that the

energetically costly lactation period coincides with the period of low resource

availability. It is suggested here that these females may be less able to conceive in

the dry season, although this hypothesis remains to be tested. The available literature

indicates that very little consideration has been given to the possible effects of

seasonality on male care giving or cooperation in general. The simulations discussed

in this chapter suggest that future research into the relationship between resource

quality, seasonality and cooperation would yield interesting results.
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CHAPTER 6

Cooperation and the Evolution of Human Social
Intelligence

6.1 Introduction

Previous chapters have emphasised the extent to which human societies are

similar to those of other animals, especially other primates. The social world of most

primates is complex, involving cooperative and competitive interactions between

individuals of different age, sex and rank. Yet, the structure of human social groups

involves larger numbers and types of cooperative relationships than are seen in any

other single primate group. Humans live in large multi-male, multi-female societies

which involve extensive cooperative networks. Within these groups, human males and

females form pair-bonds which are almost always formalised by marriage (Buss and

Schmitt 1989). The cooperative bonds between marriage partners differ in quality and

permanence across human societies. None the less, marriage is almost always

associated with a division of labour between husband and wife, and male investment

in his wife and her offspring. However, Deacon (1997) points out that male care

giving and pair bonding are extremely unlikely within the context of large multi-male,

multi-female societies because the opportunities for extra-pair matings are great.

This research has shown that in order to understand the evolution of such an

unusual social system, we need to consider how the energetic costs of reproduction

have changed for males and females over the course of human evolution. In this

section we will briefly review how changes in climate, sexual dimorphism, diet and

brain size may have led to profound changes in the energetic costs to Homo females

and how these changes may have led to changes in social structure. However, the

main purpose of this chapter is to show that the evolution of human cooperative

strategies must have been accompanied by the co-evolution of cognitive support

mechanisms. As we shall see, the development of cooperative relationships between

males and females in particular, may have placed special cognitive demands on our

hominid ancestors.
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6.1.1 The evolution of human social groups

In the previous chapter it was argued that the environmental context in which

animals exist effects the kinds of cooperative strategies that evolve. This suggests that

the climatic context of hominid evolution may yield important clues with regard to the

evolution of cooperative behaviour. While researchers differ in the extent to which

they regard climatic change during human evolution as important in shaping

speciation and extinction events (see, for example, Vrba 1988, Foley 1994), there is a

general consensus regarding the kinds of climatic changes that were involved. Homo

erectus almost certainly lived in a drier, more open habitat than the australopithecines

(Reed 1997; Ruff 1991), who appear to have lived in more closed, wooded

environments. The australopithecine skeleton exhibits a number of adaptations to a

partially arboreal lifestyle (Ruff 1991; Stern and Susman 1983) and is short and squat

when compared with a human skeleton, possibly reflecting adaptations to a wetter

environment. In contrast, the postcranial skeleton ofHomo erectus shows no arboreal

adaptations and is considerably taller and slimmer than that of the australopithecines.

Ruff(1991) argues that these body proportions indicate that Homo erectus lived in an

open, arid environment. Wheeler (1994) also argues that the body shape of Homo

erectus is a thermoregulatory adaptation. The larger, slimmer and taller Homo would

have been able to withstand greater heat stress, and would have been able to conserve

water better than its shorter, squatter ancestors.

There are a number of reasons to believe that the transition from a closed wet

habitat to open, dry conditions would have promoted an increase in cooperation.

Firstly, the models used in the previous chapter predict that cooperation is more likely

when resource quality is low. It follows, that the arid conditions in which Homo

erectus evolved would have selected for more cooperative strategies. Secondly, Aiello

and Dunbar (1993) point out that predation pressures tend to be greater in open

environments and that other primates, such as baboons, respond to this by increasing

group size. Aiello and Dunbar suggest that the move to more open habitats by early

Homo may have selected for larger group sizes, and intensified the need for

cooperative strategies that promote group cohesion. Thirdly, Hawkes et al. (1998;

pers. comm.) suggest that in a more arid environment there may be an increased

reliance on embedded food resources, such as tubers, that are difficult for young
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children to acquire for themselves. Food sharing, especially with young weanlings,

may have become an important part of the behavioural repertoire of Homo erectus.

Finally, the transition from the closed, wet environments of the australopithecines to

the open, dry habitats of early Homo also involved considerable skeletal adaptations,

including an increase in body size (McHenry 1992a, 1992b, 1996). While both males

and females increased in size, the change was most marked in females. McHenry

(1996) estimates that Australopithecus afarensis males were 50% bigger than

females. Homo erectus males were just 20% heavier than females, indicating an

important shift in the balance of energetic costs between the sexes. The increased

energetic load on females, in comparison to males, would have contributed to a

change in social behaviour involving more cooperation both between females and

between males and females.

In addition to changes in climate and postcranial anatomy, the other major

change during human evolution has been a three-fold increase in the size of the brain

(see figure 1.1). This has had important energetic implications (Aiello and Wheeler

1995; Aiello 1997). Because brain tissue is metabolically expensive, Aiello and

Wheeler argue that brain expansion must have involved a trade off with another

energetically expensive tissue: the gastrointestinal tract. This would only have been

possible if the changes in gut size were accompanied a change to a diet containing a

higher percentage of animal products which are less bulky, of higher quality and are

more easily digested than plant foods. The adaptive complex of an increase in brain

size and a reduction in gut size, mediated by a change to an animal-based diet, implies

a profound change in the energetic costs of reproduction for females. This is due to

the direct costs to the mother of providing enough energy to her infant for brain

growth (Foley and Lee 1991; Martin 1981, 1983, 1996). In addition, a change to a

diet with a high meat component requires that females provision their offspring until

they have gained the necessary skills to acquire meat for themselves (see discussion in

section 5.3.3; Aiello 1998). The dual loads of extensive food-sharing between mother

and offspring, and the training necessary for the offspring to find its own resources

would significantly increase the period of maternal investment beyond the weaning

period.

There were two main periods of brain size increase during hominid evolution.

The first occurred during the transition from australopithecines to early Homo. This
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period of brain expansion also coincided with changes in climate and body size and

taken together these factors are indicative of a considerable change in hominid

energetic and cooperative strategies. I believe that at the very least, Homo erectus

societies would have involved extensive cooperation between females. The second

period of brain expansion occurred from around 500,000 - 100,000 years ago. Brain

expansion during this time was exponential, indicating rapidly increasing female

energetic costs. In chapter 4 it was argued that the archaic Homo sapiens living

during this time must have lived in highly cooperative social groups in which male

provisioning played an important role. Skeletal evidence that Neandertal males led

more active lives and were more skeletally robust than females supports the

proposition that there was a sexual division of labour at this time (Ruff 1987). Thus, I

am proposing a two stage model of the evolution of human social organisation. The

first transition occurring between the australopithecines and Homo erectus, involving

increased female cooperation. The second occurring between 500,000 and 100,000

years ago and involving the addition of male care giving, the formation of pair bonds

and the sexual division of labour within the context of a wider cooperative network.

Possibly the most important cooperative endeavour in the hominids was the

provisioning of offspring, especially young weanlings. Cooperation in the care and

feeding of offspring is especially important in the callitrichids and social carnivores

because of the special difficulties faced by a weanling who does not have the

experience to capture its own food. Similarly, a shift to a meat-based diet or increased

reliance on embedded food items is likely to have selected for increased cooperation

in the hominids. Hawkes et al. (1997a, b, c, 1998) stress the importance of female

provisioning of offspring, especially by related females such as aunts and

grandmothers. They suggest that menopause and long post-menopausal life spans may

have evolved as part of such a cooperative strategy. This hypothesis is based on the

finding that senior post-menopausal Hadza women play an important role in

provisioning their daughter's offspring. The benefits of this are clear for the child, the

mother and the grandmother. With more provisioning the child would be expected to

have higher survival. The mother is relieved of some of the burden of providing food,

reducing her energetic stress and shortening her inter-birth interval. Finally, the

decreased mortality of the child and the increased fecundity of the mother equate to

higher inclusive fitness for the grandmother.
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Because of the changes in female energetic costs, it seems likely that increased

female cooperation would have evolved fairly early in the evolution of the Homo

genus. There may have been selection for menopause and increased post-reproductive

lifespans (Aiello 1998; in press) as well as other features such as concealed ovulation,

reproductive synchrony and increases in subcutaneous fat (Power and Aiello 1997;

Power et al. 1997; Stern and McClintock 1998; Turke 1984). However, paternal

investment may also have been important, especially if an increased meat component

to the diet is involved. There are a number of reasons why females may be unable to

provide meat for their offspring themselves. Firstly, hunting is an unpredictable

foraging strategy (Hawkes 1993; Hawkes et al. 1997a). Hunting may provide as many

calories per day on average as other foraging strategies. However, studies of modern

hunter-gatherers suggest that there is considerable day-to-day variation in hunting

returns, and on any given day there is a high chance of failure. Secondly, hunting

especially of large animals is incompatible with childcare. If hominid females were

pursuing a hunting strategy, than they must have been dependent on other females for

offspring care in their absence. Finally, hunting is an energetically costly activity (see

chapter 4) which may prohibit female participation due to the adverse affects that high

energy expenditure has on fertility (Bentley 1985). On the other hand, high daily

energetic costs on the part of human males appears to reflect a strategy of male

investment in females and their offspring.

It seems that climate change provoked changes in the energetic strategies of

our hominid ancestors. In response to escalating female energetic costs and

deteriorating environment quality, Homo spp. must have adopted a range of

cooperative strategies including increased female-female and male-female

cooperation. Unfortunately, cooperative behaviours do not leave a mark on the fossil

record. Yet, I believe that cooperation played such an important role in the evolution

of human society, that it has left a mark on the human mind. That is, humans appear

to have specially evolved cognitive mechanisms for managing a social world in which

balancing the benefits of cooperation, the temptations of cheating and avoiding

exploitation is of paramount importance. These cognitive adaptations are in

themselves evidence of the kinds of selective pressures that shaped hominid evolution.

Just as cooperative behaviours have their origins in non-human primates, so

do the cognitive support mechanisms for these behaviours. Thus, the next section will
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briefly review the primate basis of human cognition. This discussion will provide a

baseline for looking at human intelligence.

6.2 The Primate Basis of Human Cognition

Most primates live in social groups which contain individuals of different age,

sex, rank and kinship. As we have seen throughout this thesis, individuals within

groups cooperate and compete over a wide variety of different resources in a wide

variety of social situations. However, decisions about when to cooperate or compete

depend not only on the age, sex and rank of the two animals directly involved in a

situation, but the ages, sexes and ranks of their allies. In vervet monkeys, a fight

between two individuals is often followed by aggressive encounters between their

relatives (Cheney and Seyfarth 1990, 1992). Therefore, it is very important for each

animal to know who is related to who, and who is allied with whom (Cheney and

Seyfarth 1986). The evidence suggests that primates are well aware of the

relationships between other group members. Dasser (1988a, b) showed macaques

pictures of adult females and juveniles from their social group and found that they

could classify pictures based on relatedness. Cheney and Seyfarth (1990) used vocal

play-back experiments to show that when an infant screams, adults look to the infant's

mother for a response. Cheney and Seyfarth suggest (1992 p.142):

"in their social interactions monkeys do not simply associate some
individuals with others but instead classify relationships into types.
"Mother-offspring bonds" or "bonds between the members of family X"
are abstractions that allow different relationships to be compared with
one another...... the monkeys' ability to represent social relationships
has evolved because it offers the most accurate means of predicting the
behaviour ofothers."

In other words, monkeys appear to have a cognitive map of the social relationships

within their group which they use to predict the consequences of their social

interactions.

Apes may have a more sophisticated social intelligence than monkeys. De

Waal and Luttrell (1988) examined reciprocal altruism in monkeys and apes, and
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found an interesting difference. While monkeys would reciprocate cooperative acts,

they would not necessarily punish noncooperative behaviours. Apes, on the other

hand, not only reciprocate cooperation but they also appear to have a "system of

revenge" (de Waal 1996 p.157). That is, chimpanzees will punish those who have

opposed them. Even females will occasionally attack a dominant male that has failed

to support them during a confrontation. De Waal and Luttrell (1988) suggest that the

lack of revenge system in monkey groups may either reflect differences in cognition

or in social flexibility. The latter explanation may be the most likely. In species such as

macaques there is a strict dominance hierarchy, and retaliation for a wrong-doing may

be very costly. For instance, if a subordinate challenges a dominant animal, then he or

she is likely to face the aggression of the whole of the dominant animal's kin-group.

Chimpanzee groups tend to have a much looser dominance hierarchy than macaque

groups and chimpanzees may simply have more freedom to express their anger than a

macaque does. Subordinate macaques will sometimes attack the less-dominant

relative of the animal with which they had a confrontation. This suggests that it is

social rather than intellectual factors that prevent macaques from reciprocating nasty

as well as nice behaviours.

One area in which apes are almost certainly more advanced than monkeys is

theory of mind. The term 'theory of mind' refers to the ability to understand the

mental state of others (Premack and Woodruff 1978). An individual that has a theory

of mind is able to interpret and respond to the beliefs and desires of another

individual. Monkeys appear to be very good at recognising and reacting to different

social relationships and they attempt to manipulate the behaviour of others. However,

there is little evidence that monkeys are aware of, or attempt to influence, the mental

states of other animals (Cheney and Seyfarth 1990, 1992). Cheney and Seyfarth assert

that monkeys are unable to distinguish between their own state of mind, and the state

of mind of other animals. They are unable to recognise another animal's ignorance or

that another animal has knowledge that they do not have. This is reflected in the fact

that while monkeys use observation and trial-and-error to learn new tasks, they never

imitate or teach each other. Monkeys appear to find it very difficult to take on the role

of others in manipulative tasks. Furthermore, while monkeys almost certainly

experience emotions such as fear and grief, there is little evidence that they recognise

these emotions in others. Cheney and Seyfarth conclude that (1992 p.144) "monkeys
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do not know what they know and cannot reflect upon their knowledge, their emotions

or their beliefs."

The evidence that apes, especially chimpanzees, have a theory of mind is much

stronger than it is for monkeys. Premack and Woodruff (1978) conducted the first

experiments on chimpanzee theory of mind. They showed a chimpanzee a film of a

human unsuccessfully attempting to solve a problem. They then presented the

chimpanzee with several photographs, one of which showed the solution to the

problem. Chimpanzees were found to be quite good at selecting the appropriate

solution, indicating that they had understood the problem from the human's point of

view. Other 'seeing and knowing' experiments indicate that chimpanzees understand

that different individuals have different states of mind (Premack 1988). The

experimental set-up involves two trainers and a chimpanzee. A piece of food is

hidden, and the chimpanzee is able to observe that one of the trainers sees the food

being hidden, while the other is prevented from doing so (this trainer was either

excluded from the room, hidden behind a screen or had a bag over his or her head).

The chimpanzee must then choose one of the trainers. Premack found that the

chimpanzees recognised which humans were knowledgeable about the whereabouts of

the food, and which were ignorant. In other words, the monkeys were able to

understand that the two trainers had different states of mind. Povinelli et al. (1990)

conducted a similar series of tests on chimpanzees, and reached the same conclusion.

However, Povinelli (1994) later reanalysed the data and found that in the first trial,

the success rate of the animals was no better than would have been achieved by

chance. This indicates, that chimpanzees may have learnt to succeed in the test

through associative learning, rather than by understanding mental states.

The extent to which chimpanzees and other apes possess a theory of mind

remains a point of considerable debate. However, there is less doubt that there are

differences between monkeys and apes in their abilities to attribute mental states to

others. These differences have been demonstrated in a test by Povinelli et al. (1992a,

b) who set rhesus monkeys and chimpanzees a cooperative task involving a special

apparatus with several handles. Two individuals are required to work the apparatus

successfully: one individual can see which handle to pull in order to deliver food to

both animals but is unable to operate it; the other cannot see which handle is

appropriate but can reach all the handles. Pairs of rhesus monkeys and pairs of
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chimpanzees were taught to operate the machine successfully. The individual roles

within the pairs were then switched, so that viewers became pullers and visa versa.

Here the cognitive differences between monkeys and chimpanzees became apparent.

Each monkey had to be trained from scratch in their new role. However, the

chimpanzees were able to assume their new roles without training. It seems that the

chimpanzees were able to imagine themselves in the other role and behave

appropriately, although Byrne (1995) questions the extent to which this requires an

understanding of the mental state of another animal.

Byrne and Whiten (1992) collated anecdotal evidence of deception in

primates. They found that most cases of deception in monkeys could be explained

without attributing theory of mind to the perpetrator. However, there were instances

of deception in the apes which were difficult to explain without attributing some

knowledge of mental states to the performer. As an example, consider the following

anecdote reported by Savage-Rumbaugh (1980). The scenario concerns two male

chimpanzees, Austin and Sherman. Sherman would often bully Austin, but Austin

discovered that Sherman was afraid of noises from outside their sleeping quarters.

Thereafter, whenever Sherman became overly aggressive Austin would run outside

and make a commotion and then return indoors, whimpering. Austin's pretence at

being scared was successful, and Sherman would invariably respond with panic,

looking to Austin for comfort. Byrne and Whiten (1992) argue that it is more

parsimonious to conclude that Austin was aware of and was manipulating Sherman's

view of the world, than to try to explain such a scenario simply by reference to

learned behaviours.

There are two possible advantages of having a theory of mind. Firstly, theory

of mind increases an individual's ability to manipulate the state of mind of other

animals. For this reason, theory of mind is often associated with 'Machiavellian'

intelligence (Byrne and Whiten 1988; Whiten and Byrne 1997) and the most

convincing demonstrations of theory of mind involve deception. However, theory of

mind may also enhance an individual's opportunities for cooperation since it allows a

better assessment of another individual's intentions, whether cooperative or

exploitative (Byrne and Whiten 1997b). It is of prime importance for cooperators to

be able to identify fellow cooperators and to avoid individuals who might exploit

them. The extent to which theory of mind is relevant to cooperative interactions in
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non-human primates is unknown, principally because it is much harder to observe

theory of mind at work in a cooperative, as opposed to a deceptive, context.

The preceding discussion indicates that haplorhine primates have evolved

special mental abilities for negotiating the social world, although these abilities may

differ between monkeys and apes. Therefore, we should expect that there will be parts

of the brain that are specifically adapted for social problem-solving. Dunbar (1992,

1993) argues that social intelligence is located primarily in the neocortex and that the

larger, and more complex the social world, the larger the neocortex that is required

(see section 1.1.2). To support this, Dunbar (1993) shows that the size of the

neocortex, relative to the size of the rest of the brain (the neocortex ratio), is closely

correlated with group size (Dunbar 1993). Furthermore, neocortex ratio is also

related to the use of tactical deception (Byrne 1996).

The 'social intelligence hypothesis' suggests that managing social relationships

IS a considerable cognitive challenge. For this reason primates have evolved a

sophisticated social intelligence with which to negotiate the social world. This is not

to deny the importance of ecological problems in shaping the primate brain.

Frugivores, for instance, appear to have larger brains than folivores, due to the greater

difficulties in locating fiuit compared with leaves (Barton 1996; Clutton-Brock and

Harvey 1980). Tool use may also contribute to cognitive differences between apes

and monkeys (Byrne 1997; Parker and Gibson 1979; Tomasello and Call 1994; see

also discussion in section 1.1.2). The point is, that social intelligence is a very

important aspect of primate cognition and appears to be limited by brain size, or more

specifically neocortex size. Not only has the human brain expanded three-fold over the

course of human evolution, but the neocortex in particular is considerably larger than

would be expected. In fact, the human neocortex is around 200% larger than would

be expected for a primate of our body size (Deacon 1997). Under these

circumstances, we should not be surprised that social intelligence may also have

played an important role in the evolution of the human brain.
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6.3 The Evolution of Human Cognition

"We need an explanation for why we are moral. How did our moral rules
evolve? Having evolved, why do they survive? The theory of repeated
games has contributed enormously to our understanding of these
questions. If moral rules did not exist, game theorists would have to
invent them in order to shift society from equilibria with bad properties
to equilibria with good ones."

(Binmore et al. 1993a p.5)

Cooperation is a fundamental aspect of human behaviour. In fact part of the

appeal of models such as the Prisoner's Dilemma, and concepts such as reciprocal

altruism, is that they describe a social situation which most of us find ourselves in

every day. As has been shown in this research, there are many possible outcomes to

the repeated Prisoner's Dilemma game. Reciprocal altruism is by no means the only

solution. Moreover, when pay-offs vary then cooperation is actually very hard to

achieve (section 5.4). None the less, reciprocal altruism is part and parcel of human

life. Binmore comments (1990 p.24):

"Those who live in New York may not agree, but to a considerable extent
people tell the truth, keep their word, respect property rights, and help old
ladies across the road. Why do they behave this way?"

Why do humans cooperate? It is unlikely that humans become reciprocal

altruists through some process of rational deduction, in the sense used by game

theorists (Binmore 1993). The social world is so complex that it is impossible to have

complete information about the problem at hand and thus to calculate the possible

consequences of different actions, or the rationality and motivation of other

individuals. Even in experimental situations in which it is possible to acquire complete

information, Binmore (1993) reports that subjects use 'rules of thumb' or notions of

'fairness' to make strategic decisions, rather than a logical process of deduction. This

leads Binmore (1993; Binmore et al. 1993a,b), to suggest that humans have in-built

rules, or morals, that help us to achieve good solutions, such as reciprocal altruism.

The advantage of game theory, is that it helps assess what these 'good solutions'

might be.
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Binmore (1991) suggests that social rules, or morals, may be hard-wired

directly into our minds and behaviour, but that in humans they are more likely to be

socially transmitted. Because the calculations required to assess the appropriate action

in a given situation are complex, and vary from one situation to the next, it would be

very difficult to imagine how appropriate rules could be hard-wired into our genetic

code by evolutionary processes. None the less, in this section it will be shown how

biological (as well as social) evolution has equipped us with the mental apparatus

required for solving social problems specifically related to cooperation. Theory of

mind. for instance, may have evolved for exactly this purpose. We will return to the

question of social versus biological conditioning at the end of this section. First, this

section examine why cooperation may have become so important in human societies.

We will then examine the kinds of cognitive mechanisms required to support this

cooperation.

Cashdan (1985) views reciprocity as a kind of insurance against lean times. By

sharing resources, especially food items, there is less risk that on any given day

someone will go hungry. Cashdan (1985) found that amongst the Nata, sharing of

food items, especially grains, increased during the poorest parts of the season. This

observation accords well with the prediction that cooperation is most likely when

resource quality is low (see section 5.3). Cashdan (1980) points out that food-sharing

is particularly important in hunter-gatherer groups whose lifestyle prevents the long­

term storage of food items. This type of cooperative relationship is a kind of

'generalised' exchange (Sahlins 1972). Food is given and received by many different

members of a community, and is not restricted to directly reciprocal exchanges

between two individuals. In fact, Sahlins comments that interactions over food are

explicitly non-reciprocal (1972 p.215):

"direct and equivalent returns for food are unseemly in most social
settings: they impugn the motives both of the giver and of the recipient."

There is, however, a fundamental flaw in this food-sharing strategy. A system of

generalised exchange is open to exploitation by 'freeloaders' who can take the

benefits of sharing without paying the costs (Smith 1988). Smith argues that the only

way to prevent cheating is if the system is supported by mechanisms for monitoring

271



and punishing freeloaders. As we shall see, the ability to detect cheats and identify

cooperators appears to be a part of our evolved psychology.

The view that food-sharing is not reciprocal may be false. This is because

reciprocity is difficult to distinguish from unconditional altruism unless it is disrupted

in some way. An example of this is provided by Dwyer and Minnegal (1997) who

studied the sharing of sago flour in a village in lowland Papua New Guinea. By

custom, village residents (land-owners) share sago flour with 'guests' who may

remain in the village for several years. At first sight, the guests would appear to be

freeloaders, since in the short-term they do not return the favour. However, over the

course of several years villages are disbanded, and reformed on new land. This means

that former residents become guests in a new community and former guests may re­

claim previously owned land. Dwyer and Minnegal (1992) hypothesised that in the

long term the sharing of sago flour was reciprocated. However, the most convincing

support for this hypothesis only emerged when the community they had been

researching met with unusual circumstances (Dwyer and Minnegal 1997). Usually a

village will dissolve within a few years, however, by 1995 this particular community

had remained stable for nine years. Dwyer and Minnegal found that under these new

circumstances cooperation between residents and guests was severely diminished.

They conclude that (1997 p.89): "once the potential for reciprocation was lost the

"sago game" broke down."

The advantages of food-sharing extend beyond the immediate nutritional

benefits identified by Cashdan. Sahlins (1972) points out that food sharing is a way of

establishing and maintaining good social relationships. Equally, not sharing food may

damage previously good relationships. He notes (1972 p.215):

''Food dealings are a delicate barometer, a ritual statement as it were, of
social relations, and food is thus employed instrumentally as a starting, a
sustaining, or a destroying mechanism of sociability."

Human cooperative relationships are multidimensional. Humans create a vast web of

cooperative relationships, each of which supports the others. Failure to cooperate in

one circumstance may lead to the breakdown of cooperation in many other

circumstances. The models presented in the previous chapter (section 5.4) showed

that the high temptation to cheat when resource quality is high can destroy what
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would otherwise have been a cooperative relationship. In humans it is very important

to resist the short-term temptation to cheat, in order to preserve longer-term

cooperation. This point is emphasised by Palmer (1991) who studied information

sharing among Maine lobstermen. The lobstermen sometimes exchange information

regarding the location of good fishing sites. This information is clearly highly

beneficial to the recipient, and is costly to the giver, since it will lead to a depletion

the stock of fish available to him. Palmer found that while kin selection and reciprocal

altruism explain some of the situations in which individuals either exchanged or

withheld information, the rules of reciprocation were more strongly mediated by the

costs of deceit. Palmer explains that the consequences of deceit may have severe

effects on other aspects of an individual's social relationships, beyond the fishing

context (1991 p.231):

"the consequences of secrecy and deceit may go far beyond the economic
loss of future information exchanges..... Blatant lies and selfish secrecy,
even if economically advantageous, are likely to be incompatible with the
diplomacy needed in such social environments .... Southern Harbor
lobstermen have a high percentage of competitors who are also friends
and neighbours."

Palmer provides us with the following example (1991 p.232):

"I have observed one lobsterman's brother helping another lobsterman's
neighbour's son find a job, while another lobsterman repairs a different
lobsterman's cousin's car. Such interactions may involve people beyond
the local community, and may influence interactions of individuals who
have never met either of the two lobstermen."

In many instances humans cooperate because they understand that not doing so

could lead to the break-down of other cooperative relationships. By foregoing the

short-term benefits of cheating, it is possible to harvest the long term benefits of

cooperation. The pervasiveness of cooperation in human societies is quite striking. In

fact, sometimes humans are almost "irrationally" cooperative. In experimental games

in which there is no chance that an individual who chooses the highest paying,

deceptive strategy will be discovered, human subjects are still likely to cooperate

(Caporael et al. 1989; Frank 1988; Frank et al. 1993). For example, Frank (1988)
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conducted an experiment in which wallets containing money and personal papers were

left lying around in the street for passers-by to find. People who found the wallets

could keep the money without being found out. None the less, 45% of the wallets

were returned by post.

The pervasive cooperation that is so typical of human societies is a puzzle.

Although cooperation is a good strategy in the long term, in the short term it requires

foregoing immediate benefits. Ainslie (1975) has shown that in many instances people

are more attracted to short term benefits that are certain, compared with long term

benefits that may be uncertain. This is because of a factor known as the 'matching

law' (Ainslie 1975). Ainslie conducted the following two experiments. In the first,

subjects were offered either $100 in 28 days time, or $120 in 31 days times. Most

subjects chose the second option. In the second experiment, subjects were offered

either $100 today, or $120 in three days time. This time, even though the amounts

and days apart were the same as in the first experiment, most subjects chose the

immediate pay-off of $100. The subjects were obeying the matching law, whereby the

attractiveness of the reward is inversely related to its delay. The matching law explains

why, for instance, dieting or giving up smoking is so difficult. The short term rewards

of a chocolate bar or cigarette often appear more attractive than the long term

benefits of resistance. According to the matching law, people will always be attracted

by the short term benefits of cheating, compared with the long term, less certain,

benefits of cooperation. How, then, do humans manage to maintain cooperative

relationships?

Humans vary in cooperative and deceptive tendencies. Tests for

'Machiavellian' intelligence are designed to reveal how manipulative people are

(Wilson et al. 1996, 1998)1. People who score highly on these tests (high-Machs), are

more deceptive in nature compared with those who gain low scores (low-Machs).

Wilson et al. (1996) argue that high-Machs use more deceptive strategies in social

situations, and compare them to defectors in the Prisoner's Dilemma game. Low­

Mach individuals tend to use nicer social strategies, following a rule similar to TIT-

1 These tests assume that Machiavellian intelligence refers only to those aspects of intelligence that
are involved with manipulation or deception. However, in some instances Machiavellian intelligence
may also refer to cooperative aspects of cognition (see, for example, Byrne and Whiten 1988 and
Whiten and Byrne 1997).
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FOR-TAT. These different strategies were demonstrated by Harrel and Hartnagel

(1976) who conducted an experiment in which subjects were given the opportunity to

steal in the presence of a supervisor. The supervisor was portrayed as being either

distrustful or trusting. The behaviour of people who were rated as high-Machs was

unaffected by the disposition of the supervisor. The majority of high-Machs (more

than 800/0) stole from the supervisor in both situations. However, the behaviour of the

low-Machs was very different depending on how trustful the supervisor was perceived

to be. While the majority of low-Machs (more than 80%) stole from the distrustful

supervisor. only 24% of them stole from the trusting supervisor. Wilson et al.

comment that (1996 p.290):

"Low-Machs seem to be guided by a tit-for-tat strategy in which the
distrustfulness of the supervisor is perceived as an act of defection which
calls for overt retaliation."

High-Machs, by contrast, will defect whenever there is an opportunity. Moreover,

high-Machs are perceived by others as social charmers. High-Machs are judged to be

more attractive and intelligent than other people, and perform well in bargaining and

alliance-forming situations. Christie and Geis (1970 p.339) comment that:

"high Machs are preferred as partners, chosen and identified as leaders,
judged as more persuasive, and appear to direct the tone and content of
interaction - and usually the outcome."

Because high-Machs are socially attractive, their manipulative tendencies may

be difficult to identify, especially in the short term. Wilson et al. (1998) conducted an

experiment that was designed to uncover the 'real' motivations ofhigh-Machs that are

usually well disguised. Subjects were asked to write fantasy stories and the main

characters in these stories were then judged by other subjects. Wilson et al. report

that low-Mach authors created characters that were trustworthy, cooperative and

helpful. In sharp contrast, high-Mach authors created characters that were selfish,

uncaring, judgmental, untrustworthy, aggressive, undependable and suspicious. Not

surprisingly, most people felt that they would prefer a character created by a low­

Mach, rather than a high-Mach author as a social partner.
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The preceding discussion presents us with the following paradox. The

matching law suggests that it is always more attractive to cheat in the short term than

cooperate in the long term. Furthermore, human society contains people that are both

socially attractive and manipulative (i.e. high-Machs) and are likely to exploit

cooperators. But despite this, cooperation is pervasive throughout human societies.

How then, do cooperators overcome the short-term temptation to defect?

Furthermore, how do cooperators guard against exploitation? In the following

discussion I argue that a whole range of cognitive mechanisms have evolved as

scaffolding for cooperative strategies, these include: a) inhibition mechanisms; b)

emotional constructs such as guilt, trust, anger and honour; c) cheat detection

mechanisms; and d) social intelligence including theory ofmind.

Humans appear to be able to inhibit cheating behaviours. That is, faced with a

situation in which cheating is not only possible, but highly advantageous, many people

will resist the temptation. Of course, this is not true of everyone, as we have already

seen people vary in their tendency to be cooperative. But even high-Machs will

commonly find themselves in situations in which it is advantageous to inhibit cheating.

Deacon (1997) suggests that the prefrontal cortex is extremely important in inhibiting

behavioural responses. The greatly expanded human prefrontal cortex stops us from

literately doing the first thing that comes into our minds. Other animals have much

smaller prefrontal cortex's for their body size, and are very poor at inhibiting

behaviour responses. For example, Savage-Rumbaugh and Lewin (1994) discuss an

experiment involving a language-trained bonobo, Kanzi, who had to choose between

two piles of sweets, one of which was larger than the other. Whichever pile Kanzi

chose was given to another bonobo. Kanzi himself was given the pile of sweets which

he did not choose, and so it was to his advantage to choose the smaller pile. However,

no matter how many times the test was repeated Kanzi always chose the larger pile.

The look of disappointment on Kanzi' s face when the larger pile was then given to the

other animal indicates that Kanzi was not being altruistic! Rather, Kanzi was simply

unable to inhibit his immediate attraction to the larger pile of sweets.

The greatly expanded human prefrontal cortex may be involved in inhibiting

the desire to cheat in cooperative contexts. Interestingly, inhibition may also be

involved in the development of language, symbolism (Deacon 1997) and sexual

strategies (Bjorklund and Kipp 1996) although such a discussion is tangential to the
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immediate concerns of this chapter. However, while Deacon (1997) stresses the

importance of inhibition in helping us to 'stop and think' about our actions, it is not

clear that inhibition alone would be enough to stimulate a cooperative response.

According to the matching law, short-term considerations tend to outweigh long term

benefits. Frank (1988) argues that cooperation is far more likely to be established if

cheating bears short-term costs and cooperation short-term benefits. That is, humans

need short-term incentives to cooperate. Frank argues that we have an emotional

system which fulfils exactly this requirement. In simple terms, cooperation makes us

feel good and deception makes us feel bad. Frank provides the following example

(1988 p.53 his italics):

"Consider, for example, a person capable of strong guilt feelings. This
person will not cheat even when it is in her material interests to do so.
The reason is not that she fears getting caught but that she simply does
not want to cheat. Here aversion to feelings of guilt effectively alters the
payoffs she faces."

The point is, that most people suffer from a guilty conscience if they deceive

someone else. If cheating makes us feel bad, then this may be enough to ensure that in

most instances we will refrain. On the other hand, giving gifts, returning a lost wallet,

giving to charity and sharing a meal are all actions that make us feel good.

Furthermore, these types of acts establish an individual's reputation as a cooperator

(Frank 1988 p.82):

"It is often prudent to refrain from cheating, as the tit-for-tat and
reciprocal altruism theories have ably demonstrated. On such occasions,
there will be advantage in being able to suppress the impulse to cheat.
We can thus imagine a population in which people with consciences fare
better than those without. The people who lack them would cheat less
often if they could, but they simply have greater difficulty solving the
self-control problem. People who have them, by contrast, are able to
acquire good reputations and cooperate successfully with others of like
disposition."

If you are a cooperator, it is important to gain a reputation as such in order to

attract other cooperators with whom to interact. In fact, Roberts (1998) describes a

scenario in which individuals compete for cooperative partners by being altruistic.

Roberts calls this 'competitive altruism' and describes altruism as a handicap (after
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Zahavi 1977). The handicap principal provides an explanation for traits that are

seemingly maladaptive, such as the peacock's tail. These traits indicate that the bearer

of the trait is of such high quality that they can afford to send out very costly signals.

By extension. an altruist who performs an act, such as giving blood, is sending out the

signal "look at me: I am so willing to cooperate that I will even given my blood to a

total stranger." It is important to understand that humans do not cooperate because

they wish to establish a good repuation, or because they feel guilt if they cheat

(Binmore 1990). Rather, because cooperation is a good strategy in situations like the

Prisoner's Dilemma, the desire to establish a good reputation and guilt have evolved

to ensure that this good strategy is executed.

Frank argues that a person who cooperates, even when it would pay them to

be selfish and defect, unconsciously develops verbal and facial signals of their

willingness to cooperate. For example, an individual who blushes or stammers when

they think they have done something wrong sends a clear signal that they are

conscientious. Thus, even if we have not observed a person cooperate or cheat, we

may able to judge their character by other means. Frank points out that there are

numerous cues to another person's feelings (Frank 1988 p.8):

"Posture, the rate of respiration, the pitch and timbre of the voice,
perspiration, facial muscle tone and expression, and movement of the
eyes, are among the signals we can read. We quickly surmise, for
example, that someone with clenched jaws and a purple face is enraged,
even when we do not know what, exactly, may have triggered his anger.
And we apparently know, even if we cannot articulate, how a forced
smile differs from one that is heartfelt."

Humans appear to be very good at interpreting these signals. Frank et al. (1993)

found that when human subjects are given half an hour to get to know each other,

their ability to predict which people will defect and which will cooperate in the

Prisoner's Dilemma is much better than would be expected by chance. The way we

speak, our body language, our facial expressions and our behaviour signal our

cooperative tendencies to others. But, by signalling their willingness to cooperate,

altruists are very vulnerable. Selfish individuals will be easily able to identify

cooperators and may exploit them. If these exploiters are able to mimic cooperators,
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then it may be very difficult to avoid them. Therefore, cooperators must also have a

defence system.

Exploiters are more likely to be found outside of a group, than within it.

Individuals within a group interact with each other on a daily basis, and are able to

assess each others cooperativeness by their behaviour. Because the chances of

interacting again are high, cooperation is more likely to develop. In the first instance,

therefore, we tend to expect individuals within our own group to be cooperative. On

the other hand, Sahlins (1972) notes that reactions to strangers are often negative, and

that altruistic relationships are unlikely to emerge. This is because it is easier to

exploit a stranger who has not had the opportunity to witness past encounters and

may not have the opportunity in the future to punish any misdemeanours (Dugatkin

and Wilson 1991). This reasoning suggests that it is very important to recognise and

cooperate with individuals from within your group. A feeling of group belonging,

even on the most superficial grounds, substantially enhances cooperation in

experimental games (Caporael et al.1989). For example, Taijfel (1970; see also

Taijfel and Billig 1974) randomly assigned subjects into two groups, on the pretext

that they were divided on the basis of a task (e.g. whether they had over- or under­

estimated the numbers of dots in a display). Even though none of the subjects ever

met each other, they still behaved preferentially towards other members of their own

group. If group members are allowed to interact then cooperation increases even

more. In experimental situations discussion between individuals can increase the

incidence of cooperation to nearly 100%, even when there is no possibility of cheating

being detected (Caporael et al. 1989).

Language itself may be a very interesting facilitator of cooperation. Dunbar

(1993; see also Aiello and Dunbar 1993) argues that language in humans serves the

same function as grooming does in primates, that is language is used to establish and

maintain social relationships. The advantage of language, over grooming, is that it is

much more efficient, since it is possible to talk to many people at one time and talk to

more people over a period of time. Dunbar argues that language may have evolved

first as a sort of 'vocal grooming' through which social cohesion could be maintained

within large groups. Furthermore, dialects may help us to identify individuals with

whom we wish to cooperate (Nettle and Dunbar 1997). Because dialects are difficult

to fake, they provide a reliable indicator of social origin. Thus, even in large groups,
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language and dialect make it possible to establish and maintain cooperative

relationships.

By selectively interacting with group members it is possible to establish

cooperative relationships within social groups. None the less, even within groups it is

important for cooperators to be able to identify potential cheats. Tooby and Cosmides

(1992: Cosmides 1989) believe that over the course of evolution the human mind has

evolved mechanisms specifically for cheat detection. They show that while humans are

very poor at solving abstract problems, they are very good at solving social problems

particularly those that involve identifying cheats. Similarly, Mealey et al. (1996) found

that people are better at remembering the faces of people they perceive to be potential

cheats, compared with faces that are judged to be neutral or trustworthy.

Binmore (1990; see also Binmore et al. 1991) points out that in

cooperative/competitive situations, it is important to be able to assess the strategies of

others in order to determine which strategy is best for oneself In order to do this, it is

necessary to see the situation from the other person's view point. This requires theory

of mind. In the previous section it was argued that apes may have some theory of

mind abilities. The apes are capable of more elaborate deceptive tactics than monkeys,

and Byrne and Whiten (1992) suggest that theory of mind plays an important role in

this. While there is still considerable debate as to the extent to which apes have theory

of mind, there is no doubt that most humans have theory of mind abilities that surpass

those of both apes and monkeys (Dunbar 1996; Frith 1989; Happe 1994). Most

humans acquire a theory of mind at around 3-4 years of age. Most adults regularly use

this ability to see the world from another individual's point of view. Clearly, theory of

mind could greatly enhance an individual's ability to assess the motivations of others.

This would be useful for high-Machs who wish to deceive gullible low-Machs, and

low-Machs who need to be able to identify and avoid exploitative individuals.

Furthermore, theory of mind may play an important role in purely cooperative

exchanges. For example, Davis notes that when exchanging gifts it is very important

to assess the needs and desires of the other person and to provide a gift of appropriate

value (1992 p.ll):
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'"'We expect that givers put themselves in our shoes, and they should try
to calculate our utility. It is not a matter of calculating the true or
objective value, but of imagining someone else's evaluation: in jargon, it
involves inter-subjectivity."

In other words, providing gifts requires a theory of mind.

This discussion indicates that many different cognitive mechanisms have

evolved to help humans deal with a complex social world. Emotions, inhibition

mechanisms, language and dialects, predispositions towards members of one's own

group, cheat detection mechanisms and theory of mind may all be parts of human

social intelligence. Some of these processes, such as theory of mind and inhibition, are

biological characteristics that have been shaped by biological evolution. Other

processes, such as in-group favorouitism, the tendency to be manipulative, or feeling

guilty following deception, may be more strongly controlled by the social

environment. In most cases, it is likely that both evolutionary and social forces shape

cooperative and competitive behaviours.

The point is, that evolution has armed our minds with the skills required to

solve the problem of when to cooperate, and when to cheat. These skills may have

evolved as an evolutionary arms race between high-Machs (who need to seek out

gullible cooperators) and low-Machs (who need to seek out fellow cooperators while

defending themselves against exploiters). Indeed Trivers (1971) suggests that the

expansion of the human brain may have been the result of a cognitive arms race

fuelled by the evolution of cooperation. But, as we have already seen, other primates

live in a "complex social world", and also have sophisticated social intelligence. Why,

then, do human cooperative relationships require this extra cognitive support? Many

of the elements that have contributed to the evolution of human cooperation have

already been discussed. Hominid evolution occurred in an arid environment, in the

context of increased dependency on animal based products and escalating female

energetic costs. This research has shown that all of these factors have contributed to

the evolution of cooperation in humans, and thus the evolution of human social

intelligence. However, I believe that it was the evolution of cooperation between

males and females in particular, that placed the greatest cognitive demands on our

hominid ancestors. This reasons for this will become clear in the next section.
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6.4 The Mental Battle of the Sexes

In the previous section is was shown that people differ in their cooperative and

manipulative tendencies. Because of this, it was argued that the necessities of

assessing the social strategies of others has driven many different aspects of human

intelligence. If this is the case, it implies that there are features of the human social

world that are more complex than the social worlds of other primates, including the

chimpanzee. Dunbar (1993) argues that the greater complexity of human social lives

is due to the large size of human social groups. Humans require a more advanced

social intelligence simply to keep track of large numbers of different social

relationships. However, many New World monkeys live in groups as large as, or

larger than, those of humans and do not appear to require larger brains in order to

keep track of other group members. More importantly, it is not clear why a greater

quantity of social relationships would select for specific cognitive devices such as

theory of mind. It seems more likely that different types of social relationships will

impose different cognitive demands. For instance, the rules "always cooperate with

sisters" or "always defect against strangers" may be very effective without requiring

sophisticated mental processes. In contrast, the rule "only cooperate with non­

relatives if they cooperated with you in the past over a resource of similar value" may

require rather more sophisticated mental processes to employ successfully.

Which types of social relationships are the most cognitively demanding?

Barber and Raffiled (unpublished text, cited in Wilson et al. 1996) looked at different

types of social relationships in order to assess how manipulative they tend to be. They

found that female-female interactions were the least manipulative and that male-male

interactions tended to be highly manipulative. Most interestingly, manipulative

behaviour by both sexes was greatest during male-female interactions. This suggests

that inter-sex interactions may be more cognitively demanding than same sex

interactions. This section explores why this should be, and examines some of the

mental mechanisms that may have evolved in order to support inter-sex relationships.

I have argued in this thesis that the sexual division of labour, whereby males

provide animal food for females and their offspring, evolved as a response to high

female energetic costs (compared with male energetic costs). That is, male
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provisioning is a paternal care strategy. Hawkes (1990, 1991, 1993, see also Hawkes

et al. 1991) argues that large animal hunting by males is not a paternal care strategy at

all. Rather, it is a method of intra-sexual competition, whereby successful hunters hope

to gain status and attract mates (Hawkes 1993 p.341):

"If those who provide public goods [large game] are listened to and
watched more closely than others and favored as neighbors and
associates, they have a larger, readier pool ofpotential allies and mates."

Hawkes and her co-workers argue that among the Hadza the purpose of

hunting is to attract females. This hypothesis is based on their analysis of Hadza

foraging strategies. Among the Hadza, hunting large game benefits the group as a

whole by providing more calories per head than other hunting or foraging strategies.

But, at an individual level it is a risky strategy because the likelihood of catching an

animal on any given day is very low. The problem is that big game hunting is

unpredictable. Among the Hadza, big game hunting yields average returns of 4.9 kg

per day. However, as a group, hunters killed or scavenged only one large animal every

four days, and each individual hunter could only expect to take one large animal per

month (Hawkes et al. 1991). Hawkes et al. argue that other foraging strategies such

as pursuing small game or gathering plant products would provide more reliable

returns than big game hunting. They point out that men appear to target resources

that are widely shared (Hawkes 1991, 1993; Hawkes et al. 1991). For instance, while

Ache men gain about 1,340 kcallhr through hunting large animals and gathering honey

only 13% of these food sources provision their own family (Hawkes 1993). In

contrast, Ache women earn about 1,220 kcallhr gathering plant foods but around 48%

is consumed by their own family. Since men seem to pursue large game at the expense

of more reliable foraging strategies, Hawkes et al. conclude that the purpose of

hunting is to "show off" to potential mates.

Hill and Kaplan (1994) disagree with Hawkes and colleagues. They argue that

among the Ache large game hunting is a very successful foraging strategy. Because

meat is widely shared Ache men contribute greater than 85% of the total caloric

intake of the group (Hill et al. 1987). Hill and Kaplan emphasise the nutritional

benefits of large game hunting, and stress its importance as part of a network of

reciprocal relationships which may also involve sexual access. In contrast, Hawkes
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and her co-workers play down the nutritional benefits of big game hunting, stressing

that meat is an unpredictable, and thus unreliable resource. However, it is difficult to

understand why hunting would be a good way of "showing off" your value as a mate,

if meat was not a resource desired by females. Riches explicitly links meat, prestige

and mating success in Northwest Coast Indian societies, arguing (1984, p.240):

"hunters who claim prestige competitively advance their superiority as
food suppliers. Since the provisioning of food - and especially the meat of
'prestigious' big game - reflects the complementarity of male and female
tasks, the reason for which hunters promote prestige values is, I argue, to
distinguish themselves as especially desirable partners in marriage."

It seems clear that in some societies, such as those described by Hawkes and

Riches, hunting is a good mate-attraction strategy. In these societies, males tend to

devote little time to direct child care (e.g. holding, playing and carrying),

concentrating their efforts on hunting (Hurtado and Hill 1992). Draper and

Harpending (1988, see also Draper 1989) refer to these groups as 'father absent' and

point out that among hunter-gatherers they are most common in rich, stable

environments. Other hunter-gatherer groups which are 'father present' tend to be

found in harsher, highly seasonal or less stable habitats. An example of a father­

present society is the Hiwi of Southwestern Venezuela (Hurtado and Hill 1992).

These people live in an environment in which food availability is low, and malnutrition

is a considerable risk. Male provisioning is an important determinant of child mortality

among the Hiwi, and during the poor season males provide around 90% of the food

items consumed. Hiwi males participate in other aspects of child care, such as holding

and monitoring, in addition to their provisioning activities. Other populations in which

paternal investment appears to be high are the Iflaluk (Betzig and Turke 1992) and

the Aka pygmies (Hewlett 1992).

Hurtado and Hill (1992) compared the social systems of the Hiwi and the

Ache and concluded that both mating and paternal investment are important aspects

of male reproductive strategies. Whether males choose to be show-offs (or Cads in

Dawkins' (1989) terminology) or provisioners (Dads) depends upon the

socioecological context. If the opportunities for extra-pair matings are great, then it

pays for males to invest more time and energy in attracting mates. On the other hand,

under harsh environmental conditions male investment may be essential in order to
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insure offspring survival. It is interesting to note, in this context, that the models

presented in the previous chapter would also predict that paternal care is most likely

in poorer and/or more seasonal habitats.

The literature on male mating strategies seems to suggest that each human

group can be characterised by a single male strategy, whether Cad or Dad (see, for

example Draper 1989: Draper and Harpending 1988; Hawkes 1990, 1991, 1993;

Hawkes et al. 1991; Hewlett 1992; Hurtado and Hill 1992). However, it is likely that

both Cads and Dads will be found within single populations. For instance, Bleige Bird

and Bird (1997) have found the presence of both male strategies among the Merriam

of the Torres Strait. A large part of the Merriam diet is made up of turtle meat, and

turtle hunting is carried out all year round. During the turtle's feeding and mating

season turtle hunting can be risky and expensive, involving (Bleige Bird and Bird

1997 p.54): "long travel times, high speed pursuits in motorised craft and dangerous

hand-capture methods." Only a few, usually young, males participate in these hunts

and the fiuits of their labour are widely shared during feasts, rather than being used

for household consumption. During the nesting season the energetic costs of hunting

and the risks involved are low, since turtles are easy to find and capture. During this

season the majority of the turtle meat is shared only with close neighbours for

household consumption. Bleige Bird and Bird conclude that two different

reproductive strategies are practised by the Merriam men, which are associated with

age and marital status. Young, unmarried men engage in high-risk hunting from which

they gain very little nutritional reward, but great social status through their generous

distribution of the meat. Married men, on the other hand, concentrate on low risk

hunting through which they can provide meat for their family and closest neighbours.

Males, therefore, appear to hunt for two rather different reasons: showing off

(the Cad strategy) or provisioning (the Dad strategy). Some males may follow one or

other strategy for the whole of their lives. Other males may switch strategies

depending on age, status and opportunity. These two hunting strategies correspond

with the two sexual strategies identified by Buss and Schmitt (1993, see also Buss

1989). Buss and Schmitt describe males as either short-term strategists, who pursue

short-term relationships with the aim of mating with as many females as possible, or

alternatively, as long term strategists who invest heavily in a single female with a view

to long-term, exclusive mating access. Both long-term and short-term strategies have
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costs and benefits (Buss and Schmitt 1993), and both strategies may be practised by a

single male at different life stages.

In the previous section it was argued that the presence of low-Machs and

high-Machs in the same population creates complex social conundrums. Similarly, the

presence of two male strategies presents complex reproductive scenarios for both

sexes (Buss 1989: Buss and Schmitt 1993). Male short-term strategists require the

social skills to deceive females into believing they are willing to provide resources in

the long-term. A female who mates with a short-term strategist faces high costs, since

there will be little investment from the male and she may deter other potential long­

term strategists. Thus, females require the skills necessary to identify and avoid male

Cads. On the other hand, the ideal scenario for a female may be to mate with a short­

term strategist (for his 'good genes') but to form a long-term relationship with a long­

term strategist (for his investment). This in tum presents a problem for male long-term

strategists who must avoid being cuckolded, a strong possibility in a large, mixed sex

group. For both males and females it is important to be able to identify the real

motivations of potential mates. Just as humans appear to have evolved psychological

mechanisms for dealing with cooperative relationships in general, we also appear to

have mental processes designed specifically for our interactions with members of the

opposite sex.

Both males and females appear to have evolved mate preferences which reflect

sex differences in mating strategies. Buss (1989) in a study spanning 37 different

cultures, found that females consistently prefer males who possess traits associated

with high resource acquisition potential. That is, females seek those males who will

best be able to invest in themselves and their offspring. Males, on the other hand, tend

to seek females who possess attributes, such as youth, that signal high fertility.

However, Buss and Schmitt (1993) found that when males were divided into short­

term and long-term strategists there were some telling differences. Short-term

strategists rated physical attractiveness as a more desirable trait in a mate than long­

term strategists did. Furthermore, short-term strategists rated previous sexual

experience as a positive trait. In contrast, long term strategists rated commitment,

faithfulness and sexual loyalty as very important traits in potential partners.

The deceptive tactics employed during courtship appear to have evolved to

exploit the sexual strategies of others. Males attempt to persuade females of their

286



resource acquisition potential, while females seek to enhance features that indicate

fertility. Tooke and Camire (1991) found that in inter-sexual interactions male

deceptive tactics include feigned commitment, sincerity, trust and resource acquisition

ability. Female deceptive tactics focus on physical appearance, particularly those

aspects linked to youth. Tooke and Camire describe female deception as passive, in

contrast to the active attempts at deception performed by males. This is not to imply

that all male reproductive strategies involve deception. It is to the advantage of males

who wish to enter into long term partnerships to advertise their intentions honestly.

Hirsch and Paul (1996a,b) asked male subjects to rate different male courtship

behaviours as either honest or deceitful and as pursuing a long-term or a short term

mate. Strategies used to pursue long-term relationships were judged to be honest.

These included interacting with friends and family on dates, talking about plans and

goals, discussing children and wanting a friendship before embarking on a sexual

relationship. Particularly important was the amount of time, energy and money

invested in the relationship. Hirsch and Paul argue that high investment is an honest

signal of a man's commitment to the relationship. In contrast, behaviours attributed to

short term strategists were judged to be manipulative, exploitative and threatening.

Hirsch and Paul (1996b) point out that when males are pursuing a long-term

strategy then the interests of males and females are congruent. However, when males

pursue a short-term strategy, the interests of males and females are likely to be

diametrically opposed. Thus, it is particularly important for females to be able to

detect deception in males. Tooke and Camire suggest that over the course of

evolution male deception tactics and female detection abilities have co-evolved (1991

p.361):

"As deceptive self-presentation by males in ancestral environments
became a more and more successful strategy for obtaining copulations, it
is reasonable to assume that it was countered by an increase in the ability
of females to detect increasingly more subtle verbal and non-verbal cues
correlated with male deception."

While female success at detecting the true intentions of males is mixed (Tooke

and Camire 1991), several lines of evidence suggest strong selection for detection

mechanisms in females. Females are consistently better than males at picking up on

non-verbal cues associated with deception (Tooke and Camire 1991). Females are

287



also better than males at verbal tasks (Kimura 1993). In the face recognition tests,

discussed in the previous section, Mealey et al. (1996) found that females were

particularly good at remembering the faces of low-status threatening males and high­

status trustworthy males. Females in this experiment may be picking out males that

they perceive to be short-term or long-term strategists. Overall, these observations

suggest that females may be better than males at using verbal and non-verbal

behaviour to ascertain motivations.

Tooke and Camire (1991) suggest that females may have better theory of

mind abilities than males. They assert that the ability to accurately appraise another

person's intentions may be particularly important to females during mixed sex

interactions. While there is no clear evidence that females do have superior theory of

mind ability, females are more likely than males to take another person's view during

interactions (Tooke and Camire 1991). However, theory of mind would clearly also

be advantageous to males during inter-sexual interactions. Male Cads need to be able

to identify gullible females, while Dads need to be able to assess the potential fertility

and faithfulness of prospective mates. At the bottom line, the consequences of failing

to accurately determine the intentions of a prospective mate could be dire for long­

term strategists of both sexes: Male Dads could end up investing in another male's

offspring; females who mate with Cads could be stranded with minimal investment

from the male and with diminished prospects of attracting a long-term mate. It would

seem difficult to underestimate the usefulness of theory of mind when choosing a

mate.

In conclusion, there is considerable variation in the sexual strategies used by

males and females both between and within populations. Male hunting strategies may

serve two rather different purposes: provisioning or mate-competition. Similarly, male

mating strategies may be categorised as seeking 'quality' or 'quantity'. When mixed

sexual strategies are present within a population, it is very important for individuals to

be able to identify the true intentions of others. This is especially true when pair­

bonding occurs within groups containing many other adults ofboth sexes, as it does in

humans. Avoiding mate desertion and ensuring paternity certainty are considerable

problems for females and males respectively. For these reasons, interactions between

males and females may be the most cognitive1y challenging of all. Failure to

successfully manage these relationships may have more disastrous consequences in
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terms of reproductive success, than failure in relationships with individuals of the

same sex. I proposed earlier that male provisioning would have become an important

aspect of human social organisation between 500,000 and 100,000 years ago. If this is

true, then the 'mental battle of the sexes' would also have taken place at this time. As

brain size began to increase, and the energetic costs of reproduction for females

increased, then so began the co-evolution of mate attraction strategies, deceptive

strategies, detection techniques and theory of mind. These abilities in themselves may

have also selected for increasing brain size creating a feedback loop between these

different processes.
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6.5 Concluding Remarks

This thesis has demonstrated the usefulness of game theory in investigating the

evolution of social groups in humans and other animals. It has also shown the

importance of recognising that individuals differ in their motivations due to

differences in characteristics such as age, sex and status. It is these differences that

create the complex behaviours that we see in the living world. This research has

focused on just one of these differences: sex. It has shown that we should expect

males and females to differ in their cooperative and competitive strategies, both with

their own sex and in their interactions with the opposite sex. This is because the

energetic cost of producing offspring differs for males and females. It has also been

shown that the evolution of paternal care can be understood as part of this

cooperative framework. That is, when the energetic cost of reproduction for the

female greatly exceeds that for the male, then male care giving may evolve.

In seeking to understand the evolution ofany animal society, it is vital to study

male and female anatomy, biology, behaviour and cognition not as individual entities

but in terms of how they relate to each other. This research has shown that this

approach can be constructive in studying the evolution of hominid social groups. In

the transition from the australopithecines to early Homo there were likely to have

been profound changes in hominid social structure due to changes in the relationship

between male and female energetic costs of reproduction. Female energetic costs are

predicted to have increased, compared with male energetic costs, due to changes in

body size dimorphism, brain size and diet. To compensate for these elevated female

costs, it is proposed that at this time there was an increase in female cooperation. An

increase in male cooperation is likely to have occurred between 500,000 to 100,000

years ago due to further increases in female energetic costs related to an exponential

increase in brain size. This suggests that the social groups of archaic Homo sapiens

involved male care giving, the formation of pair bonds and the sexual division of

labour. In this final chapter it has been proposed that this new social structure would

have presented new cognitive challenges to both sexes. Future research in this area

should yield interesting results.
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APPENDICES

The following appendices provide the computer codes for the models used in this

thesis. All the programs were written in C, and compiled using the Borland Turbo

C++ compiler. An outline is given for each program in English. These oulines are not

comprehensive, but serve as a basic guide to the programs.

Each program has several parts: (1) A main program which manages the flow of the

code; (2) a definitions file (e.g. dilemdef.h) which defines basic structures and

variables; (3) one or more calls files (e.g. dilcalls.h) which activiates all the sub-

routines.
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Appendix 1: Control Program (1)
~---~-

Almendix 1: Control Program

A1.1. Basic Outline

start
user sets cost of reproduction (RC)
set run counter = 0

While run counter < 30 do this:
{

Generate 650 agents at random, where each agent has
- 1 strategy string
- score = 0

set generation counter = 0
set offspring counter =0

While generation counter < 20,000 do this:
{

while offspring counter < 650 do this:
{

Basic outline

1. Pick two agents at random
2. These agents play 100 games of the Prisoner's

Dilemma according to their strategy strings. Each
game is scored according to the Prisoner'd Dilemma
pay-off matrix. Points gained are added to each
agent's score

3. Pick two new agents at random
4. If each agent has enough points to reproduce (RC)

they reproduce by crossover and mutation of their
strategy stri ngs
Two new offspring are added to a separate offspring
RC is subtracted from each player's score
The offspring counter is increased by +2

}

Replace adult population with offspring
Set offspring counter =0
Set all scores = 0
Generation counter is increased by +1

}

Collate and print results
run counter is increased by +1

}

End
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Appendix 1: Control Pro~am (1)
~ ---

A1.2. Main program

#include <stdio.h>
#include <stdlib.h>
#include <time.h>
#include "dildef1.h"
#include "dilcaIl1.h"

int size;

main(int argc, char *argv[])
{

size = atoi(argv[1]);

Main program

r population size (= 650) */

Agents *adults = (Agents *) calloc(size, sizeof(Agents»; /*create arrays of agents & offspring */
Agents *offspring = (Agents *) calloc(size, sizeof(Agents»;
Sumstrat *stratarray = (Sumstrat *) calloc(RUN, stzeotrsumstran):
Avgscore *avgarray = (Avgscore *) calloc(RUN, sizeof(Avgscore»; /*to calculate results

*/

*/

check_arrays(adults, offspring, stratarray, avgarray);

int rescount = 0;

int gen = 1;
int reprocost;
int end;
int i,j;
int offno = 0;
int run = O·,
int a =O·,
int lasta = 0;

float average = 0;
int avgcount =0;

float stratsummary[STRATSIZE];

srand(time(NULL»;

user(&reprocost, &end);

while (run < RUN)
{

printf("\nRUN %d: ", run);
init_adults(adults, size);

while (gen <= end)
{

while (offno < size)
{

i = 1+ (randO%(size-1»;
do{

j = 1+ (randO%(size-1»;
} while U==i);

average += dilemma(adults, i, j);

/* check memory space */

/* results conter */

/* generation counter */
r cost of reproduction, RC */
/* no. generations to run (= 20000) */
/* general counters */
/* offspring counter */
/* run number */
r to keep track of results */

r records strategies used */

/* seed random number generator*/

r set parameters */

/* initialise results files */

r RUN = 30 */

r start of a new run */
r generate adult strategies at random*/

/* start of new generation */

r pick pairs at random to interact */

/* play Prisoner's Dilemma
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~pel/diX 1: Control Program (1)

avgcount +=2;

i = 1+ (randO%(size-1»;

do{
j = 1+ (randO%(size-1»;

} while G==i);

Main program

/* and calculate results */

r pick pairs at random to reproduce */

r Have the agents gained enough points to reproduce? */
if «adults[i].score >= reprocost) && (adultsU).score >= reprocost)
{

}

reproduction(adults, i, j, offspring, offno);
adults[i].score -= reprocost;
adultsO).score -= reprocost;
offno += 2',

}
}

r record results every ten generations */
if «gen ==1) II (gen%50 == 0»
{

avgarray[run].avg[a] = (float) average/avgcount;
a++',
countmoves(adults, stratarray, size, run);
rescount++;

}

if (gen% 1000 == 0)
printf('GEN %d, ", gen);

average= 0;
avgcount = 0;
swap(adults, offspring, size);
offno = 0;
gen++;

/* reproduction */
/* Players score decreased by RC

r increase offspring counter */

/* reset values */

/* end of run, print results */

for (i=0; i < STRATSIZE; i++)
{

stratarray[run].strat[i] = (float) stratarray[run].strat[i] / rescount;
}
printstratsum(stratarray, run);

}

run++;
rescount = 0;
lasta = a;
a =O',
gen = 1;

}

printavg(avgarray, run, lasta);
return (0);

/* reset values */
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A1.3. Definitions [dildef1.h}

#define STRATSIZE 22
#define LASTROUND 100
#define RUN 30

struct agents {
int strategy[STRATSIZE];
int score;
};

typedef struct agents Agents;

struct avgscore{
float avg[500];

};
typedef struct avgscore Avgscore;

struct sumstrat{
long float strat[STRATSIZE];

};
typedef struct sumstrat Sumstrat;

dildefl.h

/* Length of Strategy string (21 +1) */
r Number of rounds of PD */
/* Number of runs

/* for playing Pris. dilem. */
/* tally of score */

r For results */

r For results */
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A1.4. Functions [dilcaIl1.h]

/* Function prototypes */

dilca1l1.h

void check_arrays(Agents *A, Agents *off, Sumstrat *strat, Avgscore *avg);
void init_adults(Agents *adults, int size);
void user(int *cost, int *Iast);
float dilemma(Agents *player, int one, int two);
int score(int p1, int p2);
void reproduction (Agents *parents, int male, int female, Agents *child, int childno);
void swap(Agents *parents, Agents *children, int size);
void countmoves(Agents *chromosome, Sumstrat *sum, int size, int run);
void printavg(Avgscore *adults, int lastrun, int gencount);
void printstratsum(Sumstrat *strat, int run);
void init_files(void);

II check_arrays: Check that there is enough memory for the arrays
void check_arrays(Agents *A, Agents *off, Sumstrat *strat, Avgscore *avg)
{

if (A == NULL){
printf("Error allocating memory for adults\n");
exit(1 );

}

if (off == NULL){
printf("Error allocating memory for offspring\n");
exit(1 );

}
if (strat == NULL){

printf("Error allocating memory for strategy array\n");
exit(1 );

}

if (avg == NULL){
printf("Error allocating memory for average array\n");
exit(1);

}
}

/* init_adults: intialise adults */
void init adults(Agents *adults, int size)
{

int i, j;

adults[i].strategyU] = randO%2;

for(i=1; i < size; i++)
{

for 0=1; j < STRATSIZE; j++)
{

}

adults[i].score = 0;
}

}

r init_files: open results files */
void init files(void)
{

FILE *avgptr;

/*randomly fill array with 1sand Os*/

/* initial score = 0 */

r files to store results */
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FILE *stratptr;

stratptr = fopen("sumstrat.dat","w");
avgptr = fopen("average.dat", "W") ;

fclose(stratptr) ;
fclose(avgptr);

}

dilcall1,h

r user: asks user for variables i.e. cost of reproduction, number of generations */
void user( int *cost, int *Iast)
{

printf("\nEXPERIMENT ONE\n");
printf("\n\nPlease enter the cost of reproduction:\n");
scanf("%d", cost);
printf("\nHow many generations would you like to run?\n");
scanf("%d", last);

}

1* dilemma: playing the Prisoner's Dilemma "t
/* Note: 'round two' and 'score ref are game templates which indicate to the players which
position on their strategy array they should refer to for their next move. ego In the score ref
array: position 1 = mymove; position 2 = my opponents move; position3 = my move on
previous round; position 4 = opponents move in previous round. 1 = cooperation, °=
defection . Position 5 tells me where to look on my strategy array for my next move, position
6 tells my opponent where to look on its array.*/

float dilemma(Agents *player, int one, int two)
{

int round = 1;
int moves[4] = {a}; r records last two moves of each agent */
int roundtwo[4][4] = {{1 ,0,2,3},{O,1,3,2},{1,1,4,4},{0,0,5,5}};
int scoreref(16][6] = {{1,1,1,1,6,6}, {0,1,1,1,7,8}, {1,O,1,1,8,7}, {1,1,0,1,9,10},

{1 ,1,1,0,1 O,9},{1,1,O,O,11,11}, {0,0,1 ,1,12,12}, {1,0,0,1,13, 14},
{0,1,1 ,0,14,13}, {O,1 ,0,1,15, 16},{1 ,0,1,0,16,15}, {1,O,O,0, 17,18},
{O,1,O,O,18, 17}, {O,O,1 ,0,19,20}, {O,O,O,1,20,19}, {O,O,O,O,21 ,21}};

int i;

int initscore1 = player[one].score;
int initscore2 = player[two].score;

float addavg = 0;

/* take first turn */
/* agents refer to first position in their strategy array */

r initial scores */

/* for results */

if (round == 1)
{

moves[O] = player[one].strategy[1];
moves[1] = player[two].strategy[1];
player[one].score += score(moves[O], moves[1]); /* Add points won to scores */
player[two].score += score(moves[1], moves[O]);
moves[2] = moves[O];
moves[3] = moves[1];
round++;

}

297



).,ppendtx 1: Control Program (J) dilcallJ.h

r Round 2 */
r Previous moves are compared to 'roundtwo' reference array to determine behviour
in this round */

if (round == 2)
{

for(i=O; i <=3; i++)
{

if«roundtwo[i][O] == moves[2]) && (roundtwo[i][1] == moves[3]»
{

moves[O] = player[one].strategy[(roundtwo[i][2])];
moves[1] = player[two].strategy[(roundtwo[i][3])];
break;

}
}

player[one].score += score(moves[O], moves[1]); /* Add points won to scores */
player[two].score += score(moves[1], moves[O]);
round++;

}

/* All other rounds */
/* The moves made by each player in the last two rounds are compared to
the scoreref reference array to determine behaviour in the current round*/

for (round = 3; round <= LASTROUND; round++)
{

for 0=0; i <=15; i++)
{

if«scoreref[i][O] == moves[O]) && (scoreref[i][1] == moves[1]) &&
(scoreref[i][2] == moves[2]) && (scoreref[i][3] == moves[3]»

{
moves[2] = moves[O];
moves[3] = moves[1];
moves[O] = player[one].strategy[(scoreref[i][4])];
moves[1] = player[two].strategy[(scoreref[i][5])];
break;

}
}

player[one].score += score(moves[O], moves[1]);
player[two].score += score(moves[1], moves[O]);

}

r calculate average socre per player per game, and retum value to main program */
addavg = «float)(player[one].score - initscore1)/LASTROUND);
addavg +=«float)(player[two].score - initscore2)/LASTROUND);

retum addavg;
}

/* score: calculate scores */
int score(int p1, int p2)
{

int addscore = 0;

if «p1 == 1) && (p2 == 1»
{

addscore = 3;

/* both cooperate */
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}

if «p1 == 1) && (p2 == 0»

{
addscore = 0; /*0*/

}

if «p1 == 0) && (p2 == 1»
{

addscore = 5; /*5*/
}

if «p1 == 0) && (p2 == 0»
{

addscore =1;
}

return (addscore);
}

dilca1l1.h

/* P1 cooperates, opponent does not.
P1 receives suckers payoff */

r P1 defects, its opponent coops */

/* both defect */

/* Reproduction */
/* Two agents cross their startegy codes to create two new offspring.*/
/* There is a small chance of mutation */

void reproduction (Agents *parents, int male, int female, Agents *child, int childno)
{

int crossno = 0;
int c,i;
int mutate;

crossno = randO%STRATSIZE; r randomly select crossover point */
for(c=1; c <=crossno; c++)
{

child[childno].strategy[c] = parents[male].strategy[c]; /* crossover */
child[childno+1 ].strategy[c] = parents[female].strategy[c];

}

for(c= crossno+1; c < STRATSIZE; c++)
{

child[childno].strategy[c] = parents[female].strategy[c];
child[childno+1 ].strategy[c] = parents[male].strategy[c];

}

if (randO% 10000 <= 2)
{

mutate = (1+ randO%21);
if (child[childno].strategy[mutate] == 0)

{ child[childno].strategy[mutate] = 1; }
else

{ child[childno].strategy[mutate] = 0; }
}

if (randO%10000 <= 2)
{

mutate = (1+ randO%21);
if (child[childno+1 ].strategy[mutate] == 0)

/* mutation?? */
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{ child[childno+1 ].strategy[mutate] = 1; }
else

{ child[childno+1].strategy[mutate] = 0; }
}

}

1* Swap: Replace parent generation with offspring */
1* When enough offspring have been created to replace the parent generation,
then offspring become the new adults */

void swap(Agents *parents, Agents *children, int size)
{

int i,j;

for(i=1; i< size; i++)
{

for(j=1; j < STRATSIZE; j++)
{

parents[i].strategy[j] = children[i].strategy[j];
}
parents[i].score = 0;

}
}

dilcallJ.h

/* Countrnoves: Calculates the percentage of agents cooperating for each gene in the
strategy array */
void countmoves(Agents *chromosome, Sumstrat *sum, int size, int run)
{

float onecount = 0;
int i,j;

for(i=O; i < STRATSIZE; i++)
{

for(j = 0; j < size; j++)
{

if(chromosome[j].strategy[i] == 1)
{ onecount++;}

}
onecount = «onecount/size)*100);
sum[run].strat[i] += onecount;
onecount = 0;

}
}

/* Printavg: Records the average scores in results files */
void printavg(Avgscore *adults, int lastrun, int gencount)
{

FILE *avgptr;

int i=O;
int run = 0;

if«avgptr = fopen("average.dat", "a"» == NULL)
printf("the average male file cannot be opened\n");

else
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for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
fprintf(avgptr, " %.2f,", adults[run].avg[i]);

fprintf(avgptr, "\n");
}

fclose(avgptr);
}

dilca1l1.h

/* Printstratsum: Records the %cooperate alleles at each locus on the strategy string
*/
void printstratsum(Sumstrat *strat, int run)
{

FILE *stratptr;

int i;

if«stratptr = fopen("sumstrat.dat", "a"» == NULL)
printf("file cannot be opened");
else
{

for (i=0; i < STRATSIZE; i++)
fprintf(stratptr, " %.2f,", strat[run].strat[i]);

}
fprintf(stratptr, "\n");

fclose(stratptr);

}
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AQpendix 2: Model 1 (The Prisoner's Dilemma in a Mixed Sex
Environment

A2.1. Basic Ouline

start
user sets cost of reproduction for males (MRC) and females (FRC)
set run counter =°
While run counter < 30 do this:
{

Generate 650 agents at random, where each agent has
- sex (M/F)
- 4 strategy strings
- score = 0

set generation counter = 0
set offspring counter =°
While generation counter < 20,000 do this:
{

while offspring counter < 650 do this:
{

1. Pick two agents at random
2. These agents play 100 games of the Prisoner's

Dilemma according to their strategy strings. The
strategy strings used depend on the sex of each
player. Each game is scored according to the
Prisoner's Dilemma pay-off matrix. Points gained are
added to the each agent's score

3. Pick two new agents at random
4. If the agents are of opposite sex, and each agent has

enough points to reproduce (FRC or MRC) they
reproduce by crossover and mutation of their strategy
strings
Two new offspring are added to a separate offspring
FRC is subtracted from the female's score, and MRC
is subtracted from the male's score
The offspring counter is increased by +2

}
Replace adult population with offspring
Set offspring counter = °
Set all scores = °
Generation counter is increased by +1

}
Collate and print results
run counter is increased by +1

}

End

302



,fppendix 2: Modell
~- ._-

A2.2. Main program

#include <stdio.h>
#include <stdlib.h>
#include <time.h>
#include "dildef2.h"
#include "dilcaI2.h"

int size;

main(int argc, char *argv[])
{

size =atoi(argv[1]);

int rcmale, rcfemale;
int end;
int i,j;
user(&rcmale, &rcfemale, &end);
int run =O·,

Main program

1/ reads size from command line

1/ costs of reproduction, set by user
1/ no. generations to run (= 20,000)

1/ user sets parameters

II Define variables for adults, offspring and results. 'Agents' are the basic type, and each
II agent has four strategy strings corresponding to the four interaction types 1: male-male
112: male-female interactions, 3: female-female, 4: female-male. The results arrays

record
II strategies and average scores per game.

Agents *adults =(Agents *) calloc(size, sizeof(Agents»;
Agents *offspring = (Agents *) calloc(size, sizeof(Agents»;
Strategy *malemale = (Strategy *) calloc(size, sizeot(Strateqyj):
Strategy *offmalemale =(Strategy *) calloc(size, slzeoftstrateqyj):
Strategy *malefem = (Strategy *) calloc(size, sizeof(Strategy»;
Strategy *offmalefem = (Strategy *) calloc(size, sizeof(Strategy»;
Strategy *femfem = (Strategy *) calloc(size, sizeof(Strategy»;
Strategy *offfemfem =(Strategy *) calloc(size, sizeof'(Strateqyj);
Strategy *femmale = (Strategy *) calloc(size, sizeof(Strategy»;
Strategy *offfemmale = (Strategy *) calloc(size, slzeoftatrateqyj);
Sumstrat *stratmm = (Sumstrat *) calloc(RUN, sizeof(Sumstrat»;
Sumstrat *stratmf =(Sumstrat *) calloc(RUN, sizeoftaurnstratj):
Sumstrat *stratff =(Sumstrat *) calloc(RUN, sizeof(Sumstrat»;
Sumstrat *stratfm =(Sumstrat *) calloc(RUN, sizeot(Sumstratj):
Avgscore *avgmm =(Avgscore *) calloc(RUN, sizeof(Avgscore»;
Avgscore *avgmf =(Avgscore *) calloc(RUN, sizeof(Avgscore»;
Avgscore *avgff =(Avgscore *) calloc(RUN, sizeof(Avgscore»;
Avgscore *avgfm =(Avgscore *) calloc(RUN, sizeof(Avgscore»;
Avgscore *males = (Avgscore *) calloc(RUN, sizeof(Avgscore»;
Avgscore *females =(Avgscore *) calloc(RUN, sizeof(Avgscore»;

check_arrays(adults, malemale, offmalemale, malefem, offmalefem, II check memory space
avgmm, avgmf, males, stratmm, stratmf);

check_arrays(offspring, femfem, offfemfem, femmale, offfemmale,
avgff, avgfm, females, stratff, stratfm);

int gen = 1;
int offno = 0;
int reproflag = 0;
int rescount = 0;
int a =0;
int lasta;

II generation counter

II reproduce when set to 1
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float avgarray[6] = {O};
mm int avgcount[6] = {O};
init_filesO;

srand(time(NULL»;

Main program

II avg. results array:
/I O:males 1: females 2:

/I 3: mf, 4: ff, 5: fm
/I initialise results files

/I seed random number generator

while (run < RUN) /I start new run
{

printf("\nRUN %d..... ", run);
init_adults(adults, size); /I initialise agents
init_strategies(malemale, malefem, femfem, femmale, size);

while (gen <= end)
{

while (offno < size)
{

i = randO%size;
do{

j = randO%size;
} while U==i);

/I start of new generation

/I pick pairs at random to interact

prisdilem(adults, malemale, malefem, femfem, femmale, i,j, avgarray,
avgcount);

i = randO%size;
do{
j = randO%size;

} while U==i);

/I pick pair at random to reproduce

/I test if different sex, and have enough points, if 'yes' then reproflag = 1
/I reproduction involves crossover and mutation of all 4 strategy strings

reproflag = repro_test(adults,i,j, rcmale, rcfemale);
if (reproflag == 1)
{

reproduction(malemale, offmalemale, i, j, offno);
reproduction(malefem, offmalefem, i, j, offno);
reproduction(femfem, offfemfem, i, j, offno);
reproduction(femmale, offfemmale, i, j, offno);
reproflag = 0;
offno += 2;

}
}

if «gen ==1) II (gen%40 == 0»
{

for(i=O; i < 6; i++)
{

avgarray[i] = (float) avgarray[i]/avgcount[i];
}
males[run].avg[a] = avgarray[O];
females[run].avg[a] = avgarray[1];
avgmm[run].avg[a] = avgarray[2];
avgmf[run].avg[a] = avgarray[3);
avgff[run].avg[a) = avgarray[4);
avgfm[run).avg[a) = avgarray[5);

/I record average scores
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a++',

countmoves(malemale, stratmm, size, run);
countmoves(malefem, stratmf, size, run);
countmoves(femfem, stratff, size, run);
countmoves(femmale, stratfm, size, run);
rescount++;

}

if (gen% 100 == 0)
{

printf("Gen%d, ", gen);
}

gen++;
swap(malemale, offmalemale, size);
swap(malefem, offmalefem, size);
swap(femfem, offfemfem, size);
swap(femmale, offfemmale, size);
init_newgen(adults, size);
offno = O·,

for (i=O; i < 6; i++)
{

avgarray[i] = 0;
avgcount[i] = 0;

}
}

Main program

II examine strategies

II offspring become new generation

II calculate % alleles at each locus over entire simulation
for(i=O; i < STRATSIZE; i++)
{

stratmm[run].strat[i] = (float) stratmm[run].strat[i] I rescount;
stratmf(run].strat[i] = (float) stratmf[run].strat[i] I rescount;
stratffIrun].strat[i] = (float) stratff[run].strat[i] I rescount;
stratfm[run].strat[i] = (float) stratfm[run].strat[i] I rescount;

}

}

printstratsum(stratmm, stratmf, stratff, stratfm, run);

run++;
rescount = 0;
lasta = a;
a =O',
gen = 1;

II print strategies

II reset variables

II all 30 runs complete
II print averages

printavg(males, females, avgmm, avgmf, avgff, avgfm, run, lasta);

return (0);

}
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A2.3. Definitions [dildef2.h)

#define STRATSIZE 21
#define LASTROUND 100
#define RUN 30

struct agents{
int score;
int sex;

};
typedef struct agents Agents;

struct strategy{
int strat[STRATSIZE];

};
typedef struct strategy Strategy;

struct avgscore{
float avg[600];

};
typedef struct avgscore Avgscore;

struct sumstrat{
long float strat[STRATSIZE];

};
typedef struct sumstrat Sumstrat;

dildef2.h

//100 rounds of prisoners dilemma per game
II number of runs

110= male, 1 =female
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A2.4. Functions [dilcaI2.h)

dilca1l2.h

void check_arrays(Agents *A, Strategy *S1, Strategy *S2, Strategy *S3, Strategy *S4, avgscore
*AS1,Avgscore *AS2, Avgscore *AS3, Sumstrat *SS1, Sumstrat *SS2);

void user(int *mcost, int *fcost, int *Iast);
void init_adults(Agents *players, int popsize);
void init_newgen(Agents *players, int popsize);
void init_strategies(Strategy *boyboy, Strategy *boygirt, Strategy *girtgirl, Strategy *girlboy,

int popsize);
void prisdilem(Agents *adults, Strategy *malemale, Strategy *malefem, Strategy *femfem,

Strategy *femmale, int i,int j, float average[], int avgcount[]);
float homodilem(Agents *adults, Strategy *player, int one, int two);
void heterodilem(Agents *adults, Strategy *player1, Strategy *player2, int one, int two, float
averageD);
int score(int p1, int p2);
int repro_test(Agents *adults,int p1,int p2, int malecost, int femcost);
void reproduction(Strategy *chromosome, Strategy *child, int p1, int p2, int childno);
void swap(Strategy *parents, Strategy *children, int size);
void countmoves(Strategy *chromosome, Sumstrat *sum, int size, int run);
void printavg(Avgscore *male, Avgscore *fem, Avgscore *mm, Avgscore *mf, Avgscore

*ff, Avgscore *fm, int run, int gencount);
void printstratsum(Sumstrat *mm, Sumstrat *mf, Sumstrat *ff, Sumstrat *fm, int run);
void init_files(void);

1/ Check_arrays: Check that there is enough memory for the arrays
void check_arrays(Agents *A, Strategy *S1, Strategy *S2, Strategy *S3,

Strategy *S4, Avgscore *AS1,Avgscore *AS2, Avgscore *AS3,
Sumstrat *SS1, Sumstrat *SS2)

{
if (A == NULL){

printf("Error allocating memory for adults\n");
exit(1);

}

if (S1 == NULL){
printf("Error allocating memory for malemalestrategy\n");
exit(1);

}

if (S2 == NULL){
printf("Error allocating memory for malemalestrategy\n");
exit(1);

}

if (S3 == NULL){
printf("Error allocating memory for malefem strategy\n");
exit(1);

}

if (S4 == NULL){
printf("Error allocating memory for malefem strategy\n");
exit(1);

}

if (AS1 == NULL){
printf("Error allocating memory for avgscores\n");
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exit(1);
}

if (AS2 == NULL){
printf("Error allocating memory for avgscores\n");
exit(1);

}

if (AS3 == NULLH
printf("Error allocating memory for avgscores\n");
exit(1);

}

if (S51 == NULL){
printf("Error allocating memory for femmale strategy\n");
exit(1);

}

if (SS2 == NULLH
printtr'Error allocating memory for femmale strategy\n");
exit(1);

}

}

/I init_files: clear the files for a new set of results
void init_files(void)
{

FILE *malesptr;
FILE *femsptr;
FILE *mmptr;
FILE *mfptr;
FILE *ttptr;
FILE *fmptr;

FILE *stratmmptr;
FILE *stratmfptr;
FILE *stratttptr;
FILE *stratfmptr;

malesptr =fopen("males.dat","w"); /* open results files */
femsptr =fopen("females.dat","w");
mmptr = fopen("mm.dat","w");
mfptr =fopen("mf.dat","w");
ttptr =fopen("ff.dat", "w");
fmptr =fopen("fm.dat", "w");
fclose(malesptr);
fclose(femsptr) ;
fclose(mmptr);
fclose(mfptr) ;
fclose(ttptr) ;
fclose(fmptr);
stratmmptr =fopen("stratmm.dat","w");
stratmfptr =fopen ("stratmf. dat" ,"w");
stratttptr = fopen("stratff.dat","w");
stratfmptr =fopen("stratfm.dat","w");
fclose(stratmmptr) ;
fclose(stratmfptr) ;
fclose(stratffptr) ;

dilca1l2.h
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fclose(stratfmptr) ;
}

II user: Set costs of reproduction and number of generations
void user(int *mcost, int *fcost, int *Iast)
{

printf("\nEXPERIMENT TWO\n");
printf("\n\nPlease enter the cost of reproduction for males\n");
scanf("%d", mcost);
printf("\n\nPlease enter the cost of reproduction for females\n");
scanf("%d", fcost);
printf("\nHow many generations would you like to run?\n");
scanf("%d", last);

}

IIlnit adults: Initialise adults for score and sex
void init_adults(Agents *players, int popsize)
{

int i;

dilcall2.h

}

for(i=O; i < popsize; i++)
{

players[i].sex = randO%2;
players[i).score = 0;

}

/* 0: male, 1: female */
/* initial score = 0 */

II new_gen: Each generation, assign each agent a sex and a score
void init_newgen(Agents *players, int popsize)
{

int i;

for(i=O; i < popsize; i++)
{

players[i].sex = randO%2;
players[i].score = 0;

}

}

r 0: male, 1: female */
/* initial score = 0 */

II Init_strategies: For first generation only, randomly set strategy strings to 1s and Os
void init_strategies(Strategy *boyboy, Strategy *boygirl, Strategy *girlgirl,Strategy *girlboy,

int popsize)
{

int i,j;

for (i=0; i < popsize; i++)
{

for 0=0; j < STRATSIZE; j++)
{

boyboy[i].stratU] = randO%2;
boygirl[i].stratU] = randO%2;
girigirl[i].stratU] = randO%2;
girlboy[i].stratU] = randO%2;

}
}

}
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/* prisdilem: Manages the playing of the Prisoner's Dilemma. Checks each players
sex, and then sends the appropriate strategy string to the appropriate sub-rountine.
The average score per player per game is recorded in a results array.

void prisdilem(Agents *adults, Strategy *malemale, Strategy *malefem, Strategy *femfem,
Strategy *femmale, int i,int j, float average[], int avgcount[])

{
float addavg = 0;

if «adults[i].sex == 0) && (adultsU].sex == 0»
{

addavg = homodilem(adults, malemale, i, j);

average[O] += addavg;
average[2] += addavg;
avgcount[O] += 2;
avgcount[2] += 2;

}

if «adults[i].sex == 1) && (adultsU].sex == 1»
{

addavg = homodilem(adults, femfem, i, j);
to

average[1] += addavg;
average[4] += addavg;
avgcount[1] += 2;
avgcount[4] += 2;

}

1/ addavg: points scored in games

1/ if both players are male .....

1/ ... send malemale strategy strings to
1/ homodilem sub-routine
1/ add scores to male results
1/ add scores to malemale results

II if both players are female ......

1/ ... send femfem strategy strings

II homodilem sub-routine
II female scores
II femfem scores

if «adults[i].sex == 0) && (adultsU).sex == 1» II .. if player1 is male, player 2 female ...

{ heterodilem(adults, malefem, femmale, i, j, average); II ... send strategy strings to heterodilem
sub-rountine, send the male player first

1/ add results within sub-routine

avgcount[O]++;
avgcount[1 ]++;
avgcount[3]++;
avgcount[5]++;

}

if «adults[i].sex == 1) && (adultsU].sex == 0»

{ . . )
heterodilem(adults, malefem, femmale, J, I, average;
avgcount[O]++ ;
avgcount[1 ]++;
avgcount[3]++;
avgcount[5]++;

}
}
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/I homodilem: Prisoner's Dilemma played between agents of the same sex. The main
difference between this and heterodilem is that it in the latter case, average scores
must be recorded within the program. In this case, calculation can be left to the
prisdilem program. In both cases, the logic behind the programming is exactly the
same as in the control, described in Appendix 1.

float homodilem(Agents *adults, Strategy *player, int one, int two)
{

int round = 1;
int moves[4] = {O}; /* records last two moves of each agent */
int roundtwo[4][4] = {{1,O,1,2},{O,1,2,1 },{1,1,3,3},{O,0,4,4}};
int scoreref[16][6] = {{1,1,1,1,5,5}, {O,1,1,1,6,7}, {1,O,1,1,7,6}, {1,1,O,1,8,9},

{1,1,1,O,9,8},{1,1,O,O,1 0,1O}, {O,O,1,1,11,11}, {1,O,O,1,12,13},
{O,1,1,O,13,12}, {O,1,O,1,14,15},{1,O,1,O,15,14}, {1,O,O,O,16,17},
{O,1 ,0,0,17,16}, {O,O,1,O,18,19}, {O,O,O,1,19,18}, {O,O,O,O,20,20}};

int i;
int previousi = 99; /* dummy number. Previous i indicates if

agents are 'locked in'to a type of play */

int initscore1 = adults[one].score;
int initscore2 = adults[two].score;
float addavg = 0;

r initial scores */

/* for results */

/* take first tum */
/* agents refer to first position in their strategy array */

if (round == 1)
{

moves[O] = player[one].strat[O];
moves[1] = player[two].strat[O];
adults[one].score += score(moves[O], moves[1]);
adults[two].score += score(moves[1], moves[O]);
moves[2] = moves[O];
moves[3] = moves[1];
round++;

}

/* Round 2 */
/* Previous moves are compared to 'roundtwo' reference array to determine
behviour in this round */

if«roundtwo[i][O] == moves[2]) && (roundtwo[i][1] == moves[3])
{

moves[O] = player[one] .strat[(roundtwo[i][2])];
moves[1] = player[two].strat[(roundtwo[i][3])];
break;

if (round == 2)
{

for(i=O; i <=3; i++)
{

}
}

adults[one].score += score(moves[O], moves[1]);
adults[two].score += score(moves[1], moves[O]);
round++;

}
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1* All other rounds *1
1* The moves made by each player in the last two rounds are compared to
the scoreref reference array to determine behvaiour in the current round*1

for (round = 3; round <= LASTROUND; round++)
{

for (i=O; i <=15; i++)
{

if«scoreref[i)[O] == moves[O]) && (scoreref[i)[1] == moves[1]) &&
(scoreref[i][2] == moves[2]) && (scoreref[i][3] == moves[3]»

{
moves[2] = moves[O];
moves[3] = moves[1];
moves[O] = player[one].strat[(scoreref[i][4])];
moves[1] = player[two].strat[(scoreref[i][5])];
break;

}
}

/* calculate scores *1
adults[one].score += score(moves[O], moves[1]);
adults[two].score += score(moves[1], moves[O]);

}

addavg = «f1oat)(adults[one].score - initscore1)/LASTROUND);
addavg += «f1oat)(adults[two].score - initscore2)/LASTROUND);
return addavg;

}

1/ Heterodilem: Prisoner's Dilemma when agents are of different sex
void heterodilem(Agents *adults, Strategy *player1, Strategy *player2,

int one, int two, float averaqejl)
{

int round = 1;
int moves[4] = {a}; /* records last two moves of each agent *1
int roundtwo[4][4] = {{1 ,0,1,2},{O,1,2,1},{1, 1,3,3},{0,0,4,4}};
int scoreref[16][6] = {{1,1,1,1,5,5}, {O,1,1,1,6,7}, {1,O,1,1,7,6},

{1,1,0,1,8,9}, {1,1,1,0,9,8},{1,1 ,0,0,10,1 O},
{0,0,1 ,1,11,11}, {1,0,0,1,12,13}, {O,1,1,0,13,12},
{O,1 ,0,1,14,15},{1 ,0,1,0,15,14}, {1,O,0,0,16,17},
{O,1,O,0,17,16}, {O,O,1,0,18,19}, {O,O,O,1,19,18}, {0,0,O,O,20,20}};

int i;
int previousi = 99; r dummy number. Previous i indicates if

agents are 'locked in'to a type of play "l

int initscore1 = adults[one].score; 1* initial scores */
int initscore2 = adults[two].score;

I" take first tum "I
/* agents refer to first position in their strategy array */

if (round == 1)
{

moves[O] = player1 [one].strat[O];
moves[1] = player2[two].strat[O];
adults[one].score += score(moves[O], moves[1]);
adults[two].score += score(moves[1], moves[O]);
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moves[2] = moves[O];
moves[3] = moves[1];
round-»:,

}

1* Round 2 *1
1* Previous moves are compared to 'roundtwo' reference array to determine
behviour in this round *1

if (round == 2)
{

for(i=O; i <=3; i++)
{

if«roundtwo[i][O] == moves[2]) && (roundtwo[i][1] == moves[3]»
{

moves[O] = player1 [one].strat[(roundtwo[i][2])];
moves[1] = player2[two].strat[(roundtwo[i][3])];
break;

}
}

adults[one].score += score(moves[O], moves[1]);
adults[two].score += score(moves[1], moves[O]);
round-«:I

}

1* All other rounds *1
1* The moves made by each player in the last two rounds are compared to
the scoreref reference array to determine behvaiour in the current round*1

for (round = 3; round <= LASTROUND; round++)
{

for (i=O; i <=15; i++)
{

if«scoreref[i][O] == moves[O]) && (scoreref[i][1] == moves[1]) &&
(scoreref[i][2] == moves[2]) && (scoreref[i][3] == moves[3]»

{
moves[2] = moves[O];
moves[3] = moves[1];
moves[O] = player1 [one].strat[(scoreref[i][4])];
moves[1] = player2[two].strat[(scoreref[i][5])];
break;

}
}

1* calculate scores *1
adults[one].score += score(moves[O], moves[1]);
adults[two].score += score(moves[1], moves[O]);

}

average[O] += «f1oat)(adults[one].score - initscore1)/LASTROUND);
average[3] += «float)(adults[one].score - initscore1)/LASTROUND);
average[1] += «float)(adults[two].score - initscore2)/LASTROUND);
average[5] += «float)(adults[two].score - initscore2)/LASTROUND);

}

dilcall2.h
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/* score: calculate scores */
int score(int p1, int p2)
{

int addscore =0;

dilca1l2.h

if «p1 == 1) && (p2 == 1»
{

addscore = 3;
}

if «p1 == 1) && (p2 == 0»

{
addscore =0; /*0*/

}

if «p1 == 0) && (p2 == 1»
{

addscore =5; /*5*/
}

if «p1 == 0) && (p2 == 0»
{

addscore =1;
}

return (addscore);
}

/* both cooperate "t

/* P1 cooperates, opponent does not.
P1 receives suckers payoff */

/* P1 defects, its opponent coops */

r both defect */

/I reprotest: checks to see if pair are of different sexes and have enough
/I points to mate. If yes, points are subtracted from scores.
int repro_test(Agents *adults,int p1 ,int p2, int malecost, int femcost)
{

int flag =0;

if «adults[p1 ].sex == 0) && (adults[p2].sex == 1»
{

if «adults[p1 ].score >= malecost) && (adults[p2].score >= terncost)
{
flag = 1;
adults[p1 ].score -= malecost;
adults[p2].score -= femcost;
}

}

if «adults[p2].sex == 0) && (adults[p1].sex == 1»
{

if «adults[p2].score >= malecost) && (adults[p1].score >= terncostj)
{
flag = 1;
adults[p2].score -= malecost;
adults[p1 ].score -= femcost;
}

}
return flag;

}
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II reproduction: reproduction by crossover and mutation of strategy strings
void reproduction(Strategy *parents, Strategy *child, int male, int female, int childno)
{

int crossno = 0;
int c,i;
int mutate;

crossno = randO%STRATSIZE; 1* randomly select crossover point *1
for(c=O; c <=crossno; c++)
{

child[childno] .strat[c] = parents[male].strat[c];
child[childno+1 ].strat[c] = parents[female].strat[c];

}

for(c= crossno+1; c < STRATSIZE; c++)
{

child[childno] .strat[c] = parents[female].strat[c];
child[childno+1 ].strat[c] = parents[male].strat[c];

}

r mutation, 1/5000 probability *1

if (randO%10000 <= 2)
{

mutate = randO%21;
if (child[childno].strat[mutate] == 0)

{ child[childno].strat[mutate] = 1; }
else

{ child[childno].strat[mutate] = 0; }
}
if (randO%10000 <= 2)
{

mutate = randO%21;
if (child[childno+1 ].strat[mutate] == 0)

{ child[childno+1].strat[mutate] = 1; }
else

{ child[childno+1 ].strat[mutate] =0; }
}

}

II When enough offspring have been created to replace the parent generation,
IIthen offspring become the new adults
void swap(Strategy *parents, Strategy *children, int size)
{

int i,j;

for(i=O; i< size; i++)
{

forO=O; j < STRATSIZE; j++)
{

parentslll.stratljl = children[i].stratm;
}

}
}
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r Countmoves: Counts the percentage of agents co-operating for each gene in the
strategy array */

void countmoves(Strategy *chromosome, Sumstrat *sum, int size, int run)
{

float onecount = 0;
int i,j;

for(i=O; i < STRATSIZE; i++)
{

forO = 0; j < size; j++)
{

if(chromosomeU).strat[i] == 1)
{ onecount++;}

}
onecount = «onecount/size)*100);
sum[run].strat[i] += onecount;
onecount = 0;

}
}

II printavg: print average scores to files
void printavg(Avgscore *male, Avgscore *fem, Avgscore *mm, Avgscore *mf,

Avgscore *ff, Avgscore *fm, int lastrun, int gencount)
{

FILE *malesptr;
FILE *femsptr;
FILE *mmptr;
FILE *mfptr;
FILE *ffptr;
FILE *fmptr;

int i=O',
int run = 0;

if«malesptr = fopen("males.dat", "a"» == NULL)
printf("the average male file cannot be opened\n");

else
for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
{

fprintf(malesptr, II %.2f,", male[run].avg[i]);
}
fprintf(malesptr, "\n '');

}

fclose(malesptr);

if«femsptr = fopen("females.dat", "a"»== NULL)
printf("the average male file cannot be opened\n");

else
for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
{

fprintf(femsptr, II %.2f,", fem[run].avg[i]);
}
fprintf(femsptr, "\n");
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}
fclose(femsptr) ;

if«mmptr = fopen("mm.dat", "a"» == NULL)
printf("the average male file cannot be opened\n");

else
for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
{

fprintf(mmptr, " %.2f,", mm[run].avg[i]);
}
fprintf(mmptr, "\n");

}
fclose(mmptr);

if«mfptr = fopen("mf.dat", "a"» == NULL)
printf("the average male file cannot be opened\n");

else
for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
{

fprintf(mfptr, " %.2f,", mf[run].avg[i]);
}
fprintf(mfptr, "\n");

}
fclose(mfptr);

if«ffptr = fopen("ff.dat", "a"» == NULL)
printf("the average male file cannot be opened\n");

else
for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
{

fprintf(ffptr, " %.2f,", ff[run].avg[i]);
}
fprintf(ffptr, "\n");

}

fclose(ffptr) ;

if«fmptr = fopen("fm.dat", "a"» == NULL)
printf("the average male file cannot be opened\n");

else
for(i=O; i < gencount; i++)
{

for(run=O; run < lastrun; run++)
{

fprintf(fmptr, " %.2f,", fm[run].avg[i]);
}
fprintf(fmptr, "\n");

}

fclose(fmptr);

}

dilcall2.h
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/I Printstratsum: print strategies to files
void printstratsum(Sumstrat *mm, Sumstrat *mf, Sumstrat *ff, Sumstrat *fm, int run)
{

FILE *stratmmptr;
FILE *stratmfptr;
FILE *stratffptr;
FILE *stratfmptr;
int i;

if«stratmmptr = fopen("stratmm.dat", "a"» == NULL)
printf("file cannot be opened");
else
{

for (i=0; i < STRATSIZE; i++)
fprintf(stratmmptr, " %.2f,", mm[run].strat[i]);

}
fprintf(stratmmptr, "\n");

fclose(stratmmptr);

if«stratmfptr = fopen("stratmf.dat", "a"» == NULL)
printf("file cannot be opened");
else
{

for (i=O; i < STRATSIZE; i++)
fprintf(stratmfptr, " %.2f,", mf[run).strat[i]);

}
fprintf(stratmfptr, "\n");
fclose(stratmfptr) ;

if«stratffptr = fopen("stratff.dat", "a"» == NULL)
printf("file cannot be opened");
else
{

for (i=O; i < STRATSIZE; i++)
fprintf(stratffptr, " %.2f,", ff[run].strat[i]);

}
fprintf(stratffptr, "\n'');
fclose(stratffptr) ;

if«stratfmptr = fopen("stratfm.dat", "a"» == NULL)
printf("file cannot be opened");
else
{

for (i=O; i < STRATSIZE; i++)
fprintf(stratfmptr, " %.2f,", fm[run).strat[i]);

}
fprintf(stratfmptr, "\n");
fclose(stratfmptr) ;

}
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A3.1. Basic Ouline

Basic Outline

start
user sets cost of reproduction for males (MRC) and females (FRC)
set run counter = 0

While run counter < 30 do this:
{

Generate 650 agents at random, where each agent has:
- sex (M/F)
- a male-type: defect (D), reciprocal altruist (RC) or

non-reciprocal altruist (NRA)
- score = 0
set generation counter = 0, set generation time counter =a
set offspring counter = 0
While generation counter < 1000 do this:
{

while offspring counter < 650 do this:
{

1. Pick two agents at random
2. These agents play 100 games of the Prisoner's

Dilemma. Females always score 3x100 = 300 against
each other; males always score 1x100 = 100 against
each other. Mixed sex interactions are scored
according to male type: D both score 1; RA both score
3; NRA male scores 1.5, female scores 4. Points
gained are added to the each agent's score

3. Pick two new agents at random
4. If the agents are of opposite sex, and each agent has

enough points to reproduce (FRC or MRC) they
reproduce. The male-type of the male is recorded.
FRC is subtracted from the female's score, and MRC
is subtracted from the male's score.
The offspring counter is increased by +1

4. Generation time counter is increased by +1
}
Replace adult population with offspring in the proportions of
successful male-types.
Set offspring counter = 0
Set all scores = 0
Generation time is recorded, generation time counter set to 0
Generation counter is increased by +1

}
Collate and print results (average generation time)
run counter is increased by +1

}

End
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A3.2. Program

Main

/I Three types of males exist: coopertors, defectors and super cooperators. Which males
are best, and how does male strategy affect generation time?

#include <stdio.h>
#include <stdlib.h>
#include <time.h>

struct results{
float prop[3];
float time;

};

typedef struct results Results;

II Function calls
void init_var(int *female, int *male, int *inter, int *popsize);
void init_score(float *ff, float *mm, float *fm, float *mf);
void init_pop(int sexl], int scorej], int popno, int type[], float props[]);
void interact(int sexj], int scorejl, int p1, int p2, int I, float ff, float mm, float fm,
float mf, int poptype[]);

int repro_test(int sexj], int score[], int p1, int p2, int malecost, int femcost);
void init_maletype(f1oat prop[3]);
void update_type(int poptype[], int p1, float tally[]);
void create_child(int childtype[], int parenttype[], int dad, int child);
void newpop(int sexl], int score[], int oldtype[], int newtype[], int popsize);
void count_type(int poptype[], int popsize, Results *result, int runno);
int another(void);
void print_results(Results *result, int end);

IImain program
rnaint)
{

Results result[150];
int popsex[1 001];
int popscore[1 001];
int poptype[1 001];
int childtype[1001];
int N = 1000;
int FRC = 1000, MRC = 1000, 1=100;
float FF = 3, MM = 3;
float FM = 4.5, MF = 1.5;
long int t = 1;
long int tavg = 0;
int childno = 0;
int gametype = 0;

srand(time(NULL)+550);

int i, j;
int reproflag = 0;
int gen = 1;
int lastgen = 1;
float maletype[3];

/I 0: male, 1: female
II records scores
II Male strategies: 0 (DO), 1 (CC), 2 (NRA)

II pop. size
II female RC, male RC, iteraction no.
II scoring between same sex
II scoring for NRA interactions
/I time
II average generation time

1* seed random number generator*1

IIRecords props.O defects, 1 coops, 3 NRAs
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printf("\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n\n");
printf("***************SUCKERS AND SUPERMEN******************\n\n\n");
init_var(&FRC, &MRC, &1, &N); II set parameters
init_score(&FF, &MM, &FM, &MF); II initialise scores
init_maletype(maletype); /I set proportions of males of each type

int lastrun = 1;
int run = 1",

printf("\nWould you like to link interactions and mating, O=no, 1=yes");
scanf("%d", &gametype);
printf("\nHow many generations per experiment would you like?\n");
scanf("%d", &Iastgen);
printf(lI\nAnd how many experiments should I run in total?(max 150)");
scanf("%d", &Iastrun);

II in this case "no",

do{
init_pop(popsex, popscore, N, poptype, maletype);
run = 1;
tavg = 0;
while (gen <= lastgen)
{

II start of new run
II initialise population

II start of new generation

1* pick pairs at random to interact *1i = randO%N;
do{

j = randO%N;
} while O==i);

interact(popsex, popscore, i, j, I , FF, MM, FM, MF, poptype);
t++;

while (childno < N)
{

if (gametype == 0)
{

i = randO%N;
do{

j = randO%N;
} while O==i);

II pick pairs at random to reproduce

}

reproflag = repro_test(popsex, popscore,i,j, MRC, FRC);
if (reproflag == 1)
{

if(popsex[i] == 0)
create child( childtype, poptype, i, childno);

else
create_child( childtype, poptype, j, childno);

childno++;
}

}

tavg += t; II records generation time

childno = 0;
newpop(popsex,popscore,poptype,childtype, N);
t = 1;
++;

}
result[run].time = (float)tavg/(gen-1);
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count_type(poptype,N,result,run);
if(run%10 == 0)

printfC'\nExpt %d ", run);
run++;

}while(run <= lastrun);

print_results(result, lastrun);

return 0;
}

II Init_var: Intialise variables for cost of reproduction and population size
void init_var(int *female, int *male, int *inter, int *popsize)
{

printf("\nPlease enter the COST OF REPRODUCTION");
printf("\nFirst for FEMALES:");
scanf("%d", female);
printf("\nAnd now for MALES:");
scanf("%d", male);
printf("\nHow many INTERACTIONS (rounds) per game?:");
scanfC'%d", inter);
printf("\nWhat is the POPULATION SIZE?(max 1000):");
scanf("%d", popsize);

}

Main

II Init_score: Enter the scores for the different interaction types
void init_score(float *ff, float *mm, float *fm, float *mf)
{

printf("\n\nPlease enter the scores....");
printf("\n1) For female:female interactions:");
scanf("%f', ff);
printf("\n2) For male:male interactions:");
scanf("%f', mm);
printf("\n3) For a female playing a male (FM):");
scanf("%f', fm);
printf("\n4) For a male playing a female (MF):");
scanf("%f', mf);

}

II equal to 3.00

//1.00

II 4.00

II 1.50

II init_pop: Give players a score, sex, and a 'type' - defector, reciprocal altruist or
NRA. This 'type' will only be applied to males playing females
void init_pop(int sex[], int score[], int popno, int type[], float props[])
{

int i;
int x;

for (i=0; i < popno; i++)
{

sex[i] = randO%2;
score[i] = 0;
x = randO%1000;

if (x < (props[O]*1 0»
{ type[i] = 0;
}

II 0 is male, 1 is female

322



~ Appendix 3: Generation t;'es Main

type[i] = 2;

}

}

if «x >= (props[0]*10) ) && (x < (1 0*(props[0]+props[1 ]))
{ type[i] = 1;
}
if (x >= (10*(props[0]+props[1]))
{

}

1/ Scores gained from the Prisoner's Dilemma. Poptype is male-type (defector, RA or
NRA. I = number of games (usually 100).
void interact(int sex[], int score[], int p1, int p2, int I, float ft, float mm, float fm, float mf, int

poptype[])
{

if (sex[p1] == 0)
{

if (sex[p2] == 0)
{

score[p1] += I*mm;
score[p2] += I*mm;

}
else
{

if (poptype[p1] == 0)
{

score[p1] += 1*1;
score[p2] += 1*1;

}
if (poptype[p1] == 1)
{

score[p1] += 1*3;
score[p2] += 1*3;

}
if (poptype[p1] == 2)
{

score[p1] += I*mf;
score[p2] += I*fm;

}
}

}
else
{

if (sex[p2] == 1)
{

score[p1] += I*ft;
score[p2] += I*ft;

}
else
{

if (poptype[p2] == 0)
{

score[p1] += 1*1;
score[p2] += 1*1;

}
if (poptype[p2] == 1)
{

score[p1] += 1*3;

1/ male-male interaction

/I male-fern interaction
II defector male

1/ reciprocal altruism

/I NRA

/I mf = 1.5
1/ fm = 4.0

/I female-female interactions

/I fern-male interactions
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score[p2] += 1*3;
}
if (poptype[p2] == 2)
{

score[p1] += I*fm;
score[p2] += I*mf;

}
}

}
}

Main

1/ Repro-test: Are the players of opposite sex? Do they have enough points to pay
MRC or FRC? If answers to both questions are yes, then they can reproduce
int repro_test(int sex[], int score[], int p1, int p2, int malecost, int femcost)
{

int flag =0;

if «sex[p1] == 0) && (sex[p2] == 1»
{

if «score[p1] >= malecost) && (score[p2] >= ferncost)
{
flag =1;
score[p1] -= malecost;
score[p2] -= femcost;
}

}

if «sex[p2] == 0) && (sex[p1] == 1»
{

if «score[p2] >= malecost) && (score[p1] >= terncostj)
{
flag =1;
score[p2] -= malecost;
score[p1] -= femcost;
}

}
return flag;

}

IIlnit_maletype: Set proportions of each male-type, usually 1/3 of each
void init_maletype(f1oat prop[3])
{

do{
printf("\n Enter initial number of defecting males:");
scanf("%f', &prop[O]);
printf("\n Enter initial number of cooperating males:");
scanf("%f', &prop[1]);
printf("\n Enter initial number of super-cooperating males:");
scanf("%f', &prop[2]);

} while«prop[O] + prop[1] + prop[2]) != 100);
}

324



,
Appendix 3: Generation times

II count-type: records results
void count_type(int poptypel], int popsize, Results *result, int runno)
{

int i;
float tally[3] = {O};

for(i=O; i < popsize; i++)
{

if (poptype[i] == 0)
tally[O] ++;

if (poptype[i] == 1)
{tally[1] ++;}

if (poptype[i] == 2)
{tally[2] ++;}

}
for(i=O; i <3; i++)
{

tally[i] = (float)tally[i]/popsize*100;
result[runno].prop[i] = tally[i];

}

}

II Create_child
void create_child(int childtypej], int parenttypej], int dad, int child)
{

childtype[child] = parenttype[dad];
}

II new_pop: Reset for new population
void newpop(int sex[], int score[], int oldtype[], int newtype[], int popsize)
{

int i;

for (i=0; i < popsize; i++)
{

sex[i] = randO%2;
score[i] = 0;
oldtype[i] = newtype[i];

}
}

int another(void)
{

int again = 0;
printf("\nWould you like to repeat this experiment? (O=NO, 1=YES)");
scanf("%d",&again);
return(again);

}

void print_results(Results *result, int end)
{

FILE *suckerptr;
int i,j;

if«suckerptr = fopen("suckers.dat","w"» == NULL)

Main
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printf("\nThe suckers file cannot be opened, sucker");
else
for(i=1; i <= end; i++)
{

forG=O; j <3; j++)
{

fprintf(suckerptr, "%.2f,", result[i].propU]);
}
fprintf(suckerptr, "%.2f\n", result[i].time);

}

fclose(suckerptr) ;
}

Main
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AJ;mendix 4: Seasonality and Resource Quality

A4.1. Basic Outline

start

user sets cost of reproduction for males (MRC) and females (FRC)
set run counter = 0
set environment quality (poor, medium or high) for each of the 12 months
(Note: in a stable experiment, resource quality remains constant)

While run counter < 30 do this:
{

Generate 650 agents at random, where each agent has:
- sex (M/F)
- 12 strategy strings for each interaction type and environment quality
- score = 0
- a memory of it's games with all other players for the last two months

set generation counter = 0
set offspring counter =0
set generation time counter =0
While generation counter < 20,000 do this:
{

set month =1, i.e. it is the first month
while offspring counter < 50 do this:
{

1. Every member of the population plays 1 round of the
Prisoner's Dilemma with every other member. Play is based on
the interactions between players in the last two months, their
sexes and the environment quality for that month. Players gain
pay-offs according to fig. 5.1.

2. Every agent that as enough points to reproduce (MRC or FRC,
according to gender) is put in to a 'fertile male' or 'fertile female'
array. Pairs are chosen at random, from the 2 arrays, to reproduce
by crossover and mutation of strategy strings. 2 new offspring are
created each time. Reproduction continues until there either the
male or female fertile array is empty. Agents may reproduce more
than once, if they have enough points.

3. When reproduction is complete, the offspring counter is updated.
4. Month is increased by 1. If month = 13, then reset to Month = 1.

}
Replace adult population with offspring
Set offspring counter =0
Set all scores = 0

}
Collate and print results (average scores)
run counter is increased by +1

}
End
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A4.2. Main program

main program

1* This program is designed to look at how the quality and seasonality of environmental affects
the evolution of cooperative strategies. The Prisoner's Dilemma pay-off matrix is adjusted for
the season and the quality of the environment. Three qualities are possible, where 1 is the
poorest quality. Each individual has a strategy based on environment quality. Environments
may be stable or seasonal. See chapter 5. *1

1* Please note: I have not included the funtion files (seasdef.h, seascall.h etc) in this
appendix. This is because these files are very long, and are extemely similar to those used
in previous programs. *1

#include <stdio.h>
#include <stdlib.h>
#include <time.h>
#include "seasdef.h"
#include "seascall.h"
#include "prisoner.h"
#include "repro.h"
#include "results.h"

maint)
{

Agents *adults = (Agents *) calloc(SIZE, sizeof'(Aqentsj);
Strategy *s1 =(Strategy *) calloc(SIZE, sizeof(Strategy»;
Strategy *s2 =(Strategy *) calloc(SIZE, sizeof(Strategy»;
Strategy *s3 = (Strategy *) calloc(SIZE, sizeof'(Strateqyj);
Memory *mem =(Memory *) calloc(SIZE, sizeof(Memory»;
Strategy *s10ft = (Strategy *) calloc(SIZE, sizeof(Strategy»;
Strategy *s20ft =(Strategy *) calloc(SIZE, sizeof(Strategy»;
Strategy *s30ft = (Strategy *) calloc(SIZE, sizeof(Strategy»;
check_arrays(adults, s1, s2, s3, mem); II check memory
check_arrays(ad ults, stoft, szott, s30ft, mem);

Data results;
int rcmale, rcfemale;
int end;
int i,j;
int run =0;
int gen =1;
int oftno =0;
int environ[12];
int month =0;
int t =0;

float rescount[MONTHS] ={O};
float monthavg[MONTHS];
float s1avg;
float s2avg;
float s3avg;

srand(time(N ULL»;

user(&rcmale, &rcfemale, &end);
set_environ(environ);
init filesO;
while (run < RUN)
{

cleanresults(&results);

II cost of reproduction, set by user
1/ total no. generations to run

1/ run number
1/ generation no.

II Set environement quality for 12 months

II measures generation time

II to record results

II results in poor quality habitats
1/ results in medium quality
II results in high quality

r seed random number generator*1

1* set parameters *1
/I set environment quality
II clear results files

/I start of new run
II start a new set of results
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init_adults(adults);
init_strategies(s1,s2,s3);

while (gen <= end)
{

while (offno < SIZE)
{

if«t <24) && (gen%100 == 0) )
{

main program

II create a new adult population
II intialise strategies

II start of new generation

II record results

recordresults(adults, &results, s1, s2, s3, environ[month], t,mem);
rescount[t] ++;

II What is the env. type?
}
switch (environ[month])
{

case(1):
prisdilem(adults, s1, environ[month], t, mem);
break;

case(2): prisdilem(adults, s2, environ[month], t, mem);
break;

case(3): prisdilem(adults, s3, environ[month], t, mem);
break;

II poor?
II play PO

II medium?
II play PO
II high? play PO

II reset variables

II offspring become new gen.

}

II Reproduction
offno = repromanager(adults, s1, s2, s3, rcmale, rcfemale, s1off, s2off, ssott, offno);
t++;
month +=1;
if (month >= 12)

month = 0;
}
if(gen% 100 == 0)
{

printf(" .... GEN%d ",gen);
}
gen ++;
swap(s1, s1off);
swap(s2, s2oft);
swap(s3, s3oft);
init_aduIts(aduIts);
offno = 0;
month = 0;
t =O·,

}
updateresults(&results, rescount);
run++;
printf("\n\nNew Run %d",run);
gen = 1;

}
return 0;

}
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