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COOPERATION AND PSYCHOPATHY: A GAME-THEORETIC PERSPECTIVE

by Martina Testori

In the last century, academics have focussed on understanding how we make decisions and
they have proven through lab and web experiments that people do not always follow a purely
rational process. Contrariwise, several exogenous and endogenous mechanisms have been found
to influence our decision-making patterns, leading us towards cooperative behaviours, even when
personal costs are involved. In this thesis, I investigate how a specific aspect of personality,
namely psychopathic traits, affects cooperative actions in different scenarios, employing both
primary and secondary experimental data. Furthermore, I explore the beneficial and detrimental
role of some of the most defining dimensions of psychopathy in the evolution of a population
through an individual-based model.

Firstly, I address the topic by analysing the data of two laboratory experiments previously
conducted. Both experiments examine the influence of psychopathic traits in an iterated Pris-
oner’s Dilemma game, with the presence of opponents emotional facial feedback. While in the
first experiment those feedbacks are purely contextual, in the second one they are manipulated
to investigate their effects on cooperation, while controlling for psychopathic traits. Results from
the first experiment show a negative marginal effect of a dimension of psychopathy, namely dis-
inhibition, on cooperative actions. In the second experiment, higher levels of fearless dominance
have a negative influence on cooperation over time, although the presence of emotional facial
feedbacks does not affect the level of cooperation. Moreover, I find a positive correlation be-
tween psychopathic measures and the adoption of defective strategies in the game. Thus, this
first part of the thesis sheds light on the interaction of psychopathic traits and the presence of
emotional stimuli received from the opponent after each decision.

Both these experiments investigate the effects of psychopathic traits on decision-making
from an individual point of view. In the second part, I approach the subject from a group level
view. I designed and conducted a laboratory experiment examining the influence of the presence
of relatively high psychopathic individuals in groups on the level of cooperative actions. The
main result is that, independent of individuals own psychopathic measures, belonging to a group
with a larger number of high psychopathic people leads group members towards less cooperative
behaviours. This second part approaches the study of decision-making and psychopathic traits

iii



by investigating group dynamics, providing new interesting results on group composition and
cooperation, as well as an innovative experimental design to investigate group decisions.

Lastly, I model the evolution of a population composed by two main agents types, one
of which incorporates some of the most characteristic feature of psychopathy (such as self-
ishness and risk-seeking attitudes). Relying on empirical findings, I developed an individual-
based model mimicking the evolution of a population under different environmental conditions.
Through this model, I examine the beneficial and detrimental effects of individuals with selfish
and risk-seeking over several generations: while they can be harmful in situations of prosperity,
they become helpful, if not essential, in periods of hardship.

This thesis inspects the role of psychopathic traits in decision-making processes from a wide
range of perspectives. Doing so, it enables the reader to have a comprehensive understanding
on how this specific dimension of personality shapes both individual and group cooperation in
different scenarios, and how psychopathic individuals can be (or not) evolutionarily adaptive.
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Chapter 1 Introduction

The ambitious project of modelling human behaviour has attracted a great number of researchers
from several disciplines over the past decades: understanding what factors affect our decision-
making remains a fascinating topic for the research community. Scholars acknowledged the
complexity of human behaviour and the difficulty of modelling decision-making processes in a
realistic way, and in the last century the use of experimental gaming as a tool to study people’s
behaviour has become more and more frequent [1]. The study of the factors that push humans
towards cooperative instead of competitive behaviours is one of the main open fields in this area
and it is what I have focussed on in this thesis.

Over the years, several studies have been conducted to observe how endogenous and exoge-
nous factors affect our decision-making process, and several phenomena, besides pure rationality,
have been discovered to influence humans in their decision-making processes. Some early stud-
ies were conducted with small groups of participants with different levels of various personality
characteristics (e.g. dominance, need for achievement and anxiety) to assess the influence of
such traits in social interaction [2, 3]. Bonacich (1972) addressed conflict between individual and
collective goals during cooperation in social interactions, proving that an increase in the conflict
leads to a rise in group friendliness and, hence, cooperation [4]. Coordination, communication
and consensus were also outlined as three main components in decision-making processes [5, 6].
More recent studies examined the impact of other mechanisms on decision-making: reputation
[7, 8], punishment [9, 10] and altruism [11, 12] are just some of the aspects that were discovered
to influence the individual’s behaviour in one-to-one interactions. Studies reveal that people are
more keen on helping those who help others [13, 14, 15], and that reputation is a driving force of
cooperative behaviours [8]. Additionally, the interpersonal connections in a community and the
density of these links are recognised as being among the main aspects of the decision-making
processes in both public and private situations [8, 12]. Another innovative point of view is the
physiological perspective. By studying brain reactivity, researchers have been able to discover
that specific brain responses associated with decision-making vary with personality traits. In-
creased activation in posterior cingulate cortex and anterior insula was found for offenders with
antisocial personality disorder and psychopathy during punishment tasks [16]. Brain lesions
have also been found to interfere in the decision-making process, altering decisions and reac-
tions to others’ actions [17, 18]. Activity in the anterior cingulate cortex was found to reflect
the ability of humans to assess volatility in an optimal manner and adjust decision-making
accordingly [19].

In this thesis, I contribute to the understanding of human decision-making processes by
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examining the role of psychopathic traits on decision-making processes. Adopting psychological
experiments and mathematical simulations, I try to disentangle the impact of psychopathic
traits on cooperation both at the individual and at the group level in different scenarios. I also
investigate whether some aspects of psychopathy could provide an adaptive advantage for the
population under certain environmental conditions.

The research questions of this thesis are "How do some aspects of psychopathy, that are com-
mon in the general population, affect the development of cooperative behaviours? Under which
circumstances can those traits be beneficial and advantageous for the survival of the community?"

The rest of this chapter describes the central concepts used in the thesis, summarising
previous results relating psychopathy and cooperation.

1.1 Game theory
The increasing interest in human interpersonal behaviour led the research community into a
wide range of open questions. As soon as researchers tried to investigate human actions with
real-world game theoretic experiments, it became apparent that people behaved differently
from what rationality predicted: individuals cooperated much more than expected, breaking
the assumption of rationality which was at the base of game theory. This discovery lead to
the necessity of including factors other than rationality in modelling human decision-making
processes.

The first trace of this discipline was recorded in the eighteenth century [20], although it
became a distinct field in the early 1900s with John von Neumann [21]. In all societies, people
interact constantly. These interactions might be cooperative, such as a collaboration for a
common aim, or competitive, such as between politicians in elections. In both cases, people’s
behaviour is affected and affects other people’s well being. These situations require a complex
reflection which allows us to account for several factors and a wide range of circumstances
before finally deciding on a behavioural strategy. Game theory approaches the subject by
analysing cooperative and competitive behaviours in a wide range of scenarios (games). Games
are designed to reproduce everyday situations, either in one-to-one conditions or community
interactions. Simulating real-world interactions, researchers explore how different conditions
affect human decisions.

This theory aims to elaborate models describing human behaviours in real life situations.
Reality is depicted as a game with some formal elements [22]:

1. a list of players,

2. a description of players’ possible actions,

3. a detailed illustration of the outcome for each possible action.

Formally, a normal-form game includes [23]:

1. a finite set of players, N = 1, . . . , n,
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2. a collection of sets of strategies, S1, . . . , Sn,

3. a set of payoff functions, u1, . . . , un, each assigning a payoff value to each combination of
chosen strategies, that is ui : S1 × . . .× Sn → R for each i ∈ N .

One of the most important concepts of game theory was developed by John F. Nash in the
1990s:

"A Nash equilibrium is a vector of actions a∗ with the property that no player i can do
better by choosing an action different from a∗i , given that every other player j adheres to a∗j "
(Osborne 2000, p.20). The vector of actions a∗ is constructed in such a way that the action of
player i is a∗i . Formally, a∗ is a Nash equilibrium if

ui(a
∗
i , a

∗
−i) ≥ ui(ai, a

∗
−i) for every action ai of player i, for every player i (1.1)

where ui is a payoff function that represents player i’s preferences given that player i chooses
ai while every other player j chooses a∗j .

The presence of a Nash equilibrium depends on the game and it is also possible to have
multiple equilibria. Considering a small number of options, it is possible to examine each
possible decision and control whether it satisfies the equilibrium condition. On the other hand,
with more complicated games, this practice becomes too complex, hence the introduction of the
best response functions:

Bi(a−i) = {ai ∈ Ai : ui(ai, a−i) ≥ ui(a
′
i, a−i) ∀ a′i ∈ Ai} (1.2)

where any action in Bi(a−i) is at least as good for player i as every other action of player i
when the other players’ actions are given by a−i.

Game theory employs several different games to represent real world situations. To describe
the games, it is important to know some basic concepts, such as [24]:

• Zero-sum games

• Cooperative & non-cooperative games

• Simultaneous & sequential-move games

• Symmetric games

• Two-person & n-person games

• Perfect information game

A game is a zero-sum game if the total sum of players’ payoffs is equal to zero. In these
games, if there are only two players, the amount one player wins is equal to the amount the
other player loses.

A game is said to be non-cooperative if the players are not able to form binding agreements,
although this impairment does not affect the ability of players to cooperate if that is beneficial.

3
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On the other hand, in a cooperative game, players can discuss and stipulate agreements before
taking a decision, which will be in concordance with the agreement.

In simultaneous-move games, all players take a decision at the same time, without knowing
what the other players will choose. In contrast, in sequential-move games, some players have
complete (or partial) information about what other players decided in the previous round.

Symmetric games are defined such that all players have the same set of decisions and out-
comes at each stage.

Another important difference between games is the number of players. In a two-player game,
only two individuals face each other and the outcome of their decision is based on the opponent’s
strategy. In contrast, an n-person game is played by a group of n players, where the outcome
depends on each individual’s choice.

Independently of the number of participants, a game has perfect information if each player
has full information about the strategies played by each other player. Hence, recalling the
previous definitions, a perfect information game has to be sequential.

My interest focuses on two specific games: the Prisoner’s Dilemma (PD) and the Public
Goods Game (PGG).

Both games are competitive, simultaneous-move, symmetric, non zero-sum games. The main
difference is the number of players: while the PD is a 2-player game, the PGG is played by a
community of n members.

1.1.1 Prisoner’s Dilemma
The Prisoner’s Dilemma is one of the most well-known examples in game theory representing
a situation of two individuals who are suspected of a crime. Not having enough evidence to
convict them, the police offer them a bargain which is explained in Table 1.1.

Table 1.1: Payoff matrix showing the number of years of imprisonment for each prisoner, given
the decision each of them takes.

Prisoner 1

Stay Silent Confess

Prisoner 2
Stay Silent 2,2 5,1

Confess 1,5 4,4

In a more formal way, the normal-form representation of this game can be depicted as follows:

Players: N = 1, 2.
Actions: si = {stay silent (C), confess (D)} for i ∈ N .
Payoff : Let vi(s1, s2) be the payoff to player i if player 1 chooses s1 and player 2 chooses
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s2:
u1(D,D) = u2(D,D) = 4 = Punishment

u1(C,C) = u2(C,C) = 2 = Reward

u1(D,C) = u2(C,D) = 5 = Sucker

u1(C,D) = u2(D,C) = 1 = Temptation

(1.3)

The payoff function (also called utility function) needs to satisfy the following relations:

T > R > P > S

R >
(S + T )

2

(1.4)

Recalling the definition, the Nash equilibrium for the two prisoners would be: {confess,
confess}. This is the only Nash equilibrium for the game and it remains the only one also when
considering a repetition of the game over several rounds.

1.1.2 Public Goods Game
On the other hand, the Public Goods Game is used to assess individuals’ behaviour with respect
to the society they are a member of. Each member of the population has to decide whether
to contribute to the public good or not (and, if so, how much of their personal resources to
contribute), knowing that the gathered resources will be multiplied by a fixed factor and redis-
tributed to the community’s members equally, independent of their initial contribution.
The normal-form representation of the game is:

Players: N = 1, 2, . . . , n

Actions: ci ∈ [0%, 100%] ∗ ri, for i ∈ N , where ri are the resources of player i
Payoff : Let C be the total contribution of the community, C =

∑n
i=1 ci, and m be the

multiplier:
ui(ci) =

C ∗m
n

− ci, ∀i ∈ N (1.5)

The Nash equilibrium in a one-shot PGG would be not to invest anything in the public
good, which is called the free rider strategy, ci = 0%.

1.1.3 Iterated Games
Despite what the theory tells us, a large number of empirical experiments have repeatedly
found a significant number of cooperative behaviours in both PD and PGG (and their iterative
versions). At the same time, several studies have investigated the reasons for such behaviours.
In order to describe the dynamics of the strategies, we need to consider several rounds of the
games, hence employing iterated games. By repeating the games over multiple rounds, the aim
is to capture the pattern of long-term interactions. In this context, the PD is used to investigate
how cooperation is achieved and how it persists over time.

5



1.1. GAME THEORY

Strategies can be of two types: pure or mixed. The former determines all players’ moves
during the game as they play a single strategy throughout the rounds, while the latter is a prob-
ability distribution over all possible pure strategies. Let’s define the pure strategies R1, . . . , RN .
Then a mixed strategy will correspond to a point p in the set [25]:

SN = {p = (p1, . . . , pN ) ∈ RN : pi ≥ 0 and
N∑
j=1

pi = 1}. (1.6)

Hence, if we first consider a two-player game, the payoff matrix will be:

U = (u(Ri, Rj))i,j∈{1,...,N} = (uij)i,j∈{1,...,N}, (1.7)

where uij is the payoff for a player adopting the pure strategy Ri and the opponent playing the
pure strategy Rj .
The payoff for strategy p against strategy q will be

p · Uq =
∑
ij

uijpiqj (1.8)

and, if we want to rewrite the Nash equilibrium condition, we obtain:

p · Uq ≤ q · Uq, (1.9)

where q is the Nash equilibrium and p 6= q.
When considering stability for iterated games, a natural concept is related to the stability

of a strategy over time, which leads to the evolutionarily stable strategy (ESS). An ESS can
informally be defined as a strategy S that cannot be invaded over time by any other strategy.
Formally, p̂ ∈ SN is an evolutionarily stable strategy if the inequality

p · U(εp + (1− ε)p̂) < p̂ · U(εp + (1− ε)p̂) (1.10)

holds ∀p ∈ SN , with p 6= p̂ and ∀ε > 0 sufficiently small.
Applying this concept to the the PD and the PGG game, it is easy to observe that the ESS

and Nash equilibrium coincide in both cases. A purely defective strategy is the only ESS for
the PD, while the free-rider strategy is the only ESS for the PGG.

It is indeed possible to prove that an evolutionarily stable strategy satisfies the strict Nash
equilibrium condition [25]:

Theorem 1 The strategy p̂ ∈ SN is an ESS if and only if

p̂ · Uq > q · Uq (1.11)

∀q 6= p̂ in some neighbourhood of p̂inSN .

This theorem demonstrates the conceptual similarities between the Nash equilibrium and
the evolutionarily stable strategy.
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The last thing I introduce is a concept related to the competition of two population types.
Let’s assume a population is divided into n types E1, . . . , En with frequencies x1, . . . , xn. The
fitness of each type i is defined by the ability of that type to survive and reproduce over time
[26]. When two or more types compete in the same environment, the fitness determines how well
that specific type adapts to the environment and is able to reproduce. If we consider fi(x) the
fitness of type Ei as a function of x the population evolves according to the replicator equation:

ẋi = xi(fi(x)− f̄(x)), i = 1, . . . , n (1.12)

where f̄(x) =
∑

xifi(x) is the average fitness of the population. This equation describes the
evolution of the population composition over time as a function of the fitness. In other words,
I can study the competition of multiple species by analysing the proportion of them in the
population over time.

1.2 Psychopathy

1.2.1 Definition
Psychopathy was first mentioned by Pinel (1818) as part of his "manie sans delire" concept,
which described individuals with undamaged cognitive understanding but impaired affect [27].
Psychopathy is characterised by a wide range of attributes [28]. In his work, Cleckley (1951)
described the construct of psychopathy as characterised by a constellation of personality traits
including superficial charm, lack of remorse, guilt and fear, poor impulse control, emotional
detachment and impairment in building solid relationships, as well as high levels of manipula-
tiveness, dishonesty, low empathy and callousness.

Since then, several conceptualisations have been developed to describe psychopathy in its
own completeness. One of the classic conceptualisation of psychopathy distinguishes primary
and secondary psychopathy [29]. Primary psychopathy is connected to callous and manipulative
behaviour, and it is also strongly associated with lack of guilt, fear and anxiety. Secondary psy-
chopathy develops from environmental experiences, such as parental abuse or rejection, resulting
in emotional problems like impulsivity, neuroticism and aggression [30, 31]. More specifically,
according to Karpman (1941) psychopathy can be divided into 2 distinct clinical groups: symp-
tomatic and idiopathic psychopathy [32]. The former includes "all those reactions that on the
surface bear close resemblance to what we call psychopathic behaviour, except that in these cases
it is not difficult to elicit psychogenesis which is behind the psychopathic indulgence"; while the
latter "includes psychopathic reactions for which it is impossible to find any psychogenic factors"
(p.113). Hare and Neumann (2008), following the origianl construct of Cleckley (1951), devel-
oped another well-known conceptualisation of psychopathy that separates the traits into four
main facets [33]: Interpersonal, Affective, Lifestyle, Antisocial (see Table 1.2). They also de-
veloped the Hare Psychopathy Checklist-Revised (PLC-R), based on Checkley’s work, to assess
psychopathic traits in institutionalised populations, and their measure is currently the one most
used to assess institutionalised populations. Originally, the measure was formed of two main
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factors: Factor 1 and 2, [34] and was then separated into 4 other main factors: Interpersonal
and Affective (Factor 1), Lifestyle and Antisocial (Factor 2). A total of 18 sub-scales were then
defined as shown in Table 1.2.

Table 1.2: Four-factors PCL-R item-based model of psychopathy.

Factors Sub-scales

Interpersonal

Glibness, superficial charm
Grandiose sense of self worth
Pathological deception
Manipulativeness

Affective

Lack of remorse or guilt
Shallow effect
Callousness and lack of empathy
Failure to accept responsibility for actions

Lifestyle

Need for stimulation, proneness to boredom
Parasitic lifestyle
Lack of realistic long-term goals
Impulsivity
Irresponsibility

Antisocial

Poor behaviour control
Early behavioural problems
Juvenile delinquency
Revocation of conditional release
Criminal versatility

Psychopathy is also considered as part as the so-called Dark Triad of personality [35]: psy-
chopathy, narcissism and Machiavellianism. A narcissistic person is characterised by a grandiose
sense of self-importance, exhibitionism, an inability to tolerate criticism, interpersonal exploita-
tiveness, relationships that alternate from extremes of over-idealisation and devaluation, and
lack of empathy [36]. Machiavellianism, on the other hand, is denoted by a relative lack of
affect in interpersonal relationships, a lack of concern with conventional morality, manipulative-
ness and low ideological commitment [37]. Although the three measures cannot collapse to one
unifying factor [38], the high correlations amongst them are undeniable.

1.2.2 Measures
Considering the complexity of psychopathic traits and the consequent lack of an exact con-
ceptualisation, developing a single measure to test psychopathy in individuals is a hard task.
Several measures have been designed to assess psychopathic traits in institutionalised and non-
institutionalised populations. In this section, I present the two measures that I used in my
studies.

One of the most widely used measures for non-institutionalised populations was developed by
Lilienfeld and colleagues in 1996 [39]: the Psychopathic Personality Inventory (PPI). The Psy-
chopathic Personality Inventory is a 154-item self-report questionnaire that measures the core

8



1.2. PSYCHOPATHY

of the psychopathy dimensions. The measure detects eight main sub-scales that are summarised
in three main factors as presented in Table 1.3.

Table 1.3: PPI sub-scales model of psychopathy.

Factors Scale Items

Self-centred impulsivity

Machiavellian egocentricity
Narcissism
Ruthless attitudes

Rebellious nonconformity
Recklessness
Lack of concern for social norms

Blame externalisation
Inability to recognise the conse-
quences of one’s own actions
Tendency to blame others for
one’s problem
Rationalisation of one’s misbe-
haviour

Carefree nonplanfulness Indifference in planning actions

Fearless dominance

Social influence
Ability to influence others
Manipulativeness

Fearlessness
Lack of anxiety
Risk-seeking attitudes

Stress immunity
Absence of marked reactions to
stress
Lack of reaction to provoking
events

Coldheartdness
Callousness
Lack of guilt and sentimentality

Two main differences between the PLC-R and the PPI are that (1) the former was developed
for institutionalized people (either in mental health or penal institutions), while the latter was
developed to assess psychopathic traits in the non-criminal population; and (2) the PPI is a
self-report questionnaire, accessible to anyone and easy to use, while the PCL-R is a complex
test, requiring extensive training, lengthy interviews and most importantly access to criminal
records.

Another self-report scale, the Triarchic Model of Psychopathy [40], is the most recently
developed test for psychopathic traits. It was initially conceived to solve some of the issues
arising from previous measures such as the necessity to test for "successful psychopaths" and
the strong correlation between low levels of anxiety and psychopathy. The test is a self-reported
questionnaire based on validation in the general population. The construct comprises three
main factors: disinhibition, meanness and boldness (see Table 1.4).
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Table 1.4: TRIP-M sub-scales model of psychopathy.

Factors Items

Disinhibition

Impulsiveness
Weak restraint
Hostility and mistrust
Difficulties in regulating emotions

Meanness

Lack of empathy
Lack of affiliative capacity
Predatory exploitativeness
Empowerment through cruelty and destructiveness

Boldness

Social assertiveness
Emotional resiliency
Risk-seeking attitudes
Overconfidence

Thus, different measures have been developed over the years to test psychopathic traits
in both institutionalised and non-institutionalised population. Although some researchers are
more in favour of one or the other measure, they have all been widely validated over the years
and it is not an aim of this thesis to argue the validity of one measure over the others. For my
experiment (see chapter 4), I adopted the PPI-R (a revised version of the PPI) measure based
on the number of items in the measure, the availability of tests to assess the reliability of the
answers, and the possibility to compare my sample with previous studies.

1.2.3 Psychopathic traits and cooperation
When studying how individuals make decisions, one of the main aspects that has been analysed
is how personality traits impact the process. A large branch of research has been devoted to
sheding light on the impact of psychopathic traits on decision-making, especially in relation to
cooperative behaviours. To do so, several studies have employed games to investigate psychopa-
thy and cooperation and, interestingly, results have not all been consistent. One of the first
studies on psychopathic traits and cooperation dates back to 1976 [41]. In this study, psychopa-
thy was tested in an experiment investigating interpersonal behaviour in 32 male psychopaths
using the Prisoner’s Dilemma game. Results suggested that psychopaths may be capable of co-
operating and predicting somebody else’s behaviour in certain situations. However, secondary
psychopaths seemed less able to behave efficiently in the game. A following study analysed
psychopathic attributes in a non-institutionalised population which showed a strong correla-
tion between antisocial actions and both primary and secondary psychopathy [42]. Primary
psychopathy was correlated with disinhibition and boredom susceptibility while secondary psy-
chopathy was significantly less associated with these two measures.

More recent studies directly examined cooperation and psychopathic traits both in the gen-
eral population and in offender samples. Curry et al. (2011) tested the correlation between
psychopathic traits and cooperation in one-shot Prisoner’s Dilemma and bargaining games,
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showing that cooperative behaviours (in the two games) are associated with different aspects of
self-reported psychopathic personality traits [43]. Although overall it showed that psychopathic
personality traits lead to lower levels of cooperation, the effects were diverse in the bargaining.
Psychopathy was also found to be significantly correlated with negative behaviours (defection),
although only for male participants. The authors tested 30 participants using functional brain
imaging scan and self-reported psychopathy measures (PPI and Levenson) [44]. Participants
were asked to play a Prisoner’s Dilemma game in different groups, controlling for gender ef-
fect. Results were analysed looking particularly at the outcome of the game, showing that male
players with high levels in the Levenson psychopathy scores were significantly more likely to
defect overall and also more likely to defect after a previous mutual cooperation. Interestingly,
results from the functional brain imaging showed that high-psychopathic subjects found the
CD outcome (cooperate while opponent defects) less aversive than low-psychopathic players.
Berg, Lilienfeld and Waldman (2013) found that different aspects of psychopathy predicted
different behaviours when playing several economic games (economic tasks, Ultimatum game,
Dictator game and Prisoner’s Dilemma game). Psychopathic traits were assessed with the PPI
self-reported questionnaire. While in general high levels of psychopathy predicted low cooper-
ation in the games, coldheartedness and self-centred impulsivity emerged as major predictors
of participants’ behaviours in the games [45]. Psychopathy is known to predict competitive
goals, leading to selfishness and manipulative behaviours. Thus, high psychopathic traits have
been found to predict greater monetary gains in competitive interactions, but not in cooperative
tasks [46]. Furthermore, psychopathic traits have also been associated with rational choices.
Using the Ultimatum game with college students, Osumi and Ohira (2010) tested the conflict
between fairness and decision-making, when mediated by psychopathic traits. In their study,
individuals with high levels of psychopathy were keener to accept the offer, despite its unfair-
ness. By doing so, they avoid punishment and they choose the most rational option [47]. A
similar experiment was implemented with offenders with and without psychopathy. Evidence
presented a different result from the previous study: offenders with psychopathic traits showed
a similar rejection pattern to healthy individuals. Furthermore, offenders without psychopa-
thy were the only group not adjusting their responses to the alternatives, showing a stronger
impairment in social decision-making than prisoners with psychopathy [48]. Looking further
at institutionalised populations, Mokros et al. (2008) found that criminal psychopaths demon-
strated a significantly higher proneness to competitive behaviour in a Prisoner’s Dilemma game
than a general healthy adult population. Psychopathic subjects accumulated a higher gain and
they exploited their counterpart more strongly than healthy subjects.

Several other studies have investigated how contextual factors and other mechanisms moder-
ated the impact of psychopathic traits on cooperative behaviours. Evidence showed that primary
psychopathy predicts defection in low-value relationships [49]: allowing for conversational in-
teraction among participants before the game, the researchers created a sort of low-value social
relationship between the individuals. Results showed that higher scores in primary psychopathy
were related to lower levels of cooperation with opponents who had interrupted them more fre-
quently, and with whom they did not have common ground. In this sense, the low-value social
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relationship captured the quality and the duration of a prospective social relationship. Another
aspect that has been deeply investigated is the correlation between cooperative decisions and
punishment, in relation to psychopathic traits. Individuals with high levels of psychopathy
showed significant impairment when choosing between options associated with different levels
of reward and punishment, as presented in Blair et al. (2006) [50]. In another study, 19 psy-
chopaths and 21 healthy participants took part in a passive avoidance task. While healthy
individuals responded to all levels of reward and punishment, psychopathic participants ad-
justed their decisions only when a low level of reward and punishment was presented [51]. The
presence of a reward and a punishment increased the inhibition of healthy individuals, com-
pared to the absence of both. On the other hand, high psychopathic individuals did not show
an increase of inhibition in any of the conditions where reward and punishment were introduced
[52]. Therefore, it has been argued that punishment is not an effective tool in the detention of
offenders with psychopathic traits [53]. Interestingly, Deutchman and Sullivan (2018) looked at
how the contextual framework affected cooperation while looking at participants’ Dark Triad
traits (psychopathy, narcissism and Machiavellianism) [54]. They tested 1604 participants play-
ing a one-shot Prisoner’s Dilemma game in either a social vs non-social context or a gain vs
loss context. Participants’ personality traits were assessed by a short Dark Triad self-report
questionnaire at the end of the game. Individuals high in the Dark Triad scale cooperated sig-
nificantly less in the PD game, especially when the game was presented as a non-social one. Dark
Triad was further examined by Malesza (2018). She sampled 280 individuals playing a repeated
version of the Prisoner’s Dilemma game. Results reported that the both Machiavellianism and
psychopathy were highly predictive of defective strategies over time [55].

Thus, several studies have analysed the impact of psychopathic traits on cooperative be-
haviours using economic games. Nevertheless, no previous work has considered the relationship
between group behaviours and psychopathic traits at the individual level, which is one of the
aims of this thesis.

1.3 Individual-Based Modelling
Individual-based models have been widely used by biologists, ecologists, economists and so-
ciologists to describe evolutionary processes. Used to address both applied and theoretical
questions, they have become more and more important in the research process in various dis-
ciplines. These models, also called agent-based models, aim to simulate populations composed
of discrete individuals, each of them with their own set of properties [56]. A simple description
of an individual-based model is provided by Railsback (2001) (p.48) [57]: "build a model of
an individual organism, build a model of the environment, and let a computer create multi-
ple individual organisms and simulate the interactions of the individuals with each other and
the environment". Individuals are described by a simple set of rules and they usually interact
with the surrounding environment, learning from their own experiences throughout time. These
models allow the formalisation of complex social systems in which individuals interact with each
other, learn from their own previous experiences and adapt to a mutable environment, allowing
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researchers to investigate a broad set of problems. By building models from the bottom up,
it is also possible to observe global self-organising effects on the population, without directly
manipulating the population. Moreover, even though these models usually describe natural
complex systems, through this approach it is possible to manipulate aspects that are not ma-
nipulable in lab experiments, providing the opportunity to address aspects that are otherwise
hard to handle, because they are too costly or unethical. By exploring new areas, researchers
have discovered innovative hypotheses and useful guidance for experimental procedures. Thus,
individual-based modelling can bring a notable contribution to the research community, from
the postulation of new theories to the verification of them.

1.3.1 Definitions
To have a more formal definition of an individual-based mode (IBM), I refer to Macal and North
(2010), who define the three major components of an IBM:

1. a set of agents with their attributes and rules;

2. a set of relationships that define the interactions between individuals, and the topology of
connections defining how and with whom they interact;

3. the environment in which individuals interact.

(1) Individuals are described as agents reacting autonomously, depending on the environ-
mental condition. By modelling each individual separately, it is possible to include different
sources of variation at the individual level. In doing so, differences that are often hard to con-
trol for in experiments can be easily manipulated, allowing for a more detailed model of reality.
Such variations are well explained by De Angelis and Mooij (2005) (p.149) [58]:

i) spatial variability, local interactions, and movement;

ii) life cycles and ontogenetic development;

iii) phenotypic variability, plasticity and behaviour;

iv) differences in experience and learning;

v) genetic variability and evolution.

(i) Although previous models have taken into account spatial distribution (e.g. classical
predator-prey models), they did not describe agents as individuals. IBMs take into account
populations where individuals carry their singularity, allowing investigation of the effects of non-
uniform populations on evolutionary dynamics. (ii) Another innovative feature is the modelling
of age-structured populations, in which individuals are defined at different stages of their life.
Furthermore, (iii) one of the main aspects of IBMs is the ability to describe each individual
separately, allowing a broad variation of traits to emerge in the population. Such variations are
achieved by introducing both genetic differences, which are experienced from the beginning of the
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life cycle, and phenotypic differences, that are developed through the life time of the individual.
(iv) Such phenotypic differences evolve as a product of the individual own experiences, which
lead each agent to gather information from the environment, and act independently from the
group. Lastly, (v) the core of IBMs is the ability to adapt to the circumstances experienced,
leading populations to become better and better fit to the environment. This aspect of the
models is particularly interesting for studying genetic changes, and it is mostly used by biologists
and ecologists.

(2) The second aspect defining an IBM is the set of relationships. This set does not only
define how agents are connected to each other, but also what kind of interactions they can have
with each other. It is possible to define long-range connections that operate differently from a
local network, creating also different layers of connections (e.g. multi-level networks). Different
examples of connectedness between agents are shown in Figure 1.1.

Lastly, (3) the environment can be interpreted as the location of agents with respect to each
other, as well as a more complex system providing resources and information to each individual.
Geographic tools such as GIS make it possible to implement the evolution of the model in a
specific and real geographic area of the world, for example in models tracking animal migration.

Figure 1.1: Examples of topologies for individual-based models.

from DeAngelis, D.L. and Mooij, W.M. (2005)

1.3.2 Psychopathic traits and evolutionary fitness
Individual based models have been widely used in ecology [56] and biology [59], and recently
also sociologists have adopted simulation models in their research [60].

However, the use of simulation models is barely used in psychology, although the potential
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benefit of such methodologies is well recognised [61]: a recent study highlights the need for com-
munication between fields, integrating concepts from behavioural ecology to human personality
psychology [62].

Nevertheless, researchers have been examining the adaptive fitness of humans considering
personality traits. An evolutionary perspective has been adopted to examine whether some
dimensions of personality (such as psychopathy) could be adaptive and how those traits were
inherited over generations.

Glenn, Kurzban and Raine (2011) shed light on the positive and evolutionary perspective of
psychopathic traits [63]. They described the different dimensions of psychopathy, considering
the benefits and the costs for each one of them. They then compared two main visions of
psychopathy: (1) the adaptive perspective, in which psychopathic traits are considered an
adaptive strategy developed over generations as a response to environmental stimuli; and (2)
the pathology perspective, in which psychopathy is seen as a dysfunctional pathology deriving
from a series of mutations over time. Providing evidence supporting and weakening each of the
two theories, the author concluded that both visions could be sustained, and further research
should go in that direction.

Moreover, previous research has argued that differences arising from psychopathy can be
evolutionarily advantageous [64]. In their work, Krupp et al. sustain that psychopathy is not
a disorder but it is an "evolved life history strategy". Although they recognise the physiolog-
ical differences between psychopaths and non-psychopaths, they assert that such differences
are an evolutionary advantage. Because of the main traits of psychopathy (e.g. manipulative-
ness, exploitativeness, deceiving attitudes, lack of fear and empathy, and superficial charm),
psychopathy has been considered to be an "adaptation for social predation" [65]. This line of
research is in compliance with the concept of successful psychopathy. Previous studies looked at
successful psychopathy as a form of adaptation to the environment. The succesful psychopath
is defined as "one who embodies the essential personality characteristics of psychopathy but
who refrains from serious antisocial behaviours" [66] (p.459). Manipulative interpersonal atti-
tudes, as well as lack of guilt-aversion, can be interpreted as positive and adaptive behaviours
when environmental conditions are harsh, as they lead individuals to gather more resources and
therefore be more likely to procreate [67]. In their study, Međedović examined the relationship
between psychopathy and fitness, considering the moderating role of the environment, where
fitness is represented as the ability to reproduce. Data showed that some aspects of psychopa-
thy (interpersonal and affective sphere) correlate positively with individuals’ fitness, leading
towards more offspring in the future. At the same time, other aspects such as impulsivity and
recklessness are negatively correlated to reproduction success. Moreover, studies looking at the
correlation between professional success and psychopathy dimensions found that fearless dom-
inance was positively correlated with success, whereas self-centred impulsivity was negatively
linked to professional success [68].

Finally, there has been research focused on the heritability of psychopathic traits and how
they affected both reproduction rates and offspring life-style. Hyde et al. (2016) looked at the
heritable pathways to early callous-unemotional behaviours, which are at the base of psychopa-
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thy [69]. They sampled 561 families that adopted children with biological mothers with severe
antisocial behaviours. Their aim was to investigate the heritability of such traits despite the
rare contact with the biological mothers. Results showed that children inherited callous and
unemotional behaviours from their biological mothers, but the positive reinforcement of the
adoptive mothers buffered such behaviours. These results are in line with previous findings that
69% of the variance in latent psychopathic traits are explained by genetic factors, while 31% of
it is driven by environmental conditions [70].

Thus, although previous research has investigated the beneficial and adaptive aspects of
psychopathy, and the heritability of such behaviours over generations, no previous work has
adopted individual-based modelling to investigate the evolution of specific aspects of psychopa-
thy in different environmental scenarios.

1.4 Thesis structure
The thesis consists of three main parts: the analysis of existing experimental data, the discussion
of an original experiment of my own, and an individual-based model. In the first two chapters,
I analyse data from two experiments conducted by Dr. H. Eisenbarth and collaborators. Chap-
ter 2 examines how psychopathic traits affect cooperation in an environment which provides
emotional feedback after decisions. I also present a section highlighting the importance of ap-
propriate statistical analysis when analysing experimental data, providing an example of how
incorrect selection of statistical models can provide misleading results. Chapter 3 investigates,
through the use of an iterated Prisoner’s Dilemma game, the effect of emotional facial feedback
on cooperative behaviours when controlling for different levels of psychopathic traits. Both
chapters investigate the impact of psychopathic traits on cooperative actions when emotional
feedback is presented. While the first article uses the presence of emotional feedback as a purely
contextual factor, the second manipulates the emotional feedback participants received during
the game. My contribution to both studies relates to the statistical analysis implemented: I
organised the dataset and decided how to analyse the data, choosing the most appropriate
statistical techniques given the data structure. The analyses were implemented using R and
MATLAB. I was the first and corresponding author for both articles. They have been published
in Journal of Individual Difference and Scientific Reports respectively. Both Chapters 2 and
3 present the two articles in their published form, following the classical journal structure of
Introduction, Methods and Materials, Statistical Analysis, Results and Discussion, followed by
Supplementary Material.

Secondly, I discuss the effects of psychopathic traits on group cooperative behaviours, re-
porting an experiment I designed and ran at the University of Southampton. I am the first and
corresponding author of the article that is published in Royal Society Open Science. Chapter 4
reports the study in the article format.

Thirdly, I describe an individual-based model investigating the impact of specific aspects of
psychopathic traits on the evolution of a population. Chapter 5 first provides an introduction
to the theoretical construction of the model, and it then describes the general model following
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the ODD protocol [71]. Results are then presented separately in Chapters 6 to 10. Chapter
6 presents a model which does not allow for mutation over generations, to illustrate the ba-
sic dynamics of the model. Successively, Chapters 7 to 10 present models where mutation is
implemented. Each model presents a new aspect compared to the previous one. In this way,
I disentangle the effect of each single component on the results. Moreover, each new aspect
included in the model allow me to have a more realistic and complete representation of the
real-world interactions and dynamics.

Finally, chapter 11 sets out the conclusions of this thesis, presenting a discussion connecting
all three parts of the thesis and future directions of research.
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Chapter 2 When do psychopathic traits affect coop-
erative behaviour?
An iterated Prisoner’s Dilemma experimen-
tal study.

The following article is now published:
Testori, M., Kempf, M., Hoyle, R. B., & Eisenbarth, H. (2019). When Do Psychopathic
Traits Affect Cooperative Behavior?. Journal of Individual Differences (2019), 40, pp. 227-
233. doi:10.1027/1614-0001/a000295.

Authors’ contributions:
M.K. and E.H contributed to study conceptualization and data collection; M.T. contributed to
data preparation while M.T., R.H. and H.E. contributed to data analysis; all authors contributed
to report writing.

Abstract
Personality traits have been long recognised to have a strong impact on human decision-making.
In this study, a sample of 314 participants took part in an online game to investigate the impact
of psychopathic traits on cooperative behaviour in an iterated Prisoner’s dilemma game. We
found that disinhibition decreased the maintenance of cooperation in successive plays but had
no effect on moving towards cooperation after a previous defection or on the overall level of
cooperation over rounds. Furthermore, our results underline the crucial importance of a good
model selection procedure, showing how a poor choice of statistical model can provide mislead-
ing results.

Keywords
Iterated Prisoner’s Dilemma game; Cooperation; Psychopathy; Model Selection.
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2.1 Introduction
Exogenous factors, such as economic conditions, utility outcome and equality have long been
considered the principal drivers of human decision-making [8, 11]. However, endogenous ele-
ments, such as individual propensities, personality traits and emotional conditions have also
been recognised to have a strong impact [43, 72, 73]. To assess decision-making, several studies
adopted some form of economic game, such as the Prisoner’s Dilemma (PD). The PD is a two-
person non-zero-sum game, usually adopted in the non-cooperative form, meaning that players
have no opportunity to interact with each other besides playing the game [74]. In the PD,
two persons each have to decide between two possible actions, giving four possible outcomes
(see Table 2.1). Although the optimal play from a purely economic point of view would be to
defect1, several studies have recorded cooperative behaviour of the players. Thus, as purely util-
itarian considerations did not sufficiently explain players’ behaviour [11, 75], other factors such
as reputation [8], punishment and altruism [11] have been discovered to influence individuals’
behaviour in economic games.

Table 2.1: Payoff structure of each move in a typical Prisoner’s Dilemma game.

Cooperate Defect

Cooperate R = 3, R = 3 S = 0, T = 5

Defect T = 5, S = 0 P=1, P=1

T > R > P > S, R > (S + T)/2

Emotional states and personality measures have been incorporated into economic models and
experiments to reflect the fact that participants in economic games are social human agents [73].
Several studies have been carried out regarding the influence of personality on decision-making
[72]. As Ibáñez at al (2016) (p.1) states: "personality characteristics would play a significant
role in different behaviour underlying cooperation". In this work we focus on a specific aspect of
human personality, namely psychopathy. Psychopaths are described as dominant, superficial,
manipulative, affective shallow individuals, unable to form strong emotional bonds with others,
and lacking in empathy [28]. The experimental findings relating such traits to decision-making
so far are not entirely clear and sometimes also contradictory. One of the first studies adopting
the PD to assess psychopaths’ decisions was [41]: he examined 32 male psychopaths playing
60 trials of the game under two different conditions (communication and non-communication).
Unexpectedly, he concluded that psychopaths are capable of cooperating and predicting an-
other person’s behaviour. Since then several studies have been conducted to investigate the
correlations between psychopathic traits and cooperative behaviours. Criminal psychopaths
from a high security psychiatric hospital displayed significantly higher proneness to competitive
behaviour in an iterated PD [77], choosing selfish instead of cooperative strategies more often

1In a one-shot PD, the Nash equilibrium states that the optimal choice is to defect, since no matter what the
opponent plays, defection yields a higher payoff than cooperation [76].
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that healthy adults. Furthermore, a negative correlation between cooperation and psychopathic
traits was found in male (but not female) participants in a general population sample [78]. Re-
sults suggested that some aspects of psychopathic traits were specifically predictive: primary
psychopathy (low-anxious, usually viewed as a direct consequence of some intrinsic deficit),
Rebellious Nonconformity (e.g. the propensity to do something others might judge as inappro-
priate) and Machiavellian Egocentricity (e.g. the willingness to trick someone for one’s own
sake). Furthermore, results have suggested that different aspects of psychopathy affect cooper-
ation differently, when looking at PD and bargaining games [43]. Primary, but not secondary,
psychopathy was found to predict lower acceptance rate of unfair ultimatum game offers, and
lower offers in a dictator game in a sample of 47 prisoners [79]. Moreover, psychopathic, high
disinhibited and impulsive personality traits are predictive of a lack of reciprocity in a trust
game [80]. These dissociative effects of psychopathic traits could be reflected better in a model
that directly differentiates disinhibition, meanness (lack of care about other individuals) and
boldness (risk-seeking and fearlessness), as the Triarchic Model of Psychopathy does [40].

According to these results, people scoring high in psychopathic measures (primary and/or
secondary) are expected to adopt less generous and more selfish behaviours, to aim to maximise
their own profit, and not to care about the opponent compared to healthy individuals. In this
study, we use an iterated version of the game (IPD) to investigate the effect of personality traits
emerging over time. We chose to adopt an iterated version rather than a one-shot PD because:
(1) the effect of personality becomes more evident in repeated games [72] and individuals cannot
be fully analysed in one-shot games [76]; (2) we investigate how cooperative behaviour changes
from one trial to the next.

In the current study, facial expressions of the opponents are presented to the player after each
round. The purpose is to create an environment in which players have some sort of connection
with their opponent, as opponent characteristics were discovered to have a strong effect on a
player’s behaviour. However, there is no manipulation of those facial expressions, and we are
not testing the effect of those feedbacks on players’ decisions. Thus, with this experiment we
aim to capture the effect of psychopathic traits on decision-making processes in the presence of
facial feedback. Our hypothesis is that players showing lower levels of psychopathy will adopt
more cooperative behaviours, compared to players scoring high in the psychopathic measures.

2.2 Methods and Materials

2.2.1 Sample
A total of 398 participants were recruited through social media, email lists and adverts on a
University campus.

The experiment was conducted on an online platform, and complete data were available for
378 participants. Participants gave informed consent for participating in an online game. They
received a small compensation based on their achieved sum from the game, with each point they
accumulated being awarded e0.10 by means of an Amazon voucher.
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Participants who took too short or too long time (Mean ± 3*SD) to complete the task were
excluded from the study, leading to the exclusion of 4 participants. Moreover, 60 participants
did not compile the personality questionnaire in a consistent way and were excluded by the
analysis. The final sample was composed of 314 participants (180 females, mean age=27.41).
See Table 2.3 for sample descriptive statistics.

Informed consent was obtained from all participants prior to starting the game and partici-
pants were debriefed after the game regarding the opponent being PC-based rather than a real
other participant. We obtained ethical approval for the study from the German Psychology
Association ethics board.

2.2.2 Experiment procedure
After having filled in a short questionnaire on socio-demographic data, the participants were
informed about the structure of the game. Each participant played a 15 trial Iterated Prisoner’s
Dilemma game. The game was presented as a commercial game in which players were the owner
of a shop situated next to another store, selling various technical goods. Although participants
played against a computer throughout the whole game, they were told they were playing against
a human opponent. The opponent was represented by a video clip of a person, taken from the
Denver Intensity and Spontaneous Facial Action (DISFA) Database [81]. The opponent was
introduced at the beginning of the game showing a 300ms video of a person with a neutral
expression, after showing a "wait until we connect you to another player" instruction. In each
trial, the participant was asked to decide whether she wanted to sell the good at the standard
price (cooperation) or at a sale price (defection). They were encouraged to maximise their own
profit, in order to achieve the most points at the end of the game. Four different outcomes were
possible, according to the players’ decisions: percentages in Table 2.2 show the profit and 4, 3,
2 or 1 points were awarded according to the profit earned in each trial.

Table 2.2: Payoff matrix showing the percentage profit earned during the game by each partic-
ipant according to both players’ decisions.

Participant

Standard Price Sale Price

Opponent
Standard Price (30% , 30%) (10% , 40%)

Sale Price (40% , 10%) (20% , 20%)

The computer was programmed to play a tit-for-two-tats strategy, meaning that it cooperates
until the opponent defects twice in a row, then it defects until the player cooperates again. In
the last two rounds however, the computer was programmed to defect, as an attempt to simulate
human behaviour. A page with the two decisions made and the consequent payoff was shown
after each round. In addition to the payoff, participants were shown a short video of facial
feedback, supposedly from the webcam of the opponent. Videos were taken from the Denver
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Intensity and Spontaneous Facial Action (DISFA) Database [81]. Two individuals were selected
(one female and one male) to represent the opponents and 10 different 300ms snips were created
for each of the female and the male persons and for each of the happy and sad expressions. For
each cooperation, the participant was presented with a happy facial expression video of their
opponent, while they were presented with a sad facial expression video of their opponent after
each defection.

2.2.3 Questionnaires
At the end of the game, a questionnaire was presented to the participants asking whether they
believed in the setting of the game and which strategy they adopted. Participants were asked
to state how much they believed they were playing against a real person, choosing a state in a
scale from 1 to 5 (1 not at all, 5 completely). Participants were also asked whether they were
trying, on a scale from 1 to 5, to maximise their own profit. Lastly, they were asked to fill in
the Triarchic Model of Psychopathy questionnaire (TriPM) [82].

In order to control for potential confounders related to anxiety, aggression and depression,
we included the Buss Perry Aggression Questionnaire [83], the Penn State Worry Questionnaire
[84], the Mood and Anxiety Symptom Questionnaire [85] as well as the Brief Depression Severity
Questionnaire [86]. Measures of the PD were not related to any of these variables; therefore we
did not include them in further analyses.

2.2.4 Psychopathy measures
Psychopathy was assessed through the Triarchic Model of Psychopathy questionnaire (TriPM).
A reliability test (Cronbach’s alpha) in the current sample shows acceptable internal consisten-
cies (Table 2.3). Developed by Patrick, Fowles, & Krueger (2009), the questionnaire is based
on three factors: disinhibition, boldness, and meanness.

Disinhibition describes a general propensity toward impulse control problems, involving a
lack of self-control, weak restraint and difficulties in regulating emotion (Patrick, Drislane,
& Strickland, 2012; Patrick & Drislane, 2015). High level of disinhibition-related behaviour
includes irresponsibility, impatience, impulsive actions leading to negative consequences, alien-
ation and distrust, untrustworthiness, proneness to drug and alcohol problems, and engagement
in illicit or other norm-violating activities.

Boldness suggests a capacity to remain calm and focus in situations involving pressure and
threat. It can be associated with social dominance, low stress reactivity and thrill-adventure
seeking [87], and it can be recognised in manifestations of imperturbability, assertiveness, per-
suasiveness, and social poise.

Meanness entails deficient empathy, lack of close social attachment towards others, rebel-
liousness and empowerment through cruelty. Individuals with high meanness scores usually
show callousness, cold-heartedness and apathy towards others (Patrick, Drislane, & Strickland,
2012). The notion of meanness is central to conceptions of psychopathy in criminal and delin-
quent samples (Patrick, Fowles, & Krueger, 2009).
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Table 2.3: Descriptive statistics for the participant sample.

Variables Min Mean Standard
Deviation

Max Cronbach’s α

age 18 27.26 8.92 65 -
gender 1 1.43 0.50 2 -
ethnicity 1 1.02 0.14 2 -
nationality 1 1.05 0.22 2 -
education 2 4.69 0.70 5 -
job 1 3.57 1.47 6 -
degree 1 2.83 1.74 8 -
believe 1 2.06 1.31 5 -
maximise 1 3.73 1.20 5 -
meanness 19 30.99 7.95 67 0.87
boldness 30 50.01 7.50 72 0.81
disinhibition 21 33.58 7.93 62 0.87

Gender: 1 = Female, 2= Male
Ethnicity: 1 = European, 2 = other;
Nationality: 1 = German, 2 = other;
Education: 1 = Primary school, 2 = Secondary school, 3 = Gymnasium, 4 = High school, 5 = Higher school
Degree: 1 = Still in education, 2 = No education completed, 3 = Apprenticeship, 4 = Bachelor, 5 = Master, 6
= Doctoral student, 7 = Doctor, 8 = other
Job sector: 1 = Technical, 2 = Research, 3 = Art and music, 4 = Social, 5 = Economic, 6 = Administrative

2.3 Statistical Analysis
The variables under investigation were the total percentage of cooperation, the percentage of
cooperation after a previous cooperation (CaC), and after a previous defection (CaD). The
total percentage of cooperation was calculated as the mean percentage of cooperative decisions
over the 15 trials; while CaC (CaD) was the percentage of times a participant cooperated
immediately following a previous cooperation (defection). The same analyses were implemented
on the three dependent variables in parallel. The explained variables were regressed against a
fixed set of explanatory variables which included: gender (1=female, 2=male) as it has been
found to be correlated with psychopathic traits [88, 89]; age to control for age effects; the
believe variable which accounted for the participants’ level, on a scale from 1 to 5 (1=not at
all, 5=completely), of belief that they were playing against a fellow human; and the maximise
variable that expresses the extent to which participants were trying to maximise their own
profit during the game (1=not at all, 5=completely). The three dimensions of psychopathic
personality, meanness, boldness and disinhibition were included as dimensional scores. The
mean and variance of these measures in our sample are similar to other samples previously
collected [90]. Summary statistics for the predictor variables and a correlation matrix amongst
dependent and independent variables are provided in Tables 2.3 and 2.4.

The analysis of the data can be divided into three phases. First, candidate models were fit
to half of the data in order to identify suitable models for the dataset. Since all three DVs were
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produced from a series of zeros and ones, we considered a Generalised Linear Model (GLM),
a Logistic (LM) and a Beta-Binomial (BBM) regression models as candidate and compared
their fits to data. Secondly, repeated k-fold cross-validation was implemented to select the best
predictive models from among these candidates. Finally, the selected model was fitted on the
complete dataset. All the analyses were implemented in R. More information are provided in
the Supplementary Material.

2.4 Results
We first analysed the total rate of cooperation over the fifteen rounds as dependent variable
(Table 2.5).

Table 2.5: GLM results for participants’ cooperation as a function of their age, gender, level of
belief and personality traits.

DV: overall cooperation CaC CaD

intercept 0.69*** 0.58*** 0.66 ***

(0.10) (0.12) (0.11)

age -0.003 -0.00 0.00

(0.02) (0.00) (0.00)

gender 0.04 0.07 0.03

(0.04) (0.04) (0.01)

believe -0.02. -0.01 -0.03*

(0.01) (0.01) (0.01)

maximise -0.03* -0.04. -0.02

(0.01) (0.02) (0.01)

meanness -0.08 -0.01 -0.02

(0.02) (0.03) (0.02)

boldness -0.02 0.01 -0.01

(0.02) (0.02) (0.02)

disinhibition -0.04 . -0.06 * 0.00

(0.02) (0.03) (0.02)

Standard errors for coefficients shown in parenthesis;
Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1;

CaC = cooperation after previous cooperation, CaD = cooperation after previous defection

The only variable with a statistically significant impact at the 5% level on predicting the
overall cooperation is maximise. Participants who aimed to get the highest score possible
for themselves were less cooperative than people who were not focused on their gain. In this
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sense, their behaviour could be considered rational although it has been proven that cooperative
behaviour leads to higher rewards than a negative strategy in an iterated game [91]. Personality
traits are not a significant predictor (at the 5% level) when looking at the overall cooperation.

Disinhibition is the only significant personality aspect when considering the maintenance of
cooperative behaviours between trials (CaC) (Table 2.5). The less inhibited players were, the
more they switched strategy from cooperation to defection. In this sense, more disinhibited
players tend to be less consistent in cooperative strategies.

There is no effect of personality traits on the rate of cooperation after a previous defection
(Table 2.5), though belief increases cooperation. Players tend to switch from defection to
cooperation more often when they believed in the experimental set up, thinking they were
playing against another fellow human being.

Furthermore, through the analysis of the dataset we observed the importance of selecting
the model with the best fit to the data. The necessity of such a procedure is highlighted by
the fact that results from the poorly fit binomial regression would have been very misleading
for our dataset: it shows several predictors as being statistically significant and with greater
significance levels than for the best fit models (see Appendix).

2.5 Discussion
Our results seem to partially contradict our initial hypothesis that cooperation might be de-
pendent on the player’s psychopathic traits. The only impact of psychopathic traits on player’s
behaviour was found with regard to the maintenance of cooperative behaviour, but not on the
overall tendency of players to cooperate, which is inconsistent with previous findings using a
similar setup [43, 44].

In our study, more disinhibited individuals engaged in a less continuously cooperative strat-
egy, switching to defection more often than participants with lower disinhibition levels. As
disinhibition is conceptualized as irresponsible, impatient and impulsive tendencies, related to
antisocial behaviour, these results match previous findings that point to a relationship between
rebellious nonconformity and defection [77]. Furthermore, a recent study found a positive associ-
ation between disinhibition and risk-taking in a loss context [92]. Contrary to our expectations,
meanness was not a significant predictor in our models, indicating a lower behavioral relevance
of that aspect as previously found [93]. On the other hand, personality traits do not show
any effect on the decision to switch to cooperation after a previous defection or on the overall
cooperation.

A possible explanation for the lack of an effect of psychopathic traits on cooperation in our
experiment is that the majority of the participants (165 out of 314) strongly believed they were
playing against a computer (scoring 1 out of 5 for belief) and only 11 participants completely
believed they were playing against a real person (scoring 5 out of 5 for belief). Personality traits
may not play as much of a role when playing against a computer as they do when interacting
with a person. This problem is due to the limitation of the study using an online data collection
approach. Thus, design improvements will be necessary to create an environment in which
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participants can have a more realistic interaction with the opponent. This will make it possible
for the participants to totally engage in the game and higher variations could be observed
between high and low psychopathic subjects. Moreover, it would be useful to control for other
personality dimensions in future works, such as the big five personality traits.

An interesting outcome of our experiment is the correlation between the willingness to
maximise the outcome and the strategy adopted: participants defected more overall if they
were trying to maximise their own payoff, compared to less profit-oriented players. However,
as we measured the motivation to maximise profit only with one item in the questionnaire,
this result needs further investigation with more detailed evaluation of the strategic goals of
individuals in the game.

Furthermore, we want to emphasise the importance of an appropriate model selection tech-
nique. In the appendix we report a very interesting finding: fitting a binomial model would have
suggested that several predictors were indeed statistically significant for overall cooperation and
with greater significance levels than we observed with our best fit models. Since the binomial
model was initially considered the most appropriate regression, but revealed through repeated
k-fold cross-validation to be a poor fit to data, this highlights the importance of a rigorous
model selection procedure to avoid overstating outcomes and provide a reliable interpretation
of experimental results.

Our findings show not only the crucial impact of model selection on the analyses, but also
the impact of general game behaviour and belief on the outcome in a game theory paradigm
of cooperation. Therefore, future research should not only investigate specific game behaviour
but also take into account participants’ belief about the experiment [94]. Other confounding
variables in such a task could be cognitive and motivational factors, which we were not able
to control for. Future investigations should include pre- and post-measurement of such factors,
e.g. related to state stress.

Our study adds to the discussion on the use of deception in economic game research [95]
and highlights the relevance of further investigation of such effects.

Despite these limitations our study shows evidence for a relationship between psychopathic
personality traits, specifically disinhibition, with a switch to defection instead of towards coop-
eration, but no overall relevance of psychopathic traits for cooperation behaviour in the game.
Furthermore, the change of results based on statistical model selection show that findings from
such experimental designs including dimensional scores of personality measures can be unstable
and models should be carefully selected.

2.6 Appendix

2.6.1 Binomial Regression analysis
An important observation that arose from this analysis is how a model, which sometimes seems
the perfect choice, can be in reality extremely far from a good representation of the dataset. A
clear example for our dataset is the binomial regression. We expected this model to give the
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best interpretation of the dataset, as our dependent variable is a binary choice repeated over
rounds, and so a binomial distribution might be expected to be the optimal choice to describe
our dataset [96]. See supplementary material for more extensive discussion. Nevertheless, we
proved that such a model was the worst performing one out of the four analysed. Additionally,
it is worth reporting that if we had used the binomial regression model, several of the predictor
variables would have appeared to have a statistically significant effect on the level of cooperation
as shown in Table 2.6.

Looking at these results, it might have been tempting to select the binomial regression
model as the preferred regression and not take into account the analysis implemented for model
selection. However, our results highlight the importance of a correct model selection procedure
for data analysis and show how easy it is to misinterpret the results of a regression.

Table 2.6: Binomial regression results for participants’ cooperation as a function of their age,
gender, level of belief and personality traits.

DV: Overall Cooperation

intercept 0.82 ***

(0.19)

age -0.01 **

(0.00)

gender 0.18 *

(0.07)

believe -0.09 ***

(0.02)

maximise -0.14 ***

(0.03)

meanness -0.04

(0.04)

boldness -0.01

(0.03)

disinhibition -0.18 ***

(0.04)

Standard errors for coefficients shown in parenthesis;
Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1;

BIN = binomial generalised linear model
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2.7 Supplementary Material

2.7.1 Candidate models
Initially several candidate models were identified, and the best model was subsequently selected
from among them. Four models were considered to describe and predict the dataset: Generalised
Linear Model (GLM), Logistic Regression (LR), Binomial Generalised Linear Model (BIN) and
Beta Regression (BR). The selection of these four specific models was based on the characteristics
of the dataset, such as the distribution of the variables, the kind of relationship which was
supposed to hold between dependent and predictor variables and the type of variables themselves
(i.e. continuous, ordinal or dichotomous).

The GLM has become "psychology’s data analytic workhorse" [97]. Used mostly for contin-
uous variables, the GLM offers a flexible interpretation of a wide range of relationships between
the independent variables and continuous or dichotomous outcome variables. It can be expressed
as follows:

g(E[Y]) = b0 + b1x1 + . . .+ bkxk, (2.1)

where E[Y] is the expected value of the dependent variable, in this case the frequency of
cooperation for each participant; g(·) is a link function connecting the dependent variable and
the predictors x1, . . . ,xk; while b1, . . . , bk are the estimated coefficients and b0 is the intercept.

The LR is part of the GLM family and it differs from the previous regression because of the
link function. In the LR, the logit function, rather than the identity function, links the mean
of cooperation to the predictors. The model is defined as:

logit(E[Y]) = η = ln

(
π̂

1− π̂

)
= b0 + b1x1 + . . .+ bkxk (2.2)

where π̂ is the vector of probabilities of Y taking certain values.
Although the LR is commonly used with categorical dependent variables, it can also be used

to estimate probabilities of frequencies. In this case, the logit regression provides an efficient
method which tends to provide a useful probabilistic derivation and interpretation [98]. Hence,
the overall level of cooperation is defined as the frequency of cooperation of the participants
over the fifteen trials. CaC is defined as the percentage of times a player cooperated after a
previous cooperation, and CaD as the percentage of times a player cooperated after a previous
defection.

A different method to interpret the overall cooperation is by considering the exact number
of cooperations and defections for each participant. In this way, the additional information of
the number of trials played by each participant can be provided to the model. A straightforward
choice is suggested by this description of the data: the binomial regression model. This model
belongs to the GLM family and it is closely connected to the LR model. Indeed, it can be
expressed as:

ηi = logit(pi) = ln

(
pi

1− pi

)
= β0 + β1xi1 + ...+ βqxiq, (2.3)
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where pi is the probability for participant i to cooperate and the response variable Y =

(y1, . . . , yn) is distributed as yi ∼ B(ni, pi) where ni is the number of trials for participant
i. However, there are two key differences from the LR model. Firstly, the variable pi (instead
of π̂i) is now calculated over the exact number of trials, potentially providing a more accurate
approximation of the level of cooperation for each participant. Secondly, while for the LR model
the log-likelihood function could be expressed as

lnL(ηi; yi) =
n∑

i=1

yiηi − log(1 + eηi), (2.4)

for the BIN model, the log-likelihood function includes the additional information of the number
of trials:

lnL(ηi; yi) =
n∑

i=1

yiηi − nilog

(
1 + eηi + log

(
ni

yi

))
(2.5)

Yet another different approach is provided by the beta regression (BR). This model has been
proposed as an alternative to linear regression to model clustered binary data, such as in the
case of the proportion of successes and failures over a finite number of trials (where success, in
this experiment, is defined as cooperation and failure as defection) [96]. Although the model
can be expressed as the GLM in Eq(2.1), the central assumption of the regression is that the
dependent variable follows a beta distribution [99]. It is characterised by two parameters which
allow for modelling a wide range of distribution shapes:

f(Y|α, γ) = Γ (α+ γ)

Γ (α)Γ (γ)
Yα−1(1− Y)γ−1 (2.6)

where 0 ≤ Y ≤ 1 , α, γ > 0 and Γ (·) denotes the gamma function [100].
An additional reason to consider the BR regression model is its adaptability to model data

concentrated towards the limits of a finite range, as is the case of our data when looking at
people who always cooperated and always defected. Despite the good approximation that this
distribution provides, the use of the beta regression in behavioural and psychology research
has been for some time outside of most experimentalists’ reach because of the lack of software
implementation [96]. This problem has been solved by a package in R, developed specifically
for beta regressions [101].

All the presented models were tested on one half of the data to check that a reasonable fit
was possible.

2.7.2 Validation and Model Selection
The second phase of the analysis consisted of cross-validation of the models. Cross-validation
has been used to select a model through fitting one half of the data and then predicting the
remaining data. Two different techniques were initially considered in this study: holdout and
repeated k-fold cross-validation [102]. The results of holdout validation can be highly dependent
on the choice of the fitting and testing subsets, and so we implemented repeated k-fold cross-
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validation on the dataset.
The technique was implemented with the package "cvTools" in R. With this procedure, the

complete dataset is first partitioned into k folds, usually of the same size. Subsequently, k
iterations of fitting and validation are performed such that at each iteration, the kth fold is
held out from the fitting phase and is used for the validation phase instead. The selection
of 10 folds is suggested by the literature in which k is usually equal to 5 or 10, according to
the sample size. The model selection is automatically done by the function "cvSelect" which
compares the prediction errors in each iteration and computes an overall error at the end of
the iterations. This procedure is then repeated a certain number of time (5 in this experiment)
in order to reduce the bias which could arise from the selection of the k folds. A negative
aspect is that the training and testing sets are not independent but overlap and this could lead
to an underestimation of the variance [102]. However, it is considered one of the best model
selection methods, as it tends to provide a less biased estimate of the prediction accuracy [102].
Additionally, the repetition of the procedure makes the model selection more robust and reduces
the possibility of underestimating the variance.

2.7.3 Model Fitting
In this last phase, the selected models were fitted on the complete dataset.

In order to make a comparison between the effects of the personality measure predictors, a
normalisation of the variables is necessary. Since the range of the various variables is different,
the estimated coefficients cannot be directly compared. Standardizing the predictors is useful
not only for the interpretation of the main effects of the regression, but it also helps with the
scaling problem [103]. In complicated regressions with many predictors, the most common
technique to deal with this problem is to subtract the mean of the variable and divide by the
standard deviation. In this way, the variables have roughly the same scale and it is possible to
compare their effects on the dependent variable.

This procedure was implemented for the three variables describing the personality traits
(meanness, boldness and disinhibition). The results were then analysed to make inferences
about the initial hypothesis.

2.7.4 Repeated k-fold cross-validation and Model Selection Results
According to the repeated k-fold cross-validation procedure, GLM was found as the best per-
forming model for CaC and CaD, although the predicted error between GLM and BR are very
close. While GLM and BR provided very similar error terms for all three dependent variables,
the LR and the BIN scored higher error measures, highlighting that these regression models are
not adequate in the prediction of the dependent variable in this experiment (Table 2.7). Despite
the initial assumption that the BIN should have performed better (as it includes more informa-
tion than the other models), it can be seen that the error made in the prediction is instead the
highest registered. On the other hand, the difference between GLM and BR performances is
slight, but it confirmed the theory behind the regression models. According to the results of the
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validation procedure, for the overall cooperation, the beta regression model was implemented
over the complete dataset. The GLM was implemented for the other two dependent variables.

Table 2.7: Estimated prediction errors for the repeated 10-fold cross validation procedure for
all three dependent variables.

DV: overall cooperation CaC CaD

GLM 0.28 0.26 * 0.23 *

BR 0.28 * 0.27 0.23

LR 0.77 0.75 0.63

BIN 1.18 - -

* selected model;
GLM = generalised linear model,

BR = beta regression,
LR = logistic regression,

BIN = binomial generalised linear model
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Abstract
As decision-making research becomes more popular, the inclusion of personality traits has
emerged as a focal point for an exhaustive analysis of human behaviour. In this study, we inves-
tigate the impact of psychopathic traits on cooperation in an iterated Prisoner’s Dilemma game
with emotional facial feedback. Firstly, we observed how receiving a facial feedback after each
decision affected players with different psychopathic trait scores, and how being informed about
the opponent’s identity influenced cooperative behaviour. Secondly, we analysed the strategies
adopted by each player, and how these choices were correlated with their psychopathic traits.
Although our results showed no effect of different emotional content in the feedback on cooper-
ation, we observed more cooperative behaviours in those players who were told their opponent
was another fellow human, compared to those who were told it was a computer. Moreover,
fearless dominance had a very small but consistent negative effect on overall cooperation and
on the tendency to maintain cooperative behaviours. We also found that players’ personality
scores affected the strategies they chose to play throughout the game. Hence, our experiment
adds complexity to the body of work investigating psychopathic traits and social interactions,
considering not only the environment of facial feedback but also the role of deception in exper-
imental games.
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3.1 Introduction
Significant dysfunction in interpersonal relations is a hallmark of psychopathy. It includes traits
of callousness, guiltlessness, dishonesty and egocentricity [104]. These self-focused characteris-
tics lend themselves to the significant behavioural differences seen in those high in psychopathic
traits, especially in social situations.

The Prisoner’s Dilemma game (PD), and its variations, is a commonly used framework for
researching personality traits within a social context. Several key studies have employed this
game to investigate how psychopathic traits influence cooperation and defection. Interestingly,
results have not all been consistent. One of the first studies to use the PD to investigate psycho-
pathic traits surprisingly found that males high in primary and secondary psychopathic traits
were not more likely to defect than those low in psychopathy [41]. A later study, however, found
a significant negative correlation between psychopathic traits and cooperation, only in male par-
ticipants [44]. Male prison samples showed a decreased cooperativeness among those high in
psychopathy [105], and high levels of impulsivity were also found to be strongly predictive of de-
fective behaviours in the general population [55]. Specifically, two characteristics of psychopathy
correlated negatively with cooperation as determined by the Psychopathic Personality Inven-
tory Revised (PPI-R) [106]: Impulsive Nonconformity and Machiavellian Egocentricity. High
levels of impulsivity were predictive of repeated defection, while machiavellianism was linked to
higher overall defection. At the same time, Narcissistic personality traits have been found to
differentially impact on cooperative behaviour and overall outcome [107].

An important aspect to consider in social interactions is individuals’ emotional response,
especially in relation with personality traits. However, previous research on cooperation in
the context of emotional feedback has not considered personality features. In psychopathy,
emotional dysfunction has long been a defining characteristic [104], and while there is some
debate as to whether there is any dysfunction of emotional recognition [108], the literature is
fairly conclusive on a dysfunction in emotional reaction [109, 110]. What remains to be seen
is whether this emotional dysfunction affects cooperation in social interaction. One key study
attempted to investigate a possible interaction of affective feedback and psychopathic traits
in an iterated PD [111]. Participants performed two versions of the game, one with and one
without verbal affective feedback. Results showed that psychopathy was significantly associated
with reduced cooperation in the affective feedback version of the game, and positively associated
with "CD" outcomes in both games (CD = player cooperates while the opponent defects).

Our study aims to build on these findings by implementing an experimental design which
includes two different facial feedbacks (smiling and frowning faces) in four separate combinations
(see Table 3.1).
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Table 3.1: Emotional facial feedback in the four between-subjects conditions.

Player’s decision Opponent’s emotional facial feedback

Condition 1 Condition 2 Condition 3 Condition 4

Cooperation neutral neutral happy happy

Defection neutral sad neutral sad

Given the evidence of the use of facial expression in determining partners’ trustworthiness
[112], and the association of happy faces with cooperation and sad faces with defection [113],
we hypothesise participants to be more likely to cooperate in the presence of happy facial
feedback. As such, our first hypothesis is the following: highly psychopathic players will be
less cooperative overall, especially in the presence of happy facial feedback, compared to low
psychopathic participants.

In addition, we aim to investigate the effect of the opponent’s identity on cooperative be-
haviours. We implemented two game versions, a deception and a non-deception one, to observe
differences in participants’ behaviour when the opponent is a fellow human or a computer.
Playing versus a human opponent has been proven to elicit higher engagement and more pos-
itive emotional responses, when compared to computer opponents [94, 114]. Thus, our second
hypothesis states that: deceived players will show more cooperative behaviour compared to
non-deceived ones.

Lastly, we are interested in estimating the strategies played throughout the game. A pioneer
of IPD strategy analysis is Axelrod (1981) [115]. His main interest was to discover "how to play
the game (IPD) well". For this purpose, he invited professional game theorists from diverse
disciplines to send him strategies that they considered successful. These strategies were then
entered in a computer tournament in which each of them played against all the others for 200
rounds. As a result, he obtained a ranking of the most successful strategies devised up to that
moment. Since then, strategies have been investigated in depth, however mainly to assess which
was the most successful one. In our paper, on the other hand, we aim to identify which are the
most used strategies, without focussing on how successful they are. Previous works focused on
identifying players’ strategies through different techniques. Wedekind and Milinski (1996) [116]
were amongst the first to observed subjects’ strategies in both a simultaneous and an alternating
Prisoner’s Dilemma game. Thereafter, various estimation techniques have been used to assess
which strategy each subject was playing in different games, analysing players’ decisions directly
[117, 118, 119, 120]. In this experiment, we implemented the technique first presented by
Dal Bó and Fréchette (2011) [117] and we employed the same set of strategies considered in
Fundenberg, Rand and Dreber (2012) [121]. We examined players’ strategies by comparing each
player’s decisions throughout the game with some of the best known strategies in game theory
[115]. We then analysed whether psychopathy scores correlate with the strategies adopted
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by the players. Under the assumption that highly psychopathic individuals are less prone to
cooperate compared to low psychopathic individuals, we suppose that as psychopathic measures
increase, the percentage of participants using defective strategies will increase. Therefore, our
third hypothesis claims that high psychopathic individuals will adopt less cooperative strategies,
compared to low psychopathic players.

3.2 Methods

3.2.1 Personality measures
The PPI is a 154-item self-report questionnaire [106] on psychopathic traits with 8 sub-scales,
and seven of the eight subscales can be grouped into two main factors: Fearless Dominance
and Self-centred Impulsivity, while Coldheartedness is considered as an additional factor. In
this study, we implemented a 40-item version of the PPI-R [122] (see Supplementary Material
for sample questions). Additionally, a recently developed method, the IRS-10, allowed us to
test the response reliability of participants in the PPI-R [123]. Participants with IRS-10 scores
above the cut-off were deemed to have completed the PPI-R in an inconsistent and therefore
unreliable manner and were eliminated from analysis, leading to the exclusion of 14 participants.
The cut-off score was set at an IRS-10 at the 95th percentile or higher ( > 13).

In addition to the PPI-R, participants also completed the Narcissistic Personality Inventory-
16 (NPI-16) [124]. The NPI-16 is a 16-question short-form version of the original NPI-40 [36].
The NPI-16 has shown a high correlation with the original NPI-40 (r= .90, p <0.001) and, in
addition, it has been shown to possess sufficient internal, discriminant and predictive validity.

3.2.2 Data collection
A total of 233 participants were initially recruited via an online platform, Prolific Academic
https://www.prolific.ac. Complete data were available for 206 participants; 14 participants
were excluded due to inconsistencies in their responses [106]. The final sample was composed
of 192 participants (112 female, age: M=34.5, SD=11.6 ). Participants received a small com-
pensation of £2, independent of their achievement in the game.

3.2.3 Procedure
After an introduction page explaining the structure of the game, participants were introduced
to a presumed opponent, showing a picture of one of the two individuals (from DISFA [81]).
Participants were instructed to play so as to achieve the highest score possible. At the end
of the 30 rounds, participants completed the PPI-R, and the NPI-16, followed by a feedback
page which included yes/no questions such as "Did you believe you were playing against a real
person?" and "Did you try to maximise your own profit?". Participants were then debriefed
about the nature of the game and the computer based opponent.
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3.3 Material

3.3.1 Experimental Design
Ethical approval was obtained from the Faculty of Medicine Ethics Committee and Research
Governance Office at the University of Southampton, all experimental and survey procedures
followed ethical guidelines from the declaration of Helsinki as well as guidelines of the institu-
tional review board. All participants gave informed consent for participating in an online game.
The experiment was constructed with four different conditions and two game versions. Firstly,
we divided the complete sample equally into two groups: the Deceived and the Non-Deceived
subgroups. Although in reality all participants played against a computer, deceived participants
were told they were playing against a human opponent. Participants in the non-deception ver-
sion were informed they were playing against a computer, however they were instructed to
consider the stimuli they were going to see during the game (emotional feedback) as if they
were received from real human opponents.

Secondly, we implemented four conditions symmetrically on the two subgroups divided ac-
cording to the emotional content (happy, neutral and sad) of the facial feedback participants
received after each round (Table 3.1). Videos for the facial feedbacks were taken from the Denver
Intensity and Spontaneous Facial Action (DISFA) Database [81]. Two individuals were selected
(one female, one male) and 10 different 300 ms snips were created for each of the female and
the male actors and for each of the happy, neutral and sad expressions. Participants in each
group, deceived and non-deceived, were randomly assigned to one of the four conditions. The
game was programmed to give equal numbers of male and female opponents and equal numbers
of participants in each of the four conditions.

Participants were instructed to imagine a scenario in which they were the owner of an elec-
tronics shop, competing against another electronics store. In each of the 30 rounds, they were
asked to assign to individual products either standard price (cooperation) or sale price (defec-
tion), knowing that their opponent was asked the same question. According to the decisions
made by the player and the computer, four outcomes were possible (Table 3.2).

Table 3.2: Payoff matrix showing the percentage profit earned according to both players’ pricing
decisions.

Participant

Standard Price Sale Price

Opponent
Standard Price (30% , 30%) (10% , 40%)

Sale Price (40% , 10%) (20% , 20%)

The computer was programmed to play a tit-for-two-tats strategy, meaning that it cooperates
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until the opponent defects twice in a row, then it defects until the opponent cooperates again.
In the last two rounds however, the computer was programmed to defect, as an attempt to
simulate human behaviour. A page with the two decisions made and the consequent payoff was
shown after each round. In addition to the payoff, participants were able to see a short video
representing the presumed opponent’s face.

3.4 Statistical Analysis
Three main questions were explored:

1. which factors affected the overall rate of cooperation during the game?

2. what persuaded players to continue cooperating?

3. can we approximate players’ behaviour with well known strategies?

To investigate the first two points, analyses were implemented on two different dependent vari-
ables: the overall percentage of cooperation for each participant over the 30 trials, and the
number of times a participant cooperated immediately following a previous cooperation ("coop-
eration after cooperation" - CaC). The number of cooperations immediately following a defection
was also regressed without reporting any significant effect (marginal effect of fearless dominance
at the .05 level of significance, see Supplementary Material). The same analyses were imple-
mented on the two dependent variables in parallel. The two explained variables were regressed
against a fixed set of explanatory variables (see descriptive statistics in Table 3.3) which in-
cluded gender (1=female, 2=male), as it has been found to be correlated with psychopathic
traits, the four personality factors (fearless dominance, self-centred impulsivity, coldheartedness
as dimensional scores, and narcissism), and the maximise variable describing, on a scale from
1 to 5, how much the players tried to maximise their own profit. To account for the effect
of the two game versions, we included as fixed effect the game version variable (1=deception,
2=non-deception) which controlled the effect of the deception/non-deception games participants
played. For the four conditions implemented in the game, we modelled them as a 2x2 factorial
design, as explained in Table 3.4. Descriptive statistics of the variables are presented in Table
3.3, and the correlation coefficients can be found in Table 3.5.
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Table 3.3: Descriptive statistics for the participant sample.

Variables Min Mean Standard Deviation Max Cronbach’s α

gender 1 1.58 0.49 2 -

maximise 1 4.26 0.90 5 -

fearless dominance 17 34.67 7.51 56 0.83

self-centred impulsivity 16 30.91 5.89 49 0.73

coldheartedness 5 10.78 2.97 20 0.75

narcissism 0 0.08 0.09 0.33 0.54

Table 3.4: Two-by-two factorial analysis of the four conditions implemented.

positive feedback negative feedback

absence of negative feedback (0) presence of negative feedback (1)

absence of positive feedback (0) condition 1 condition 2

presence of positive feedback (1) condition 3 condition 4

The regression analysis consisted of two phases: model selection and model interpretation.
Three models were considered, according to the structure of the dependent variables. Since both
variables were produced from a series of zeros and ones, we considered a Generalised Linear
Model (GLM), a Logistic (LM) and a Beta-Binomial (BBM) regression models as candidate
and compared their fits to data. To select the best fitting model for our data, a repeated k-fold
cross-validation was implemented. Finally, the best fitting model was implemented on the data
and the results were interpreted.

A different approach was used for the analysis of the strategies adopted. In this case we
followed the technique presented in Dal Bó and Fréchette (2011) [117]. Detail of the technique
can be found in the Supplementary Material. In order to be able to infer the players’ strategies,
we focused our attention on a sub-set of the multitude of existing games strategies (see more
details in the Supplementary Material). Amongst them, we then repeated the analysis for
those strategies which were most chosen and had a stronger correlation with the participants’
personality traits (Table 3.6).
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Table 3.6: Description of the main four strategies considered.

Strategy Abbreviation Description

Tit for three tat TF3T Cooperate until the opponent defects three times in a row, then defect
till the opponent cooperates again

Two tit for two tat 2TF2T Cooperate until the opponent defects twice in a row, then defect till
the opponent cooperates twice in a row

Grim Grim Cooperate until the opponent defects, then defect forever

Always defect ALLD Defect at each round

Interestingly, these strategies capture the most important aspects of IPD strategies [115]:
punishment (Grim, TF3T), forgiveness and niceness (TF3T, 2TF2T). At the same time, ALLD
represents a purely defective strategy, which is known to be the optimal strategy in an IPD
and one of the most used one. The complete results for this pre-analysis can be found in the
Supplementary Material. All data and code can be found on the osf platform.

3.5 Results

3.5.1 Cooperation analysis
The GLM was selected as the best model for both dependent variables using 5-fold cross-
validation (see Supplementary Material).

To address the partialling issue [125], we first regressed the dependent variables over the
four personality trait variables (Table 3.7). The findings from this initial basic analysis were
corroborated by the complete regressions subsequently conducted. Fearless dominance emerged
as the only consistently statistically significant predictor: the lower people’s score in this factor
of psychopathy, the more they cooperated over the 30 rounds and the more they persisted in
cooperative strategies. As we hypothesised at the beginning, players who scored high in this
psychopathy measure tended to cooperate less than low-psychopathic individuals. However, the
analysis also shows that the different feedback conditions did not affect the rate of cooperation:
receiving different types of emotional feedback did not affect individuals’ strategy, neither for
the overall cooperation nor for CaC.

To investigate whether participants showing different levels of psychopathy were differentially
influenced by the facial feedbacks, we included the interaction terms between the cumulative
score of psychopathy and the four conditions (Table 3.8). Results show a very small and
marginally significant effect of two interaction terms (positive * negative * psychopathy and
positive * psychopathy). Due to the small effect size and the marginal level of statistical
significance (< 0.1), the terms do not add any crucial contribution to the results previously
found in Table 3.7. Hence, although we found that psychopathic traits do affect cooperation,
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we did not find any correlation with the facial feedback they were receiving during the game.
At the same time, playing the deception/non-deception version had a slight effect on the

overall cooperation, but it had a strong and statistically significant effect on CaC: participants
playing the deception version of the game were more inclined to maintain cooperative behaviour
compared to participants who were informed about the real identity of their opponent. However,
there are no differences between low and high psychopathic players when looking at the game
version (Table 3.8). In this sense, these results confirm our second hypotheses, proving that the
opponent’s identity affects individual’s decisions.

Table 3.7: GLM coefficients for participants’ overall cooperation and cooperation after cooper-
ation.

DV: overall
cooperation

CaC overall
cooperation

CaC

intercept 0.42 *** 0.412*** 0.66 *** 0.71 ***
(0.02) (0.02) (0.12) (0.13)

gender -0.08 . -0.12 *
(0.04) (0.05)

maximise -0.05 . -0.05 .
(0.02) (0.03)

fearless dominance -0.01 * -0.01 * -0.01 ** -0.01 **
(-003) (0.00) (0.00) (0.00)

self-centred impulsivity -0.00 -0.00 -0.00 -0.00
(0.00) (0.00) (0.00) (0.00)

coldheartedness -0.01 . -0.01 -0.01 -0.00
(0.01) (0.01) (0.01) (0.01)

narcissism 0.28 0.23 0.21 0.16
(0.28) (0.33) (0.27) (0.32)

positive feedback 0.05 0.07
(0.06) (0.07)

negative feedback 0.04 0.09
(0.07) (0.07)

positive*negative feedback -0.03 -0.10
(0.09) (0.10)

game version -0.07 . -0.14**
(0.04) (0.05)

Standard errors for coefficients shown in parenthesis.
Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1
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Table 3.8: Interaction terms in GLM models for participants’ overall cooperation and coopera-
tion after cooperation, considering participants’ cumulative measure of psychopathy.

DV : overall
cooperation

cooperation after
cooperation (CaC)

game version*sum psychopathic measures 0.00 0.00

(0.00) (0.00)

positive*negative feedback*sum psychopathic
measures

0.01 . 0.01

(0.00) (0.01)

positive feedback*sum psychopathic measures -0.01 . -0.01

(0.00) (0.01)

negative feedback*sum psychopathic measures -0.01 -0.00

(0.13) (0.01)

The interaction terms are regressed separately, controlling for gender, game version, maximise, narcissism and
conditions.
Standard errors for coefficients shown in parenthesis. Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1

Two other factors appeared to influence players’ cooperative behaviours: gender and max-
imise. As reported in the literature [126], females show more cooperative behaviour than males,
and this situation was confirmed by our experiment; in addition the effect was stronger when
looking at the inclination of participants to maintain cooperative behaviour.

The maximise variable expressed the participants’ willingness to maximise their own profit
during the game. As shown in the correlation matrix (Table 3.5), maximise is positively cor-
related with coldheartedness, a factor of psychopathy: the more players were goal oriented
(goal=maximise their own profit), the higher their score in the subscale of psychopathy. Fur-
thermore, though the impact was very small, we found that the more the participants aimed to
achieve a high score, the less they cooperated with their partners.

Overall, our results record a main effect of fearless dominance on both overall cooperation
and CaC and a main effect of the game version in the maintenance of cooperative strategies. In
addition, we observed two other main effects: gender and maximise both had a negative effect
on cooperation and cooperation over time.

3.5.2 Strategies
The second main objective of this study was to identify players’ strategies. Here we report
only the four most significant strategies (Table 3.9), while the complete results can be found in
the Supplementary Material. The four strategies were selected to represent the main categories
of strategies, given the results reported in the Supplementary Material. 2TF2T was the most
frequently chosen strategy amongst the forgiving strategies, TF3T amongst the cooperative
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ones, and Grim amongst the unforgiving ones, while ALLD is the representative for defective
strategies.

Table 3.9: Percentages of individuals adopting each one of the four strategies. Statistical sig-
nificance describes how significantly different from zero are the percentages estimated through
MLE. We also show the correlation matrix between the strategies adopted by each participant
and their psychopathic traits.

Percentage of participants adopting the selected strategies.

Gamma TF3T 2TF2T Grim ALLD

0.88** 0.15 0.22 0.07 0.55**

(0.13) (0.10) (0.11) (0.05) (0.08)

Bootstrapped standard errors (shown in parentheses) used to calculate p-values.

Correlation matrix between strategies adopted and psychopathic traits.

TF3T 2TF2T Grim ALLD

Fearless Dominance -0.03 0.01 -0.01 0.01

Self-centred impulsivity 0.14* -0.08 0.07 -0.06

Coldheartedness 0.20** -0.19** 0.05 0.12.

Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1

Table 3.9 reports the percentages of players adopting such strategies, where the statistical
significance depends on how different those percentages are from zero. The estimates are ob-
tained via maximum likelihood estimation for each subject separately, and the results reported
are the average over the 192 participants of the experiment. In other words, we calculated
the probability of each participant to adopt each one of the selected strategies, maximising the
estimations in such a way to minimise the error individually for each subject. Gamma repre-
sents the averaged error in the estimation of such probabilities, with γ < 1 representing a good
approximation.

More than half of the participants adopted a strategy that was approximated as the purely
defective ALLD. This is in line with the high level of defection recorded during the experiment.
The rest of the players divided between unforgiving strategies such as Grim (7%) and forgiving
strategies such as TF3T and 2TF2T (37%).
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Coldheartedness strongly influenced the use of both TF3T and 2TF2T, and self-centred
impulsivity had also an impact on the adoption of TF3T. It is interesting to notice the con-
tradictory correlations of coldheartedness: while higher levels of this sub-scale are positively
correlated with TF3T, it is negatively correlated with 2TF2T. Both strategies are considered
forgiving and nice, nevertheless, they have opposite correlations with this sub-scale of psychopa-
thy. Furthermore, both self-centred impulsivity and coldheartedness are positively correlated
with TF3T, suggesting that the higher participants were in two of the three sub-scales of psy-
chopathy, the more they adopted such a strategy. It is interesting the absence of effect of fearless
dominance on strategy selection despite its effect on overall cooperation and cooperation after
cooperation. Considering such contradictory results, it would be interesting to observe a longer
game, to study the effect on psychopathic traits of strategy selection in greater depth, untangling
these correlations.

3.6 Discussion
This study focuses on the interaction between personality traits and cooperation in the frame-
work of an iterated Prisoner’s Dilemma in the presence of emotional facial feedback. Our
finding of a significant negative correlation between the fearless dominance score and coopera-
tion is surprising. Previous studies typically found significant relationships between self-centred
impulsivity [105] and cooperation, with a particular correlation between Impulsive Nonconfor-
mity and Machiavellian Egocentricity, two sub-scales that partially contribute to the self-centred
impulsivity scale. Based on our findings, we suggest that the fearlessness and stress immunity
sub-scales buffered the threat of retaliatory defection, urging participants to risk continued de-
fection in pursuit of higher gains. This is supported by assumptions suggesting that high fearless
dominance traits may provide an adaptive advantage to the individual [106]. An increase in
boldness and a decrease in fear would allow the individual to take calculated risks to obtain
greater rewards [92, 127].

Although a marginal interaction effect between the treatments and psychopathic traits was
recorded, the absence of significance of the facial feedback conditions on the player’s cooperation
is puzzling. A possible interpretation is that the participants may have interpreted seeing the
emotional reactions of their opponent as an attempt at manipulation towards a cooperative
goal, resulting in a retaliatory defection. Moreover, they could have interpreted the computer
feedback as unrealistic, thus, they might not have taken that factor into consideration in the
decision-making process. This is a limitation of our study and the only real solution would
be to remove the computer component of the game and use a real-life opponent. Another
explanation, and potential confounder, were the experiment instructions. They emphasised
the game-like nature of the PD, specifically encouraging participants to earn the most points.
These directions may have created an atmosphere of competition, where it is socially acceptable
to maximise your own benefits, even at a cost to your opponent, instead of a social exchange
scenario. This would explain why defection levels were so high and also why negative emotional
feedback was not effective in deterring defection.
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Our study also adds interesting findings to the literature investigating the relationship be-
tween the opponent’s identity and participants’ performance. Comparing the strategies of play-
ers in the deception version with those who were aware they were playing against a computer,
we can see that dealing with a human opponent drives participants towards a more consistent
cooperative behaviour.

Moreover, this study adopted an important line of inquiry which looked directly at par-
ticipants’ sequence of decisions throughout the entire game, estimating which strategies were
more likely to be adopted. Although the estimated coefficients describing the percentages of
players adopting each specific strategy are not significantly different from zero (apart from the
completely defective strategy ALLD), it is interesting to observe some significant correlations
between the probability of adopting a particular strategy and the participants’ psychopathic
traits. It would be interesting to investigate this point further, allowing for a longer game, as
having a longer pattern of decisions will allow for a better estimation of the strategies used.

Despite the limitations encountered, our work adds complexity and insight to the body
of work investigating psychopathic traits and social interactions within an affective feedback
environment. Future research should take into consideration the potential of face-to-face inter-
actions to investigate psychopathy effects on decision-making in a more realistic scenario, and a
more thorough analysis of player’s strategies to identify patterns typical for specific personality
traits.

3.7 Supplementary Material

3.7.1 Regression analysis

K-fold cross-validation procedure

To select the best fitting model for our dataset, a 5-fold cross-validation procedure was im-
plemented. As stated in the main body, three regression models were considered for all three
dependent variables, namely the Generalised Linear Model (GLM), the Beta-Binomial Model
(BBM) and the Logistic Model (LM). The technique was implemented with the package "cv-
Tools" in R.

GLM and BBM’s performances were remarkably close for all three dependent variables,
while LM showed a bad fit in all three cases, see Table 3.10.

More information about the procedure adopted can be found in Sections 2.7.1, 2.7.2.
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Table 3.10: Repeated 5-fold cross-validation results: estimated prediction errors.

DV: overall cooperation cooperation after cooperation cooperation after defection

GLM 0.196 * 0.257 * 0.234 *

BBM 0.199 0.257 0.239

LM 0.646 0.734 0.777

* selected model

Additional results

For completeness, we report the results for the variable CaD: cooperation after a previous
defection. As for CaC, this is calculated as the number of times a participant cooperated
immediately following a previous defection. The same analyses reported in the main manuscript
were implemented on CaD. Table 3.11 reports the results of the regression analysis, while Table
3.12 reports the interaction terms. None of the variables under observation had a significant
impact on the participants’ tendency to move towards a more cooperative strategy after a
previous defection. Similarly, the interaction terms between the conditions implemented in the
experiment and the psychopathic traits had no effect on the individuals’ tendency to move
towards cooperative behaviours.
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Table 3.11: GLM results for participants’ cooperation after a previous defection CaD Basic
regressions without covariates and complete regressions with covariates for all three dependent
variables.

DV CaD CaD

intercept 0.40 *** 0.49 ***

(0.02) (0.13)

gender -0.03

(0.05)

maximise -0.01

(0.02)

fearless dominance -0.01 -0.01 .

(0.00) (0.001)

self-centred impulsivity 0.00 0.00

(0.00) (0.00)

coldheartedness -0.01 -0.01

(0.01) (0.01)

narcissism 0.29 0.26

(0.28) (0.29)

positive feedback -0.10

(0.07)

negative feedback -0.04

(0.07)

positive *negative feedback 0.02

(0.09)

game version -0.01

(0.05)

Standard errors for coefficients shown in parenthesis. Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1
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Table 3.12: Interaction terms in GLM models for participants’ cooperation after defection,
considering participants’ cumulative measure of psychopathy.

DV : cooperation after defection
(CaD)

game version*sum psychopathic measures 0.01

(0.00)

positive*negative feedback*sum psychopathic measures 0.01

(0.00)

positive feedback*sum psychopathic measures -0.01

(0.00)

negative feedback*sum psychopathic measures -0.01

(0.01)

The interaction terms are regressed separately, controlling for gender, game version, maximise, narcissism and
conditions.

Standard errors for coefficients shown in parenthesis. Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1

3.7.2 Strategy analysis

Strategies selection

In an infinite Iterated Prisoner’s Dilemma there are an infinite number of strategies to choose
from. For this reason, when trying to identify which strategy a participant is playing, it is
important to restrict the infinite set to a finite, but still representative, sub-set of strategies.

In this analysis, we adopted the strategies selected by Fundenberg, Rand and Dreber (2012)
[121]. Starting from the most known strategies analysed in the literature (Always coopera-
tive/defective, Tit for Tat, Win-Stay, Lose-Shift), they included several variations (see Table
3.13). These strategies capture the principal features considered in strategies: niceness, fairness,
punishment, forgiveness, leniency and exploitation [115, 121]. Strategies considered nice are for
example ALLC, TFT, where the latter has been highly discussed to be one of the most successful
strategy for the IPD. TFT and its variations are also considered to be fair strategies, giving the
benefit of the doubt to the opponent before punishing him for his defective behaviour. On this
point, forgiveness is another aspect often discussed when looking at strategies. T2 (formulated
by Bó and Fréchette (2011) [117]) is an example of a forgiving strategy, as well as TFT and its
modifications (2TFT, 2TF2T) . In contrast, Grim is considered an unforgiving strategy, as well
as its lenient variations (Grim2, Grim3). Lastly, they considered those strategies which tried
to exploit the opponent, by defecting most of the time (ALLD), although sometimes showing
a cooperative behaviour at the beginning (CALLD). For a more detailed explanation of the
strategies please see Fundenberg, Rand and Dreber (2012) online Appendix.
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Furthermore, it is important to consider that completely random strategies cannot be ap-
proximated. In this sense, they included the alternating strategy, which can be seen as a random
strategy, as it is not based on the opponent’s decisions, but only on the individual’s previous
choice.

Table 3.13: Description of the twenty strategies initially considered.

Strategy Abbrevi-
ation

Description

Always cooperate ALLC Cooperate in each round.

Tit for tat TFT
Cooperate until the opponent defects, then defect till the
opponent cooperates again.

Tit for two tat TF2T
Cooperate until the opponent defects twice in a row, then
defect till the opponent cooperates again.

Tit for three tat TF3T
Cooperate until the opponent defects three times in a row,
then defect till the opponent cooperates again.

Two tit for tat 2TFT
Cooperate until the opponent defects, then defect till the
opponent cooperates twice in a row.

Two tit for two tat 2TF2T
Cooperate until the opponent defects twice in a row, then
defect till the opponent cooperates twice in a row.

T2 T2
Cooperate until the opponent defects, then defects twice
and return to cooperate (regardless the opponent’s deci-
sions).

Grim Grim
Cooperate until the opponent defects, then defect till the
end of the game.

Lenient Grim 2 Grim2
Cooperate until the opponent defects twice in a row, then
defect till the end of the game.

Lenient Grim 3 Grim3
Cooperate until the opponent defect three times in a row,
then defect till the end of the game.

Win-Stay, Lose-Shift WNLS
Cooperate if in the previous round both players made the
same decision, defect otherwise.

Win-Stay, Lose-Shift with
2 rounds of punishment

2PTFT
Cooperate if both players made the same decisions in the
previous two rounds. Defect otherwise.

Always defect ALLD Defect in each round.

False cooperator C-ALLD
Cooperate in the first round then defect till the end of the
game.

Exploitative Tit for tat DTFT Defect in the first round, then play TFT.
Exploitative Tit for two
tat

DTF2T Defect in the first round, then play TF2T.

Exploitative Tit for three
tat

DTF3T Defect in the first round, then play TF3T.

Exploitative Grim2 DGrim2 Defect in the first round, then play Grim2.
Exploitative Grim3 DGrim3 Defect in the first round, then play Grim3.

Alternator DC-Alt
Defect in the first round, then alternate cooperation and
defection.
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Maximum Likelihood Estimation for participants’ strategies

As stated in the main manuscript, the procedure follows the one presented in Bó and Fréchette
(2011) [117]. Supposing that each participant starts with a fixed strategy, this technique allows
for errors in the pattern of decisions over the rounds. The likelihood of adopting a specific
strategy sk is calculated by allowing a deviation between the decision expected by sk and the
actual decision taken by the player at each round. Knowing the history of each participant, it is
possible to deduce the next move for each of the selected strategies and calculate the difference
between that decision and the one made by the participant. In a more formal way, this is
translated with a function:

1{sir(sk) + γεir ≥ 0} =

1 (cooperate) if sir(sk) + γεir ≥ 0

0 (defect) if sir(sk) + γεir < 0
(3.1)

where 1{·} is an indicator function (meaning it can only take 0 and 1 as values), ir stands
for subject i and round r; sk is a specific strategy k, sir(sk) is the action implied by the strategy
sk given the history recorded (1=cooperation, -1=defection)1, ε is the error term and γ is the
variance of the error. The error term is independent across subjects, rounds, interactions and
histories, and γ can be interpreted as the probability of making a mistake, supposing the strategy
decision is the correct one. Moreover, the density of the error is assumed to be such that the
likelihood that, over all rounds, subject i uses strategy sk is:

pi(s
k) =

∏
R∈R

(
1

1 + exp(−sir(sk)/γ)

)yir ( 1

1 + exp(sir(sk)/γ)

)1−yir

, (3.2)

where yir is player’s i decision at round r.
Hence, the probability of an error in the implementation of a strategy is equal to 1

1 + exp( 1γ )
.

Thus, for example, if player i cooperates in round r and the expected decision, according to sk,
is to defect (-1), the internal term of Equation (3.2) would be equal to 1

1 + exp( 1γ )
which tends

to 0 as γ → 0. On the contrary, if the expected decision for the strategy is cooperation, the
internal term of Equation (3.2) would be equal to 1

1 + exp(−1
γ )

which tends to 1 as γ → 0.

Considering now the set of strategies K = {s1, . . . , sk} under analysis, and the complete
dataset collected, the log-likelihood function for the entire sample is:

L =
∑
I

ln

(∑
K

p(sk)pi(s
k)

)
. (3.3)

Here, p(sk) represents the proportion of data which is attributed to strategy sk. More
properly, p stands for the distribution of the strategies over the dataset. If we had an infinite
population, p would express the exact fraction of individuals playing sk. As in our experiment
we have a finite number of subjects, we would have a certain variance, different from zero, in

1The different codification for cooperation and defection is based on equation (3.2), as one of the two members
has to be equal to 1 at each round. Any codification that satisfies that condition could be used.
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the population shares.
The next step is to implement Maximum Likelihood Estimation (MLE) to estimate the

γ parameter and the fractions {p(s1), . . . , p(sk)} of individuals adopting the strategies we hy-
pothesised. The MLE process is implemented in MATLAB using the fmincon function which
is a non-linear programming solver. The function calculates the values of γ and p(si), where
i ∈ {1, . . . , k}, and maximises the log likelihood function, under the constraint that they belong
to [0, 1].

The final step is to generate the standard errors for the estimated frequencies by constructing
100 bootstrap samples for the complete dataset, and then performing the MLE for γ and p(si) on
the bootstrapped samples. The standard errors are calculated by taking the standard deviation
of the estimates calculated, and the t-test p-values are generated using the normcdf function.

Complete results

Table 3.14 reports the complete results for the 20 strategies considered. The results include both
the estimation of the strategies across the population and the correlation between the strategies
and the personality traits of the participants. The results reported for the percentages of
participants adopting each one of the selected strategies are calculated as the mean over each
participant. We run the estimation for each player individually and we then reported the average
percentages for each of the strategies. In the same way, the error Gamma is the average of the
errors calculated for each player.

54



3.7. SUPPLEMENTARY MATERIAL

Ta
bl

e
3.

14
:

Pe
rc

en
ta

ge
s

of
in

di
vi

du
al

s
ad

op
tin

g
ea

ch
on

e
of

th
e

tw
en

ty
st

ra
te

gi
es

.
St

at
ist

ic
al

sig
ni

fic
an

ce
de

sc
rib

es
ho

w
sig

ni
fic

an
tly

di
ffe

re
nt

fro
m

ze
ro

ar
e

th
e

pe
rc

en
ta

ge
se

st
im

at
ed

th
ro

ug
h

M
LE

.W
e

al
so

sh
ow

th
e

co
rr

el
at

io
n

m
at

rix
be

tw
ee

n
th

e
st

ra
te

gi
es

ad
op

te
d

by
ea

ch
pa

rt
ic

ip
an

t
an

d
th

ei
r

ps
yc

ho
pa

th
ic

tr
ai

ts
.

Pe
rc

en
ta

ge
of

pa
rt

ic
ip

an
ts

ad
op

tin
g

th
e

se
le

ct
ed

st
ra

te
gi

es
.

A
LL

C
T

FT
T

F2
T

T
F3

T
2T

FT
2T

F2
T

G
rim

G
rim

2
G

rim
3

T
2

0.
00

9
0.

01
0

0.
00

2
0.

09
9

0.
03

2
0.

11
1

0.
03

7
0.

02
7

0.
00

2
0.

03
8

(0
.0

16
)

(0
.0

27
)

(0
.0

45
)

(0
.0

54
)

(0
.0

54
)

(0
.0

84
)

(0
.0

28
)

(0
.0

30
)

(0
.0

19
)

(0
.0

27
)

W
SL

S
2P

T
FT

A
LL

D
C

A
LL

D
D

T
FT

D
T

F2
T

D
T

F3
T

D
G

rim
2

D
G

rim
3

D
C

-a
lt

G
am

m
a

0.
00

6
0.

00
0

0.
47

1*
*

0.
02

5
0.

07
6

0.
04

2
0.

00
0

0.
00

0
0.

00
1

0.
01

2
0.

82
3

**
*

(0
.0

07
)

(0
.0

05
)

(0
.0

74
)

(0
.0

26
)

(0
.0

36
)

(0
.0

52
)

(0
.0

20
)

(0
.0

04
)

(0
.0

15
)

(0
.0

18
)

(0
.1

00
)

C
or

re
la

tio
n

m
at

rix
be

tw
ee

n
st

ra
te

gi
es

ad
op

te
d

an
d

ps
yc

ho
pa

th
ic

tr
ai

ts
.

A
LL

C
T

FT
T

F2
T

T
F3

T
2T

FT
2T

F2
T

G
rim

G
rim

2
G

rim
3

T
2

Fe
ar

le
ss

D
om

in
an

ce
0.

02
8

0.
01

9
-0

.0
55

-0
.0

40
0.

01
7

0.
03

7
0.

00
2

0.
02

8
-0

.0
41

-0
.0

75

Se
lf-

ce
nt

re
d

im
pl

us
iv

ity
0.

05
4

-0
.0

92
0.

08
5

0.
17

4*
0.

12
1.

-0
.1

16
0.

14
8*

-
0.

16
0*

0.
03

1
-0

.0
41

C
ol

dh
ea

rt
ed

-
ne

ss
0.

05
2

-0
.1

20
.

-0
.0

33
0.

17
4*

-0
.0

31
-0

.1
37 .

0.
07

4
0.

08
0

-0
.0

06
0.

04
9

W
SL

S
2P

T
FT

A
LL

D
C

A
LL

D
D

T
FT

D
T

F2
T

D
T

F3
T

D
G

rim
2

D
G

rim
3

D
C

-a
lt

Fe
ar

le
ss

D
om

in
an

ce
0.

05
7

-0
.0

08
0.

02
0

-0
.0

23
-0

.0
18

-0
.0

34
-0

.0
56

-0
.0

13
0.

02
0

-0
.0

13

Se
lf-

ce
nt

re
d

im
pl

us
iv

ity
0.

00
2

-0
.0

23
-0

.0
44

-0
.0

11
0.

05
4

-0
.0

15
0.

09
9

-0
.0

23
0.

03
9

-0
.1

32
.

C
ol

dh
ea

rt
ed

-
ne

ss
-0

.0
08

0.
04

2
0.

10
5

-0
.0

31
0.

05
5

-0
.1

28
.

-0
.0

35
0.

03
2

0.
01

26
-0

.1
34

.

B
oo

ts
tr

ap
pe

d
st

an
da

rd
er

ro
rs

(s
ho

w
n

in
pa

re
nt

he
se

s)
us

ed
to

ca
lc

ul
at

e
p-

va
lu

es
.

**
*

Si
gn

ifi
ca

nt
at

th
e

1
pe

rc
en

t
le

ve
l.

**
Si

gn
ifi

ca
nt

at
th

e
5

pe
rc

en
t

le
ve

l.
*

Si
gn

ifi
ca

nt
at

th
e

10
pe

rc
en

t
le

ve
l.

55



3.7. SUPPLEMENTARY MATERIAL

3.7.3 Instructions and screenshots

Instructions

Figure 3.1: Deception version
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Figure 3.2: Non-deception version
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Experiment scenario and decision page

Figure 3.3: Experiment scenario
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Figure 3.4: Decision page
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Personality questionnaire

Figure 3.5: Personality test-sample 1
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Figure 3.6: Personality test-sample 2

61



3.7. SUPPLEMENTARY MATERIAL

Follow-up questionnaire

Figure 3.7: Follow-up questionnaire
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Chapter 4 How group composition affects cooperation
in fixed networks: can psychopathic traits
influence group dynamics?

The following article is now published:
Testori, M., Hoyle, R. B., & Eisenbarth, H. (2019). How group composition affects cooperation
in fixed networks: can psychopathic traits influence group dynamics?. Royal Society open sci-
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for publication.

Abstract
Static networks have been shown to foster cooperation for specific cost-benefit ratios and num-
bers of connections across a series of interactions. At the same time, psychopathic traits have
been discovered to predict defective behaviours in game theory scenarios. This experiment
combines these two aspects to investigate how group cooperation can emerge when changing
group compositions based on psychopathic traits. We implemented a modified version of the
Prisoner’s Dilemma game which has been demonstrated theoretically and empirically to sustain
a constant level of cooperation over rounds. A sample of 190 undergraduate students played
in small groups where the percentage of psychopathic traits in each group was manipulated.
Groups entirely composed of low psychopathic individuals were compared to communities with
50% high and 50% low psychopathic players, to observe the behavioural differences at the group
level. Results showed a significant divergence of the mean cooperation of the two conditions,
regardless of the small range of participants’ psychopathy scores. Groups with a large density
of high psychopathic subjects cooperated significantly less than groups entirely composed of
low psychopathic players, confirming our hypothesis that psychopathic traits affect not only
individuals’ decisions but also the group behaviour. This experiment highlights how differences
in group composition with respect to psychopathic traits can have a significant impact on group
dynamics, and it emphasizes the importance of individual characteristics when investigating
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group behaviours.

Keywords
Prisoner’s Dilemma, Evolutionary Game Theory, Psychopathy, Group Differences.

4.1 Introduction
Human interactions are characterised by complex networks of individuals and relationships.
Cooperation is one of the basic interactions amongst them, and for decades researchers have
tried to explain how it evolves and which circumstances can boost cooperative behaviours.
Evolutionary game theory offers numerous examples of how to foster cooperation by modelling
human actions in various situations. Mechanisms such as the evolution of communities in
networks, reputation systems, both altruistic and institutional punishments, iteration of games
over time have all been proven to sustain cooperation, both theoretically and experimentally
[11, 115, 128, 129, 130, 131]. A recent experiment [132] confirmed an important theoretical
argument claiming that : “natural selection favours cooperation, if the benefit of the altruistic
act, b, divided by the cost, c, exceeds the average number of neighbours, k, which means b

c > k”
([133], p. 502). In their experiment, Rand and co-workers proved that, satisfying the benefit-
cost condition and adopting a static instead of a well-mixed network, cooperation was not only
fostered but also maintained over time. All the above mentioned works address the study of
cooperation by looking at how external factors influence and promote collaborative behaviours.
In the current study, however, we are interested in exploring how individual characteristics
interact with these exogenous mechanisms, when considering group dynamics.

Human personality traits and group dynamics have been analysed in the study of team-
work and effectiveness, especially in the workplace. Existing research has clearly established
that group personality composition affects group performance [134, 135, 136, 137]. Teams
with higher extraversion and emotional stability were found to enhance productivity and team
viability [135]. Conscientiousness, agreeableness, and openness to experience at the group level
were positively correlated with team performance, as were the differences in extraversion and
emotional stability amongst group members [136]. In small groups, extraversion, both at the
individual and at the group level, predicted task focus and group performance [134].

Thus, numerous analyses have been implemented to disentangle possible connections among
cooperation, group performance and personality traits. However, no previous contribution has
looked at the relationship between psychopathic traits and group dynamics, which is the focus
of our study.

In his work, Cleckley (1951) [28] described the construct of psychopathy as characterised by
a constellation of personality traits including superficial charm, lack of remorse, guilt and fear,
poor impulse control, emotional detachment and impairment in building solid relationships, as
well as high levels of manipulativeness, dishonesty, low empathy and callousness. Several studies
have examined the effect of psychopathy on cooperation, especially using game theory. One
of the first studies using game theory to investigate psychopathic traits adopted the Prisoner’s
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Dilemma game, and surprisingly it found that males high in primary and secondary psychopathy
were not more likely to defect than those low in such traits [41]. Nevertheless, later studies
reported significant negative correlation between psychopathic traits and cooperation [44], and
male prison samples showed a decreased cooperativeness among those high in psychopathy [105].
High levels of impulsivity were also found to be strongly predictive of defective behaviours in
the general population [55]. Although prior research has looked at the relationship between
psychopathic traits and cooperation, no study has yet examined how psychopathy affects group
cooperation.

To address this gap, we conducted a laboratory experiment using the experimental design
proposed by Rand et al. (2014) [132], including participants’ psychopathic traits. We were
interested in how the introduction of high psychopathic individuals would affect cooperation at
the group level, in an environment that has been proven to foster and maintain cooperation.
Participants’ psychopathic traits were assessed before the lab experiment, and groups were
formed in such a way as to have either 0%, 20% or 50% of high psychopathic people in each
group. Our goal was to find an answer to the research question: “Do high psychopathic people
in the general population affect group dynamics?".

While several studies have looked at the general population when investigating psychopa-
thy [44, 55], in this experiment we used a sub-sample of the general population, composed of
undergraduate students, in which the variation of psychopathic traits was quite small. In this
way, we observed whether even small changes in psychopathic traits can have an impact not
only on individuals’ strategy but also on group dynamics. Based on previous findings and on
the depiction of psychopathic traits, our hypothesis is that groups with a greater density of high
psychopathic individuals will show less cooperative behaviours, when compared to groups with
low or zero density of high psychopathic participants.

4.2 Methods

4.2.1 Sample
Participants were recruited amongst Southampton University students. A total of 305 partici-
pants filled in the online PPI-R questionnaire [122]. Amongst them, 201 participants took part
in the lab experiment after being invited by the researcher. This selection was due to their
availability to take part in the lab experiment and on their consistency in filling the online
questionnaire. The first two sessions were pilot versions (used to check the functionality of the
experiment) and were not included in the final sample, which was composed of 190 participants
(115 female, age: M=23.31, SD=4.68 ). Each participant took part to the experiment only once.
Participants gave informed consent for participating in a laboratory game and ethical approval
was obtained from the Faculty of Mathematical Sciences at the University of Southampton. Our
data are deposited at Dryad: https://datadryad.org/review?doi=doi:10.5061/dryad.ms57853
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4.2.2 Personality Measures
The PPI is a 154-item self-report questionnaire [106] on psychopathic traits with 8 sub-scales:
Machiavellian Egocentricity, Social Potency, Coldheartedness, Carefree Nonplanfulness, Fear-
lessness, Blame Externalisation, Impulsive Nonconformity and Stress Immunity. Seven of the
eight subscales can be grouped into two main factors: Fearless Dominance and Self-centred Im-
pulsivity, while Coldheartedness is considered as an additional factor. Eisenbarth et al. (2015)
[122] proposed a 40-item version of the PPI, which was used in this study. A recently developed
method, the IRS-10, allowed us to test the response reliability of participants in the PPI-R
[123]. Participants with IRS-10 scores above the cut-off (99th percentile) were deemed to have
completed the PPI-R in an inconsistent and therefore unreliable manner and were eliminated
from analysis, leading to the exclusion of 2 participants.

To compare the psychopathic traits of our sample with data from previous studies ( [138]-
study 1- and [139]-study 2-), we calculated Cohen’s (1988) [140] approximate metrics for group
differences, where d = 0.2 is considered a weak difference, d = 0.5 is medium, and d = 0.8 or
higher is large. We compared the cumulative measure of psychopathy PPI-R-SUM, and the
three sub-categories of Fearless Dominance, Self-Centred Impulsivity and Coldheartdness (see
Table 4.1 for results). Our sample reports smaller values compared to the two reference studies
(thus the negative sign of the Cohen’s d) considered and such differences are all large (d>0.8).

4.2.3 Experimental Design
In this experiment, we used the design implemented by Rand et al. (2014) [132]. Participants
were arranged on a ring connected to one neighbour on each side, for a total of k=2 links per
player. They had an initial endowment of 100 points, and they played a repeated cooperation
game over 50 rounds. In each round, they had to choose whether to defect, by doing nothing,
or to cooperate, by paying a cost of c = 10 points per neighbour to give each of them a benefit
of b = 60 points ( bc = 6 > k = 2). This setting was chosen according to the Rand et al. (2014)
[132] findings, where this ratio showed a more constant maintenance of cooperation over rounds.
Each player made a single decision in each round, meaning that they could not cooperate with
one neighbour and defect with the other. At the end of each round, participants were shown
their neighbours’ decisions, as well as the cumulative and the round payoff earned by themselves
and by each neighbour. Participants were assigned to a position on the network and they did not
change neighbours throughout the entire game. The number of rounds was not shown during
the game in order to simulate an infinite game and to avoid an end-of-game effect, although
they were initially informed of the duration of the game (roughly 40 minutes) and the total
number of rounds.

4.2.4 Experimental Manipulation
High psychopathic individuals were defined as those participants scoring in the top quartile of
the PPI-R total score for our sample (PPI-R total score > 101), while all other players were
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considered low psychopathic. The percentage of highly psychopathic individuals per session was
manipulated in order to obtain three conditions: high, low and zero density (Table 4.2). High
and low psychopathic participants were arranged on the ring in such a way as to avoid clusters
of high or low psychopathic players, i.e. high psychopathic individuals were evenly distributed
around the ring in each session. The difference in groups’ size did not affect the cooperation
evolution over the fifty rounds in any of the three conditions (Pearson’s correlation p-value =
{0.67, 0.50, 0.29} respectively for the three conditions).

Table 4.2: Descriptive statistics for the three conditions.

Conditions % of high
psychopathic
individuals

Sessions Partici-
pants

Participants per
session

High M=50.75%,
SD=5.75

8 73 Median=9,
Range={8, 11}

Low M=20%, SD=9.82 6 55 Median=9,
Range={7, 11}

Zero (Baseline) M=0%, SD=0 9 62 Median=7,
Range={5, 9}

4.2.5 Experimental Procedure
First, participants filled in an online questionnaire to assess their psychopathic traits and gave
their consent to be contacted for a lab experiment. Participants were told the questionnaire
was a personality test and no specific instructions were released regarding the effect of the
questionnaire on the invitation to the lab experiment. Participants were then invited by the
researcher to attend a lab session, according to their personality score. Each participant was
randomly assigned to a computer station according to their psychopathic scores, and they were
not able to see each others’ screens. Participants received a £10 fixed rate for completing the
experiment, plus an additional £1 for every 1000 points earned during the game (M=£2.75,
SD=1.13 ). Players read the instructions on the screen and they then played one practice
round, which was not included in the final payoff. After having completed the game, they
filled in a short questionnaire to assess their understanding of the game and to describe their
strategy and predispositions during the game. Three main questions were asked during this
follow up questionnaire: “Did you try to achieve the highest score for yourself?", (variable:
Maximise.yourself), “Did you try to obtain the highest score for yourself AND your links?",
(variable: Maximise.links) and “Did you adjust your strategy according to your neighbours’
previous actions?", (variable: Behaviour.neighbours). Participants’ answers were then used in
the analysis to observe which motivations were more influential in the strategies adopted.
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4.3 Results
Since the aim of the experiment was to investigate group variations in the three conditions,
the analysis adopted the average of cooperative decisions per group (0=defect, 1=cooperate).
Figure 4.1 illustrates the groups cooperation throughout the fifty rounds for the high and zero
density conditions. It is evident, by looking at the overall level of cooperation, that groups
composed by 50% of high psychopathic people cooperated significantly less than groups entirely
composed by low psychopathic people (significance level in Table 4.4). This result corroborated
our theoretical prediction, proving the influence of psychopathic traits not only on individuals’
decisions, but also on group behaviours.
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Figure 4.1: Cooperation variable calculated as the average cooperation per group per round.
Zero density condition promotes cooperation compared to high density groups. The fraction of
subjects cooperating in each round is shown averaged over groups, for the zero (blue circles)
and high (red circles) density conditions.

On the other hand, Figure 4.2 compares the evolution of cooperation throughout the game
between the zero and the low density conditions. Although the overall cooperation between
the two conditions is not largely different, the trend confirms what reported in Figure 4.1:
groups having some high psychopathic players exhibited a consistently lower level of cooperation
compared to groups entirely composed of low psychopathic individuals. Hence, both Figures
4.1 and 4.2 corroborate our initial hypothesis that having high psychopathic players alters the
group dynamics toward less cooperative behaviours.

To observe whether this behaviour is actually caused by the presence of high psychopathic in-
dividuals in the group, we looked at the correlation between psychopathic traits and cooperation.
As Table 4.3 reports, having higher scores in the fearless dominance sub-scale of psychopathy
is correlated with less cooperative behaviours. This supports the claim that high psychopathic
individuals show less cooperative behaviour compared to low psychopathic individuals. In par-
ticular, our results suggest that the fearless dominance component of psychopathy is the driving
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Figure 4.2: Cooperation variable calculated as the average cooperation per group per round.
Cooperation in the zero and low density conditions is not significantly different, but we can
observe an overall lower level of cooperation in the low density groups, compared to the zero
density one. The fraction of subjects cooperating in each round is shown averaged over groups,
for the zero (blue circles) and low (red circles) density conditions.

factor of such divergence in behaviours.
This difference in results between conditions is confirmed when analysing the data in more

detail (using logistic linear mixed models, with random effects at the subjects level). We included
demographic characteristics (age, gender and nationality) to adjust for possible disparities across
condition samples, and possible motivation variables (maximise.links, maximise.yourself and
behaviour.neighbours) to have a more detailed representation of the dynamics. Demographics
statistics of the sample are reported in Table 4.1. The effect of the high condition (reference
category: zero condition) is statistically significant (Table 4.4 model 1), even without adjusting
for possible divergences in the conditions’ sample. This means that groups composed of 50%
of high psychopathic subjects cooperated significantly less than groups composed only of low
psychopathic people. Including the interaction terms between the conditions and the rounds, we
observe an increase in the significance level of the high density condition. The interaction terms
disentangle the overall effect of the conditions on cooperation from the evolution of cooperation
over rounds (adjusting for the slope of cooperation). Thereby, we can see that the overall level
of cooperation in the high condition is significantly lower than the one in the zero condition, but
the level of cooperation is maintained more constant over time in the high density condition,
compared to the zero density case. Hence, the positive sign of the interaction coefficient explains
this difference in the maintenance of cooperation over time. This difference in the evolution of
cooperation was evident from Figure 4.1, and it is further analysed later in the results.

Furthermore, it is interesting to observe some other significant correlations relating par-
ticipants’ motivations to their strategies (Table 4.4 model 3). Trying to maximise both the
neighbours’ payoff and their own (maximise.links) led participants to cooperate significantly
more, compared to players who did not try to achieve the best for both themselves and their
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links. In contrast, players who tried to maximise only their own profit (maximise.yourself ) had
a tendency to cooperate less than others, although not to a significant extent. An interesting
finding arose from the behaviour.neighbours variable: when participants reported being influ-
enced by their links’ actions, they cooperated significantly less compared to players who were not
influenced by their neighbours’ decisions. Notice that neither of those variables are correlated
with the individuals’ personality measures (Table 4.3). Finally, the data show a significantly
higher cooperation of UK citizens, compared to others (Nationality: 1=UK, 2=Others).

Moreover, by including the individual personality measures in the regression model (Table 4.4
model 5), we noticed that the individual differences do not have a statistically significant effect
on cooperation. In other words, despite the individual psychopathic measures, players adopted
more defective behaviours when they were part of a group half composed of high psychopathic
people (i.e. high density condition). Such a result corroborates our initial hypothesis: when
composed by both high and low psychopathic members, groups cooperate less regardless of
members’ individual psychopathic traits.

72



4.3. RESULTS

Table 4.4: Cooperation as a function of descriptive characteristics and motivations.
Logistic linear mixed models, with random effect at the subjects level.

model 1 model 2 model 3 model 4 model 5

Age - 0.04 0.04 0.04 0.03
- (0.03) (0.03) (0.03) (0.03)

Gender - -0.32 -0.32 -0.32 -0.38
- (0.27) (0.27) (0.27) (0.28)

Nationality - -0.77** -0.68* -0.68* -0.60*
- (0.29) (0.29) (0.29) (0.29)

Max-
imise.links

- 1.33*** 1.34*** 1.34*** 1.30***

- (0.29) (0.28) (0.28) (0.28)
Max-

imise.your-
self

- -0.20 -0.23 -0.23 -0.24

- (0.34) (0.34) (0.34) (0.34)
Be-

haviour.neigh-
bours

- -2.40*** -2.35*** -2.36*** -2.37***

- (0.43) (0.43) (0.43) (0.43)
Condition

low
-0.37 - -0.42 -0.45 -0.40

(0.40) - (0.34) (0.36) (0.36)
Condition

high
-0.92* - -0.80* -1.01** -1.06**

(0.37) - (0.32) (0.33) (0.35)
Fearless

Dominance
- - - - -0.08

- - - - (0.05)
Self-

Centred
Impulsivity

- - - - 0.06

- - - - (0.04)
Cold-

heartdness
- - - - 0.09

- - - - (0.07)
Round - - -0.01*** -0.01*** -0.02***

- - (0.00) (0.00) (0.00)
Condition

low *
Round

- - - 0.00 0.00

- - - (0.00) (0.00)
Condition

high *
Round

- - - 0.01* 0.01*

- - - (0.00) (0.00)
Intercept 0.86** 1.53 2.21*** 2.31* 2.26

(0.27) (0.94) (0.95) (0.96) (2.79)

Standard errors in parenthesis. Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1

The focus of this experiment was to observe the main effect on group dynamics, when
changing the group composition. As visible in Figure 4.1 and from the results in Table 4.4,
psychopathic traits not only influenced individuals’ behaviour, but they also had a strong impact
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on the groups’ cooperation, as initially hypothesised. In order to have a better understanding
of how groups acted throughout the fifty rounds, we divided the game into four consecutive
subsets and observed how the high and low density groups behaved (Table 4.5), compared to
the zero density (logistic linear mixed model, random effect at subjects level).

As remarked above, the level of cooperation in the high density condition was overall signifi-
cantly lower than the one in the zero density condition, and this trend was consistent over all fifty
rounds. In contrast, the behavioural pattern in the low condition did not diverge significantly
from the zero density condition, except from the third quarter of the game. In rounds 26-37
both high and low density groups cooperated significantly less than the zero density groups.
However, looking at the interaction term between conditions and rounds, we can see that it is
positive for both conditions. Since the interaction term describes the differences in the slopes
of the two cooperation lines (high and low conditions compared to the zero density one), the
positivity of the coefficient indicates a significantly less steep decrease in cooperation in both
high and low groups compared to the zero density condition in rounds 26-37.

Table 4.5: Cooperation as a function of rounds and conditions. Logistic multilevel regression
with random effect for subjects.

(1) (2) (3) (4)
Round 1-12 Round 13-25 Round 26-37 Round 37-50

Condition low -0.76 0.31 -3.46* -1.17
(0.49) (0.81) (1.36) (1.49)

Condition high -1.12* -1.77* -4.57*** -2.27.
(0.46) (0.74) (1.22) (1.35)

Round -0.13*** -0.02 -0.07** -0.04
(0.03) (0.03) (0.03) (0.02)

Condition low * Round 0.08. -0.03 0.10* 0.02
(0.04) (0.04) (0.04) (0.03)

Condition high * Round 0.05 0.05 0.12** 0.04
(0.04) (0.04) (0.04) (0.03)

Intercept 1.81*** 0.98. 2.96** 1.94
(0.34) (0.55) (0.94) (1.01)

Standard errors in parenthesis. Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1

Lastly, since the experiment adopted the experimental design proposed by Rand and col-
legues (2014)[132], we were interested in observing whether our results could replicate their
findings. In Table 4.6, we considered the last half (rounds 26-50), the last third (34-50) and
last quarter (38-50) of the game as analysed in Rand et al. (2014)[132]. Our results showed no
correlation between the level of cooperation and the rounds for both low and high conditions.
On the other hand, it seems that participants in the zero density condition suffered the end-of-
game effect [141, 142]: players show a significant decrease in cooperation towards the end of the
game.
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Table 4.6: Pearson’s correlation coefficients between rounds and overall cooperation in the three
conditions. Cooperation varies only in the zero density condition.

Round 26-50 Round 34-50 Round 38-50

Condition zero -3.50 ** -0.25 -1.92 .
Condition low -1.53 -0.61 -0.87
Condition high 1.71 -0.43 1.20

Significance level: ‘***’ <0.001 ‘**’ <0.01 ‘*’ <0.05 ‘.’ <0.1

4.4 Discussion
We investigated the effect of different group composition on cooperative behaviours, looking
at different density of psychopathic traits within the group members. Manipulating the group
configuration, we looked at how groups with a low/high density of highly psychopathic people
(20/50%) behaved, compared to groups with no highly psychopathic players (0 %). We adopted
the experimental design developed by Rand et al. (2014), setting the ratio between cost and
benefit of cooperation greater than the number of links each participant had ( bc = 6 > k = 2).
We implemented this design to analyse how the introduction of high psychopathic people would
affect the group behaviour, in an environment that has been shown to maintain cooperation
over rounds.

Our results show that people with higher levels of psychopathic traits do affect group dynam-
ics. We found a significant divergence of cooperation in those groups having a high density of
high psychopathic participants compared to the zero density groups. Our findings were also
robust when controlling for individuals’ personality measures: belonging to a group composed
by both high and low psychopathic individuals led players towards more defective strategy, re-
gardless their personal level of psychopathy. This has relevant implications for group settings,
e.g. team work in companies or educational environments. On an individual level, psychopathy
has been found to be related to counterproductive work behaviour [143] and negative impact
on employees (e.g. [144]). Our results therefore align with negative effects of psychopathic
personality traits on individuals in the work context but extend those findings to less coop-
erative behaviour in team settings. This could have implications for building and managing
teams, especially when cooperative behaviour is crucial for successful team work. This result is
additionally striking, considering the sample of the experiment: in contrast to previous studies
on psychopathy [105], we considered psychopathic traits in a subset of the general population
(undergraduate students), rather than in criminal psychopaths. Furthermore, as our sample
was composed of university students, the range of psychopathy measures was very restricted,
even compared to the general population [138, 139]. Nevertheless, the effect of the high density
condition is evident and strongly significant.

This study also highlighted that a substantial proportion of individuals high on psychopathic
traits scores is necessary to affect group behaviour. Having only a small proportion of partic-
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ipants showing high psychopathic traits (20%) was not enough to provide a significant impact
on cooperation. On the other hand, when half of the group was composed of high psychopathic
participants, the group’s behaviour changed significantly, showing more defections compared to
groups with no high psychopathic individuals.

Another interesting aspect is the dissimilarity between the results reported by Rand and
colleagues [132] and ours. Since our analysis showed no correlation between the level of cooper-
ation and the rounds for both low and high conditions, we can state that the cooperation was
maintained constant over time in these two cases. In other words, two of the three conditions of
our experiment replicated Rand and colleagues [132] results: when specific network and payoff
conditions are satisfied (static network and b

c > k), cooperation does not fluctuate over time.
Nonetheless, the zero density condition did not corroborate Rand and colleagues [132] findings,
showing an end-of-game effect. However, it is hard to give an interpretation as to why these
differences emerged. A possible explanation could be that in the two conditions with high psy-
chopathic traits (low and high density), the level of cooperation was already very low. Hence,
it would be difficult to record an additional decrease in cooperative actions. Alternatively, the
difference in the results could be explained by the different sample sizes adopted in the two ex-
periments. While our groups were formed by maximum 11 players, Rand and collegues created
much larger groups [132] (average of 24 players per group) for the static network setting (while
smaller groups - average 8 - for the well-mixed network). Nevertheless, it would be interesting
to address this point in future research to disentangle the end-of-game effect from other possible
mechanisms not yet identified.

Furthermore, the experiment showed how some players’ predispositions are important in the
decision-making process. Trying to maximise both their own personal and their partners’ payoffs
led people to cooperate significantly more, while individuals focused only on their personal gain
were more prone to defect, although not to a significant extent. Moreover, when influenced by
partners’ previous actions, participants cooperated less than average. This could suggest that
only partners’ defective behaviours had an influence on players’ decisions, driving them towards
less cooperative behaviours.

Although having a small range of psychopathic traits resulted in a strong impact of such
traits on group dynamics, it would be interesting to collect a larger sample of participants to
have a deeper understanding on how variations of psychopathic traits influence cooperation at
the group level: a larger spectrum of psychopathic traits would allow us to understand the
internal dynamics of the group, investigating how cooperation evolves over rounds for high and
low psychopathic players.

This study addresses an important gap in the literature regarding the effect of individuals’
personality traits in a group context. Our work is one of the first experimental investigation
of the effect of individual psychopathic traits on cooperation in groups, and we showed that
individuals’ psychopathic traits do influence group behaviours, even when only small variations
are present between group participants. With this study, we aimed to integrate the effect
of individual personality traits into the large body of literature investigating how to promote
cooperation, to highlight how individual differences are determinant for a more comprehensive
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study of the evolution of cooperation.
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Chapter 5 Individual-based model: can psychopathic
traits be evolutionarily adaptive?

5.1 Model background
Psychopathic traits have been described in some detail in the previous chapters; and I have
analysed the impact of personality traits at the individual and at the group level through
experimental evidence.

This third part of the thesis will approach the study of psychopathic traits and human
behaviours from a different point of view. As described in the Introduction, individual-based
models have often been used to describe the evolution of populations, allowing for the specifica-
tion of details at the individual level. Building upon previous literature, I model the evolution
of a population in which individuals’ personality traits are considered. Specifically, I focus on
those personality traits that are the most defining features of psychopathy. The main question
I aim to address with this model is whether it is possible that some aspects of psychopathy can
be beneficial for the survival and the evolution of a community, under specific circumstances.
In other words: "Can traits belonging to the psychopathy construct contribute positively to the
evolution of a community? Do individuals expressing those traits invade the general population?
Can those traits be evolutionarily adaptive?"

The following chapters address these questions through an individual-based model composed
of two main stages: we consider a population in which individuals (1) have to gather resources
from the environment for their own well being, and (2) have to decide how much to contribute
to the community’s wealth by donating part of their gathered resources. By implementing this
framework over a number of generations, I aim to disentangle the beneficial (or harmful) con-
tribution of some dimensions of psychopathy in a community over a large span of time. In
this framework, I consider two phenotypes of players, Selfish Risk-Seekers (S) and Gener-
ous Risk-Averse (G), where the former incorporates some of the most distinctive traits of
psychopathy such as risk-seeking, selfish attitudes and anti-social behaviours.

In the first stage, individuals face the risky situation of gathering resources provided by a
variable and unpredictable environment. The decision as to whether to harvest resources is based
on a number of factors such as the availability of supplies, the ratio between the benefit and the
risk deriving from that action, the psychological attitudes of the individuals, and many more.
I assume that the environment provides a certain amount of resources, and they are associated
with a certain risk related to the possibility of being harmed while harvesting them. The two
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phenotypes react differently to risky conditions as shown by the literature. Psychopathy is often
associated with low fear, lack of recognition of the consequences of actions, boldness, disinhibi-
tion and increased impulsivity [104]. Numerous experiments have been conducted to measure the
correlation between psychopathy and risk-seeking behaviours. Dark Triad traits (psychopathy,
narcissism and Machiavellianism) were shown to have positive relationships with both impul-
sivity and sensation-seeking when playing betting games and Stop-Signal tasks [145, 146]. This
second task has been extensively used to assess aspects of inhibition. Individuals are instructed
to respond as quickly as possible to a visual signal ("go"), but to withhold the response as soon
as a second signal is presented ("stop"). The test estimates the time between the stop signal
and the individual’s reaction, measuring in this way the impulsivity in responses and the be-
havioural inhibition. Another test, the Balloon Analogue Risk Task (BART), was designed to
assess impulsive decision-making and risky behaviours [147]. This task is a computer-simulated
assessment and provides a novel behavioural measure of risk-taking [148]. Participants are pre-
sented with a simulated balloon and are asked to inflate the balloon to a desired level, knowing
that the bigger the balloon, the larger the amount of money they would be rewarded with.
However, the balloon has a probability of exploding and no specific information about this is
provided to the participants. In the case of an explosion, the participant receives no monetary
compensation. High levels of psychopathic traits were found significantly predictive of increased
risk-taking attitudes [147] and, more specifically, boldness was found to be significantly corre-
lated with BART risk-taking behaviours [149]. Furthermore, narcissism and psychopathy were
found to significantly predict adolescent risky behaviours [150]. Participants high in psychopa-
thy were negatively correlated with the ARQ subscales of judgment components (Adolescent
Risk-taking Questionnaire [151]). Other evidence, such as from the Iowa Gambling Task (IGT),
have been employed to assess risk-seeking behaviours, finding significant correlations between
secondary psychopathy and risky IGT performances [152]. This test was developed to simulate
real-life risky decisions: it required the examination of different card decks leading to different
rewards. Psychopathic individuals seemed to be unable to control their impulses towards large
reward decks, which also led to large losses.

The second stage of the model involves a Public Goods Game (PGG). Participants have
to decide whether or not to contribute to the community’s resources, knowing that the total
amount collected will gain in value and then will be divided equally amongst all the members,
independent of their initial contribution. The literature distinguishes three behavioural types
based on their contributions [153]:

1. Free-riders: selfish players who do not contribute to the public good;

2. Pure cooperators: generous players who contribute all their resources to the public good;

3. Conditional cooperators: players whose contribution depends on other players’ contribu-
tions to the group.

Which personality factors are correlated with which strategy type is still unclear. However,
some correlations between players’ personalities and their strategies have been assessed. Specif-
ically, a significant negative correlation was recorded between the total amount of contribution
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to the public goods and Machiavellianism [154]. This result suggests an association between
free-riders and high Machiavellianism. At the same time, being high in this personality measure
was also correlated with a higher total gain in the game. Hence, it seems that people showing
traits belonging to the Dark Triad (Machiavellianism, narcissism and psychopathy) behave more
rationally, aiming for a higher personal gain. Looking at the trends found by Czibor, Vinexe
and Bereczkei (2014), the average donation for low-Machiavellian subjects is around 80% of the
total resources, while for high-Machiavellian participants is around 50% [155]. Thus, also in this
case, it is possible to state that a high level of Machiavellianism is strongly correlated with a
lower overall contribution to the community. Although Koenigs, Kruepke and Newmann (2010)
adopted an Ultimatum game and a Dictator game, they confirmed a lower trend of offers from
high psychopathic subjects, compared with non-psychopaths [79]. Thus, psychopathy is related
to less cooperative attitudes and less generous behaviours towards other people.

Another aspect that is included in the model is related to the tendency of people high in
psychopathy to engage in antisocial and criminal behaviours. Data shows that, although psy-
chopathic people represent a small percentage of the population, they comprise over 15% of
incarcerated prisoners and they commit almost half of the most serious crimes [34]. In this
sense, the community has to pay a cost due to these behaviours. Individuals diagnosed as
psychopaths are indeed more prone to engage in criminal activities, due to their callousness,
manipulativeness, deceitfulness, indifference towards the others, and their lack of empathy and
remorse [104]. Furthermore, some dimensions of psychopathy, such as antisocial deviance, af-
fective detachment and interpersonal features, have been found to predict a history of suicide
attempts [156]. Thus, highly psychopathic individuals represent a cost to the community as
well as to themselves. To capture this, both individual and communal costs were introduced
in the simulation model. The cost imposed on the community is also driven by the resistance
of psychopaths to punishment. In one of his works, Hare noted that "in most jurisdictions,
psychopathy is considered to be an aggravating rather than a mitigating factor in determin-
ing criminal responsibility" [157](p.205). Due to their resistance to punishment, psychopaths
are considered less likely to redeem themselves when incarcerated [50, 52, 53]. Therefore, the
cost they enforce on the community is considered higher than that caused by non-psychopathic
offenders.

The final part of the simulation describes how individuals reproduce. To model this phase, I
researched previous findings looking at the heritability of psychopathic traits in the general pop-
ulation. Genetic factors were discovered to have a strong influence, explaining approximately
up to 49% of the variance in psychopathic personality [70]. On the other hand, a strong impact
was also exercised by non-shared environmental influences. Several studies investigated these
two factors (genetic and environmental) with regard to the heritability and genetic nature of
psychopathy [158, 159]. A recent study discovered that psychopathy elevates fertility although
diminishes the quality (with respect to physical and mental health and expected future repro-
duction ability) of the offspring [160]. They collected data from 635 individuals at the end of
their reproductive phase with at least one child. Data showed that individuals with higher levels
of psychopathic traits were more prone to have a larger number of offspring. At the same time,
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they were less likely to offer adequate care to the offspring, investing less time in parenting.
Furthermore, the offspring born from high psychopathic people were less likely to have a future
healthy life, as judged by responses to questions about their physical and mental health. Another
interesting result was found by Međedović (2019) [161]: harsh environment in childhood and
high levels of psychopathy (which are often positively correlated) lead to shorter relationships
and lower parental effort. He tested 320 individuals with at least one child, measuring their
psychopathic traits, the harshness of their childhood, their mate-seeking attitudes, the duration
of their longest relationship and their care for children. Results showed that individuals with
higher levels of psychopathy were significantly more likely to invest time in seeking a partner
but were also unable to maintain a stable relationship.

Supported by the evidence presented here, I modelled some aspects of psychopathic individ-
uals, discerning two main phenotypes in the community: SELFISH RISK-SEEKERS (S) and
GENEROUS RISK-AVERSE (G). Due to the complexity of psychopathy, I focused on those
aspects that (1) received more attention, and hence provided more empirical evidence from the
academic perspective, and (2) are more likely to be observed in the general population.

In the next section, I will present the formalisation of the individual-based model. Results
are then presented in the following chapters, where different steps are implemented to improve
the ecological validity of the model.

5.2 Model formalisation

5.2.1 Purpose
The purpose of this model is to investigate whether, and if so under which circumstances, the
presence of individuals with different levels of psychopathic traits affects the population dynam-
ics. In particular, it aims to explore whether traits related to generosity and risk propensity
can affect the evolution of a community under different conditions. The final goal is to model
some of the main distinctive aspects of psychopathy, and to examine how individuals expressing
those traits affect the growth of a population.

This is a temporally explicit individual-based model. I consider a population composed of
two phenotypes: selfish risk-seeking (S) and generous risk-averse (G). I model the evolution of a
community in different scenarios over time and I observe whether changing the parameters that
describe various aspects of individuals’ behaviour affects the overall evolution of the population
size and composition.

5.2.2 Process Overview and Scheduling
The model consists of four main stages: harvesting, public contribution, reproduction and
mutation. Firstly, individuals have to decide whether to gather resources from the environment
(harvesting phase). During this first step, individuals might perish as a consequence of engaging
in the risky action of harvesting (mortality phase).
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Secondly, they participate in a public goods game in which they have to decide how much
of their resources to donate to the communal pot, knowing that the total amount will be multi-
plied by a constant factor and equally redistributed among all citizens, regardless of their initial
contribution (PGG phase). After having gathered all the citizens’ contributions, the commu-
nity has to pay a cost proportional to the number of selfish risk-seeking citizens (community
cost phase). Thereafter, the remaining resources are equally redistributed among all citizens.
The decisions in both the harvesting and the PGG phase depend entirely on the individual’s
behavioural type.

Thirdly, each individual reproduces proportionally to the amount of resources owned at the
end of the PGG phase (reproduction phase). If they did not gather enough resources to meet
the survival threshold, they perish without offspring. The offspring’s phenotype is determined
by a reproduction mechanism which takes into account both the genetic component and the
phenotype expressed by the parent.

Lastly, a mutation in the reproduction probabilities is introduced. At each generation, the
reproduction probabilities are subject to a small mutation, drawn from a probability distribution
(mutation phase).

The entire cycle is then iterated over T generations and, in order to have robust results, the
model is repeated over 103 independent realisations.

The flowchart in Figure 5.1 presents the different stages of the model in chronological order.
The blue boxes represents phases that depend on the initialisation of the model; the orange
boxes are stages depending on the individuals’ phenotype; the red boxes are aspects that are
imposed on the individuals/community; while the green box represents the evolutionary part of
the model.

5.2.3 State Variables
The model comprises three hierarchical levels: environment, community and individual.

Individuals are entirely characterised by their phenotype: their decisions to harvest and
contribute are determined by the behavioural type they express, either selfish risk-seeking (S)
or generous risk-averse (G). Hence, expressing either one of the two phenotypes leads individuals
to behave differently in the harvesting and the PGG phases. Furthermore, being risk-seeking
leads individuals to engage in more dangerous actions, making them more likely to perish in
such actions. Thus, a mortality rate is introduced for risk-seeking people. Each individual has
a maximum number of offspring o they can reproduce, and a minimum amount of resources s
required to be able to procreate. The phenotype the offspring will inherit is determined by the
reproduction probabilities of the parent ϕG,G and ϕS,S . ϕG,G (ϕS,S) represents the probability
that generous (selfish) individuals will pass on their own phenotype to their offspring. Each
individual has both probabilities at the moment of birth and they will be then passed on to the
offspring.

The community is composed of all the individuals present in each generation. It is responsible
for paying the costs of sustaining troublesome citizens such as selfish risk-seekers. This cost
was introduced to give a more realistic representation of aspects concerning psychopathy. In
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Figure 5.1: Flowchart explaining the model phases.

Model InitialisationEnvironmental setting Community cost, Mortality rate

Harvesting phase

Mortality phase

PGG - Contribution

Community cost

PGG - Redistribution

Reproduction phase

Mutation phase

The cycle is
repeated over
T generations

fact, psychopathic people are more likely to engage in anti-social and criminal activities, which
have repercussions on the community as well as on the individuals themselves. Therefore, a
community cost proportional to the number of selfish risk-seeking individuals incorporates this
aspect in the model.

The environment describes the amount of resources available to each individual in gener-
ation t. The resources can be maintained constant over time or they can vary from periods
of abundance to moments of scarcity. The numerical values representing abundant and scarce
environments have been deduced by trial and error. By implementing different values of the
environmental offer, I observed which one led to an exponential increase in the population
(abundant environment) and which resulted in a slow but constant decrease of the community
size (scarce environment). A summary of the parameters controlling the evolution of the model
can be found in Table 5.1
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Table 5.1: Summary of model parameters.

Level Parameters Range

Environment

Resources offered in genera-
tion t

et [0,5] units

Carrying capacity K K > 0

Community

Community cost for S indi-
viduals

λ [0%,100%]

PGG Multiplier ρ ρ > 1

Individual ≡ Phenotype p ∈ {S,G}

Harvesting rate hp [0%,100%]

Contribution rate (decimal
format)

cp [0,1]

Mortality rate mp [0%,100%]

Reproduction probability ϕp,p [0,1]

Maximum number of off-
spring

o o > 0

Survival level s s ≥ 0

5.2.4 Design Concepts
Emergence

Individuals’ behaviour is entirely described by their phenotype, and their decisions are de-
termined by a set of deterministic and stochastic rules. Population dynamics emerge from
individuals’ behaviours with respect to the different environmental conditions experienced and
from the different parameters selected. Emergent system dynamics include:

• Population size

• Population composition

• Reproduction probabilities
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Adaptation

The reproduction probabilities ϕG,G and ϕS,S are mutated over generations. Mutations al-
low the population to adapt to the environmental and social conditions experienced over time.

Interaction

Individuals interact globally in the Public Goods Game phase, when they all contribute
part of their resources to the communal pot. Group composition also influences each commu-
nity member as the collective cost is proportional to the number of selfish risk-seekers present
in the population. This cost is paid with the collective money gathered during the PGG.

Stochasticity

The model includes only two elements that are not deterministically defined. The mortality
rate is a stochastic parameter which describes the probability of an individual engaging in risky
action to perish. The mutation rates are also a stochastic element of the model as they are
drawn from probability distributions.

Observation

The key outputs of the model are:

1. Population size

2. Population composition

3. Reproduction probabilities

For the model analysis, the dynamics at the community level (population size and composi-
tion, community cost), as well as those at the individual level (resources gathered, reproduction
probabilities and mortality rate) were saved at each generation.

5.2.5 Initialisation and Input
Table 5.2 reports the initial values of those parameters that were maintained constant in almost
all models. Differences in the initialisation values of these parameters are reported in the
overview section of each model chapter.
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Table 5.2: Overview of parameters and initial values of parameters.

Variables Description Initialisation value

N0 Initial sample size 100 / 250

T Number of generations 200 / 103

I Model realisations 103

Carrying
capacity

Maximum population size that the envi-
ronment can sustain

2 ∗N0

PGG
Multiplier

Public goods game multiplication factor 1.5

Survival level
Minimum amount of resources necessary to
each individual to survive

1

Maximum
resources

Maximum amount of resources each indi-
vidual can gather at each generation

4

Maximum
offspring

Maximum feasible number of offspring per
individual

10

Harvesting
rate

Proportion of resources each individual
harvests from the environment , based on
its phenotype

hS = 80%,
hG = 50%

Contribution
rate

Percentage of resources each individual
contributes to the public pot, based on its
phenotype

cS = 20%,
cG = 100%

5.2.6 Submodels
The model algorithm is hereafter presented:

Initialisation

1. An initial population of size N0 is generated. Each individual is assigned a phenotype and
both reproduction probabilities ϕS,S and ϕG,G.

2. The parameters describing community costs and mortality rate are assigned according to
the scenario depicted.

3. An environmental condition is selected.

Game dynamics

1. Individuals harvest the resources offered by the environment according to their phenotype.
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2. As harvesting is considered risky, a mortality rate is applied to account for the risk of
perishing during harvesting.

3. Individuals participate in a Public Goods Game, contributing to the communal pot. Their
contribution is proportional to their personal resources and the proportion is defined by
their phenotype. In some models, individuals’ contributions depend on previous overall
contribution, as explained in chapter 9.

4. The community pays a cost, deducted from the communal pot, that is proportional to the
percentage of S individuals present in the population.

5. The remaining communal resources are redistributed equally among all individuals inde-
pendent of their initial contribution.

Reproduction

1. Individuals that did not gather enough resources to meet the survival threshold perish.

2. Individuals that gathered enough resources to survive are replaced by a number of offspring
proportional to their personal resources, up to a maximum number o of offspring .

Mutation

1. Individuals’ reproduction probabilities are mutated and carried on by the offspring.

Repeat ‘Game dynamics’ , ‘Reproduction’ and ‘Mutation’ for T generations.

Hereafter, I present the model steps in more detail.

Harvesting

In this first stage, individuals gather the resources the environment offers according to
their phenotype. Individuals with risk-seeking attitudes are more likely to engage in dangerous
situations to gather as much as they can for their own benefit. On the other hand, risk-averse
individuals are more prone to engage in actions only if the risk is low and the reward is accessible.

After the harvesting phase in generation t, individual i has an amount of resources ri,t that
depends on both the environmental offer et and his phenotype pi:

ri,t = ethpi . (5.1)
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Mortality

In pursuing the resources, individuals encounter the risk of perishing with a probability mpi .
As the mortality parameter is related to engaging in risky actions, I modelled it to be always
zero for risk-averse citizens. Following this step, the population size changes accordingly:

< Nt >=< Nt > −mS < St >, (5.2)

where St is the proportion of S members in the population at generation t.

Public Goods Game

Thereafter, each individual invests part of his resources to the public pot. Generous citizens
behave as pure (or conditional) cooperators, investing all (or a part) of their resources in the
communal pot. On the other hand, selfish citizens contribute a smaller proportion of their
resources. The total amount of communal resources in generation t is therefore:

C̃t =

Nt∑
j=0

rj,tcpj . (5.3)

Finally, after having collected the donations, the community pays a cost due to the presence
of S individuals. The cost is proportional to the density of selfish risk-seekers and it is deducted
from the total amount gathered by the population:

Ct = C̃t(1− λ ∗ St), (5.4)

where λ describes the percentage of communal resources that the community would have to
pay if the population were entirely composed of selfish-risk seekers.

The communal pot is then equally redistributed among all citizens, providing them with a
fitness:

fi,t =
Ctρ

Nt
+ ri,t(1− cpi). (5.5)

Reproduction

Finally, each individual is replaced by a number of offspring which is linearly proportional
to its fitness:

ni,t =


0, if fi,t ≤ s

d o
M−s(fi,t − s)e, if s < fi,t < M

o, if fi,t ≥ M

(5.6)
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where M is the necessary fitness for an individual to reproduce o offspring. Each offspring
is assigned with a phenotype according to the reproduction probabilities.

Mutation

The last step of the model is the introduction of mutations in the reproduction probabilities
the offspring inherit. The mutation mimics an evolutionary process describing a variation in the
probabilities that a certain phenotype will be passed on to the offspring. At each generation, a
mutation ηt is drawn from a normal distribution N (0, σ2). The reproduction probabilities will
mutate in such a way as to favour one phenotype over the other.

ϕp,p,t =


0, if ϕp,p,t−1 + ηt < 0

ϕp,p,t + ηt, if ϕp,p,t−1 + ηt ∈ [0, 1]

1 if ϕp,p,t−1 + ηt > 1

(5.7)
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Chapter 6 Base model without mutation

6.1 Overview
To have a clear understanding of the model, I first implemented a simple version of the algorithm
in which:

1. All the offspring inherit the phenotype of the parent: ϕG,G = 1, ϕS,S = 1.

2. No mutation in the reproduction probabilities is allowed: σ2 = 0.

Different initial conditions determined the initial population composition (See Table 6.1),
and various scenarios were implemented, as specified in Table 6.2.

Table 6.1: Population initial composition with respect to the density of selfish risk-seeking
citizens.

Density Initial percentage of S Code colour

Low density S0 = 1% Blue lines

Medium-low density S0 = 10% Red lines

Medium-high density S0 = 20% Green lines

High density S0 = 30% Yellow lines

Table 6.2: Parameter initialisation for the model.

Parameter Initialisation values

Community cost λ λ ∈ {0%, 50%, 100%}

Mortality rate mpi mG = 0% ; mS ∈ {0%, 25%, 50%}

Three possible percentages λ were considered for the cost the community has to pay to
sustain selfish risk-seeking citizens: (a) λ = 0% means that the community pays no cost for
having selfish risk-seeking citizens; (b) λ = 50% indicates a linear increase of the costs such
that, if the society is entirely composed of selfish-risk seekers, the cost will be equal to half of
its total resources; (c) λ = 100% denotes an infeasible scenario: it indicates a linear increase
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in this cost such that, in a community composed only of selfish-risk seekers, all the communal
resources will be used to sustain selfish citizens, leaving no money to redistribute to the citizens.

Moreover, as the mortality rate is related to risky actions, the mortality rate for risk-averse
individuals is equal to zero in all scenarios. On the other hand, risk-seeking individuals have
either 0%, 25% or 50% probability of perishing during the harvesting phase.

Finally, a few different environments were implemented to observe how the community
evolved when changing the available resources.

Two main environmental conditions were imposed:

1. Fixed environment

2. Variable environment

In the first case, the resources provided remain constant over generations, and the amount
individuals can collect, et,i, depends on the population size:

et,i =
e0
Nt

, (6.1)

where e0 is the fixed amount of resources the environment provides.
In the latter case, the environment provides a variable amount of resources over generations,

describing situations of fluctuations of supplies over time. In this sense, the population will
experience periods of abundance alternating with periods of scarcity.

6.2 Results

6.2.1 Fixed Environment
Three fixed environments were considered, simulating different stages of scarcity and abundance
of resources. The environmental offer ranged between 1.2 and 4, where the former represents a
period of strong shortage of supplies, while the latter mimics an era of profusion of resources.

To understand the population dynamics, I observed both the evolution of the population
size and the population composition over 200 generations. The results report the mean over
the 103 independent realisations to obtain robust outcomes. The grey shadow represents the
variation area in which the mean values lie, calculated as the mean value ± the standard error
over the 103 independent realisations.

The following Figures (6.1 to 6.6) show the evolution of the population size and composition
under different initial conditions and environmental scenarios.
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Figure 6.1: Evolution of the population size in an abundant fixed environment, e0 = 4. Results
show how the evolution differs when changing the percentage and the mortality rate of selfish
risk-seekers, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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Figure 6.2: Evolution of the population size in a moderate fixed environment, e0 = 2. Re-
sults show how the evolution differs when changing the percentage of selfish risk-seekers, their
mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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Figure 6.3: Evolution of the population size in a scarce fixed environment, e0 = 1.2. Results
show how the evolution differs when changing the percentage of selfish risk-seekers, their mor-
tality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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The first three Figures (6.1 to 6.3) illustrate the evolution of the population size over gen-
erations.

First, I analyse the evolution of the population in a scenario of abundance (Fig. 6.1),
as the initial composition of the community, the mortality rate for selfish risk-seekers and
the community cost are manipulated. Interestingly, when the population is not subjected to
any cost and the mortality rate for S is equal to zero (Figure 6.1 (a)), it only survives for
a short time, independent of the initial composition. This phenomenon is due to the fact
that the environment can only sustain a fixed number of individuals (carrying capacity) and,
in positive conditions, the population tends to grow rapidly, leading to overcrowding and the
consequent extinction of the community itself. A similar phenomenon is present also in the other
conditions, although some of the communities survive (Figure 6.1 (b-c)). When the mortality
rate for selfish risk-seekers is increased, communities that started with a small percentage of S
individuals outperform communities with an initially high percentage of S, having a larger size
at the end of the 200 generations (Figure 6.1 (d-i)). When setting the mortality rate to 25%, the
populations initialised with a percentage higher than 1% of S, performed similarly although with
different equilibrium composition (Figure 6.4 (d-f)). Overall, when the environment provides
a large amount of resources, having a low density of selfish risk-seeking individuals leads the
community to reach a larger population size over time.

A different result is presented when the resources available are reduced (Figures 6.2 and
6.5). When the mortality is fixed at zero (Figure 6.2 (a-c)), the only communities that survive
are entirely composed of selfish risk-seeking citizens, independent of the costs they have to
pay. In such cases, the initial composition leads to different population sizes at equilibrium.
Nevertheless, when the mortality increases to 25%, the communities initially composed of only
1% of S tend to reach a stable percentage of S (roughly 75%), obtaining larger population sizes
compared to the other communities (Figure 6.2 (d-f)). Increasing the mortality rate to 50%
leads to greater differentiation in the population size and composition over time (Figures 6.2,
6.5 (g-i)). If the community cost is set to zero, all communities reach a similar equilibrium size.
However, when the community cost is increased, populations composed in majority of generous
risk-averse individuals reach a stable size, while in all other scenarios the communities decline
toward extinction.

Finally, when the environment offers resources that are close the individual’s survival level,
the beneficial aspect of selfish risk-seeking behaviours is unmistakably evident. As presented
in Figure 6.6, the only communities that survive are entirely composed of selfish risk-seeking
citizens. The only scenarios in which populations reach an equilibrium (as opposed to declining
towards extinction) are those in which there is no mortality rate (Figure 6.3(a)-(c)), and those
where the mortality rate is at maximum but no community cost is imposed (Figure 6.3(g)). In
all these situations, the communities reach a stable configuration and the differences in sizes
are determined by the initial conditions imposed on the density of selfish risk-seeking. Overall,
when the community experiences a constant period of deprivation, selfish and risky behaviours
support a stabilisation in the population size, avoiding its extinction.
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Figure 6.4: Evolution of the population composition in an abundant fixed environment,
e0 = 4. Results show how the evolution differs when changing the percentage of selfish risk-
seekers, their mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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Figure 6.5: Evolution of the population composition in a moderate fixed environment, e0 = 2.
Results show how the evolution differs when changing the percentage of selfish risk-seekers, their
mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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Figure 6.6: Evolution of the population composition in a scarce fixed environment, e0 = 1.2.
Results show how the evolution differs when changing the percentage of selfish risk-seekers, their
mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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6.2. RESULTS

6.2.2 Variable Environment
A natural extension of the fixed environmental scenario is produced by an alternation of periods
of scarcity and abundance in the environmental offer.

To model this, I implemented variable environments that switch between stages in which
the environment offers a large amount of resources (e=4 or e=2), and stages where there are
not enough supplies to survive (e=1.2), as shown in Figure 6.7.

Figure 6.7: Example of variable environmental offer.
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I considered populations initialised with different densities of selfish risk-seekers as in the
previous section. Results report the evolution of populations when moving from a negative
environment (e = 1.2) to moderate or positive environments (e = 2 or e = 4), at different times
of the evolution.
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Figure 6.8: Evolution of the population size in a variable environment, starting with a nega-
tive e = 1.2 environmental condition and switching to a positive e = 4 environmental offer.
Results show how the evolution differs when changing the percentage of selfish risk-seekers, their
mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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Figure 6.9: Evolution of the population composition in a variable environment, starting with
a negative e = 1.2 environmental condition and switching to a positive e = 4 environmental
offer. Results show how the evolution differs when changing the percentage of selfish risk-seekers,
their mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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Figure 6.10: Evolution of the population size in a variable environment, starting with a nega-
tive e = 1.2 environmental condition and switching to a moderate e = 2 environmental offer.
Results show how the evolution differs when changing the percentage of selfish risk-seekers, their
mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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Figure 6.11: Evolution of the population composition in a variable environment, starting with
a negative e = 1.2 environmental condition and switching to a moderate e = 2 environmental
offer. Results show how the evolution differs when changing the percentage of selfish risk-seekers,
their mortality rate, and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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When the population experiences a harsh environment at first, the only surviving popula-
tions are entirely composed of selfish risk-seekers, as expected from the results reported for the
fixed negative environment. As Figures 6.8 and 6.10 show, starting with high percentages of S
citizens leads to larger communities only when no community cost is introduced (Figures 6.8,
6.10(d),(g)). In the other scenarios, having roughly 10 or 20% of selfish risk-seekers allows the
community to grow more than conditions with a higher (30%) or a lower (1%) percentage of S
individuals (Figures 6.8, 6.10 (b),(c),(e),(f)). In Figure 6.10, the overcrowding phenomenon pre-
viously presented in the fixed environment is presented again when no mortality nor community
costs are introduced.

When no mortality rate is selected for risk-seekers, some populations struggle to survive from
the very beginning, consistently with previous results (Figures 6.8, 6.10 (a-c)). Furthermore,
when both the mortality rate and the community cost are high, the population never recovers
from the initial harsh situation (Figures 6.8, 6.10 (h-i)). The grey shadows are due to the
different time at which the various realisations get extinct, which lead to a higher variation
across realisations.

The difference in the environmental offer after the critical period (either 2 or 4 units) did
not highlight a relevant evolution discrepancy of the population size in the various scenarios.
Populations reach a higher equilibrium size when they receive more resources, but the patterns
remain constant across the two conditions.

Different evolutionary dynamics are observable when the critical period follows an initial
state of abundance (e=4) (Figure 6.12). As expected from previous results, in the first hundred
generations the population behaves as in the fixed benign environment scenarios previously
analysed. However, when the environmental resources drop, only a few populations manage to
survive: those initially composed of 30% of selfish risk-seekers, and only in those settings where
the mortality rate is set at its maximum (Figure 6.12 (g-i)). As presented in Figure 6.13, when
the population size drops as the critical period occurs, the only surviving individuals are selfish
risk-seekers.

A similar pattern is also presented in Figure 6.14 although having an initial lower environ-
mental offer (e=2) allows more communities to survive when the crisis occurs. This is due to the
fact that the larger is the population during the flourishing time, the less resources each indi-
vidual will have in the moment of shortage. Nevertheless, in both settings (initial environment
= 2 or 4) the only individuals who survive in the harsh condition exhibit selfish risk-seeking
behaviours, as reported in Figures 6.13, 6.15.
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Figure 6.12: Evolution of the population size in a variable environment, switching between a
positive e = 4 and a negative e = 1.2 environmental offer. Results show how the evolution
differs when changing the percentage of selfish risk-seekers, their mortality rate, and the com-
munity cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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Figure 6.13: Evolution of the population composition in a variable environment, switching
between a positive e = 4 and a negative e = 1.2 environmental offer. Results show how the
evolution differs when changing the percentage of selfish risk-seekers, their mortality rate, and
the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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Figure 6.14: Evolution of the population size in a variable environment, switching between
a moderate e = 2 and a negative e = 1.2 environmental offer. Results show how the
evolution differs when changing the percentage of selfish risk-seekers, their mortality rate, and
the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
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Figure 6.15: Evolution of the population composition in a variable environment, switching
between a moderate e = 2 and a negative e = 1.2 environmental offer. Results show how
the evolution differs when changing the percentage of selfish risk-seekers, their mortality rate,
and the community cost λ.
Yellow lines: S0 = 30%,
Green lines: S0 = 20%,
Red lines: S0 = 10%,
Blue lines: S0 = 1%.
% of S citizens = 1: Population entirely composed of selfish risk-seekers,
% of S citizens = 0: Population entirely composed of generous risk-averse.
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6.3 Discussion
This simplified version of the model aims to present the basic dynamics of the population
evolution in response to various environmental offers and different parameter values (such as
mortality rate, community cost and initial percentage of selfish risk-seeker citizens).

These results clearly show the advantages and disadvantages for both generous risk-averse
and selfish risk-seeking individuals. Showing a risk-seeking attitude in a condition of deprivation
allows individuals to survive when others perish. On the other hand, when the environmental
conditions are benevolent, communities evolve to a larger equilibrium size when having lower
percentages of generous risk-averse individuals.

Another aspect that arises from this first basic model is the importance of the environmental
resources available: offers below 1.2 do not allow any population to survive, while environmental
offers over 4 can lead to overpopulation and extinction of the population in the early stages.
Moreover, I observed how the difference between environmental offers (either 0.8 or 2.8 units)
affects the survival of some communities, but does not change the evolutionary pattern of the
population, once it has survived the initial obstacle.

Lastly, the importance of the initial conditions for a community is clear: the initial com-
position of the population (percentage of selfish risk-seeking individuals) leads to very different
population evolution, not only with respect to the final population size but also its equilibrium
composition.

The next step of the model is to include mutation in reproduction percentages between
the two phenotypes to observe whether the population will stabilise around an equilibrium,
especially with respect to the final population composition, that is independent of the initial
composition.
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Chapter 7 Model with mutation

7.1 Overview
The previous chapter presented a simplified version of the model which fixed the reproduction
probabilities of each individual. In this chapter, I incorporate the mutation phase first pre-
sented in Figure 5.1: at each generation, the probability of inheriting the parent’s phenotype is
controlled by a reproduction probability which mutates and is then passed on to the offspring.

Results represent the evolution of a population with an initial 10% of selfish risk-seekers. In
contrast to the previous chapter, the initial population composition was not found to have an
effect on the evolutionary dynamics. Furthermore, in chapter 6, there was no difference in the
evolution patterns between the moderate and benign environment or between different levels
of benign environment (e=2 or e=4 ). Thus, in this chapter results are reported only for the
two extreme environmental cases: negative (e=1.2 ) and abundant (e=4 ) environment. The
parameters describing the model and their values are summarised in Table 7.1.

Table 7.1: Overview of the parameters values for the models with mutation.

Parameters Initialisation value

N0 250

T 103

I 103

S0 10%

e0 1.2 or 4

hS , hG 80%, 50%

cS , cG 20%, 100%

λ λ ∈ {0%, 50%, 100%}

mp mG = 0% ; mS ∈ {0%, 25%, 50%}

The model was run over 103 generations (an increased time span compared to the previous
200 generations) to provide enough time for the reproduction rates to reach equilibrium. All
results report the mean over 103 independent realisations to obtain robust results.

In this chapter, I present two models with the same reproduction mechanism, but while in
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the first case I consider a single population, I look at two initial separate populations in the
second case. These models are presented hereafter in two separate sections.

7.1.1 Single population
Individuals are initialised as either generous or selfish. They both have a likelihood of reproduc-
ing a selfish offspring which evolves over time. At the same time, the phenotype of the parent
has an effect on the reproduction rate which is expressed by γ or ω. Thus, in this model I
introduced φ as the population baseline likelihood of reproducing a selfish individual, while γ/ω
embody the effect of having a selfish/generous parent on the reproduction probabilities:

ϕG,G = 1− φ+ ω,

ϕG,S = φ− ω,

ϕS,S = φ+ γ,

ϕS,G = 1− φ− γ;

0 ≤ ω ≤ φ,

0 ≤ γ ≤ 1− φ.

That is, a selfish risk seeker will reproduce a selfish offspring with probability φ + γ and a
generous risk-averse individual will reproduce a generous offspring with probability 1 − φ + ω.
The parameter φ is initialised accordingly to the initial percentage of selfish individuals in the
community (i.e. S0 = 10%), while both γ and ω are set equal to 0.01. All three parameters
are then evolved over generations. Mutations ηφ,t are drawn from a N (0, 0.1), for consistency
with the previous chapter. The mutations ηγ,t and ηω,t for the phenotype parameters γ and
ω are drawn from a N (0, 0.01). The parameters ω, γ are allowed to evolve in the model as
there could be aspects that evolve over time, such as the offspring’s sensitivity to parenting over
generations. Thus, the reproduction probabilities are mutates at each generation as follow:
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ϕG,G,t = 1− φt + ωt,

ϕG,S,t = φt − ωt,

ϕS,S,t = φt + γt,

ϕS,G,t = 1− φt − γt;

φt = φt−1 + ηφ,t,

ωt = ωt−1 + ηω,t,

γt = γt−1 + ηγ,t.

The reproduction parameters are initialised as presented in Table 8.1. It is important to
note that results show that different values of the mutation variances σ2

φ, σ
2
ω, σ

2
γ do not influence

the dynamics of the population, they simply speed up or slow down the achievement of the
equilibrium state. This was tested by allowing the mutation variances to vary between 0.01 and
0.5.

Table 7.2: Initial values for the reproduction parameters.

Parameters Initial values

φ=S0 0.1

γ, ω 0.01

σ2
γ = σ2

ω 0.01

σ2
φ 0.1

7.1.2 Two initial sub-populations
In the second model, the community is initialised as composed of two separate sub-populations,
one entirely composed of selfish risk-seekers and the other entirely composed of generous risk-
averse citizens. The reproduction mechanism is similar to the one presented above, although the
initial values for the two populations are different and they are not evolved separately as in the
previous chapter. In this section, indeed, the parameters ϕG,G, ϕS,S are evolved instead of the
three components φ, ω, γ. Nevertheless, ϕG,G, ϕS,S can still be interpreted as the combination of
φ, ω, γ, where they evolve simultaneously at each generation. The goal is to investigate whether
one of the two populations can invade and overcome the other. Table 7.3 reports the initial
values for the two sub-populations reproduction probabilities.
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Table 7.3: Initial reproduction rates for the two subpopulations.

Initial phenotype ϕG,G,0 ϕS,S,0

Selfish Risk-seeking 0.90 0.2

Generous Risk-Averse 0.99 0.02

In other words, individuals initialised as generous risk-averse have a 99% probability of passing
on their own phenotype and a 1% chance of reproducing a selfish risk-averse individual. Any
selfish offspring that they reproduce have a 2% chance of producing a selfish risk-seeking off-
spring themselves and a 98% probability of having generous risk-averse offspring. In contrast,
individuals initialised as selfish have a 20% chance of passing on their own phenotype and a
80% probability of reproducing generous offspring. When their offspring exhibit a generous
risk-averse behaviour, their offspring have a 90% probability of reproducing generous offspring
of their own and a 10% chance that the offspring will exhibit selfish risk-seeking behaviours.
The two populations are merged into a single population and their evolution is monitored over
generations. The reproduction rates are mutated at each generation, and mutation coefficients
are drawn from a normal distribution ηt ∼ N (0, 0.1):

ϕG,G,t = ϕG,G,t−1 + ηϕG,t

ϕS,S,t = ϕS,S,t−1 + ηϕS ,t.

7.2 Results

7.2.1 Single population
Firstly, I present the results where the community is initialised as composed of a one single
population. The results reported here are for γ and ω different from zero. Figures 8.1 and
8.2 show the evolution of the population and its composition in the different scenarios, when
the environment is harsh and when it is benevolent. The first thing to notice is that, although
the overall level of the population varies in the two environmental scenarios, the evolutionary
patterns are similar, suggesting that the difference in the availability of resources does not affect
the community dynamics. The parameter that most strongly affects the evolution is the rate at
which selfish risk-seekers perish during the harvesting phase (mortality rate). When no mortality
rate is introduced, the population grows without limitations and exceeds the carrying capacity
of the environment, leading to the extinction of the population in roughly 100 generations. By
introducing a small mortality risk for risk-seekers (mS = 25%), the population survives in both
a benign and a harsh environment, reaching equilibrium. Selfish risk-seeking citizens comprise
the majority of the community, leaving little space for generous risk-averse individuals. In this
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setting (mS = 25%), the effect of the community cost on the evolution dynamics is also visible:
the larger the cost the community has to pay to sustain selfish individuals, the fewer citizens
can be sustained at equilibrium. This is even more evident when the mortality rate is increased
to 50%. In this case, the population survives and reaches equilibrium only if no community cost
needs to be paid. In this case (Figures 8.1 (g),8.2 (g)), a larger proportion of generous citizens
is present, although the majority is still composed of selfish individuals. When the community
cost is set to 50 or 100% (Figures 8.1 (h,i), 8.2 (h,i)), the population rapidly decreases toward
extinction.

The Figure 8.3 shows the evolution of ϕG,G and ϕS,S over generations, as composed by both
φ and ω,γ respectively, while their separate evolution is presented in figure 8.4. The evolution
of φ (i.e. the population likelihood to reproduce selfish offspring) reaches the same equilibrium
independent of the scenario considered. In the first row, only the first 60 generations are shown as
the population perishes after that. Nonetheless, the parameter φ has already reached the stable
equilibrium (φ ∼ 88%) that is present in most of the other scenarios. In the situation where
mortality risk is at its maximum and the community cost is equal to 50%, the equilibrium is
approached but it is not stable (Figure 8.3 (h)), while when the community cost is increased (λ =

100) the genetic component oscillates around the lower value of φ ∼ 75% (Figure 8.3 (i)). This
is due to the noise in the evolution of the population in the most critical conditions, which lead
the population to get extinct in several of the independent realisations. As γ remains constant
across zero in all scenarios, the probability for selfish individuals to reproduce selfish offspring is
controlled by the likelihood component φ. Conversely, the reproduction probability for generous
citizens evolves over time differently according to the exogenous conditions implemented. This
difference in the evolution pattern is controlled by the parameter ω. As visible in Figure 8.4,
ω evolves over generations and this evolution is more or less rapid according to the mortality
rate. When there is no mortality, ω increases very slowly, leading to a slight change of ϕG,G

from the purely likelihood parameter φ. However, when the mortality rate is set to either 25
or 50%, generous citizens become more likely to reproduce generous offspring over time (apart
from when mS = 50% and λ = 100, Figure 8.4 (i)). Thus, the probability for generous citizens
of passing on their own phenotype can vary from 20% to 40%. It is also possible to notice that,
contrary to the evolution of ϕS,S , ϕG,G, ω does not reach an equilibrium but it steadily increases
over time, suggesting that if the population could evolve over more generations, the parameter
would keep increasing (apart from the case in which no mortality rate is introduced).
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Figure 7.1: Evolution of the population over generations in a scarce fixed environment, e0 = 1.2.
Results show how the evolution differs when changing the percentage and the mortality rate of
selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 7.2: Evolution of the population over generations in an abundant fixed environment,
e0 = 4. Results show how the evolution differs when changing the percentage and the mortality
rate of selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 7.3: Evolution of the combined reproduction rates ϕS,S , ϕG,G over generations. Results
show how the evolution differs when changing the percentage and the mortality rate of selfish
risk-seekers, and the community cost λ.
Orange line: ϕS,S

Blue line: ϕG,G

ϕS,S=1 (/0) means that an S individual has a 100 (/0)% chance of reproducing an S offspring,
ϕG,G=1 (/0) means that a G individual has a 100 (/0)% chance of reproducing a G offspring.
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Figure 7.4: Evolution of the separate parameters regulating the reproduction mechanism pa-
rameters ω, γ and φ over generations. Results show how the evolution differs when changing
the percentage and the mortality rate of selfish risk-seekers, and the community cost λ.
Red line: ω
Green line: γ
Orange line: φ
ω, contribution of G parent to the probability of reproducing G offspring,
γ, contribution of S parent to the probability of reproducing S offspring,
φ, probability that an individual will reproduce a S offspring, independent of his own phenotype.
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7.2.2 Two initial sub-populations
Secondly, I describe the evolution of the population initially composed of two separate sub-
populations. Results show the evolution of the entire population and of the two initial sub-
populations over generations, when altering the mortality rate and the community cost param-
eters, as well as the environmental conditions. The evolution of the population over generations
is consistent with what was presented in the previous section (Figures 8.1, 8.2): selfish risk-
seeking individuals comprise the majority of the population, when it does not collapse toward
zero (figures 7.5, 7.6). Moreover, the environmental conditions do not impact the dynamics of
the evolution but only the different population size at equilibrium.

Figures 7.7 and 7.8 show the evolution of the two initial sub-populations. In contrast to
what was observed previously for the total population evolution, the environmental offer plays a
role in the evolution of the two sub-populations. While both populations survive when resources
are abundant, only individuals initialised as selfish risk-seeking survive when there is a paucity
of resources. In the case of a benign environment, the two sub-populations coexist in roughly
equal percentages when the mortality rate is set to 25%. However, by increasing this parameter
to 50%, the majority of the community is composed of the initially generous risk-averse sub-
population.

The other aspect to observe is the evolution of the reproduction rates ϕG,G, ϕS,S over
generations presented in Figure 7.9. The figure reports the evolution of the probability with
which selfish risk-seekers (and generous risk-averse people) pass on their own phenotype to
their offspring. Since the environment did not have a significant effect on the evolution of
these parameters, results are shown for the evolution in a negative environment. ϕG,G =1
means that a generous parent will reproduce a generous offspring with probability 1; similarly,
ϕS,S = 1 means that an selfish parent will reproduce a selfish offspring with probability 1.
Results show that the probability with which generous individuals pass on their own phenotype
to their offspring reaches equilibrium at roughly 50%; meaning that 1 in 2 cases the offspring
of a generous individual exhibit the same generous phenotype. Conversely, selfish individuals
are much more likely to reproduce selfish offspring (ϕS,S ∼ 90%). The results are not strongly
influenced by either community cost or mortality rate, and the oscillations present in figure 7.9
are due to the slow decrease of population size towards extinction. Moreover, these equilibria are
independent of the initial values of both ϕG,G and ϕS,S , as long as the relationship between the
two parameters is satisfied (ϕG,G >> ϕS,S). This was observed by changing several initial values
of the two parameters, considering ϕG,G ∈ {0.80, 1} and ϕS,S ∈ {0, 0.20}. These values were
chosen because of real-world evidence: we know that selfish risk-seeking individuals that exhibit
anti-social behaviours are a minority in the community. Therefore, I selected reproduction rates
that satisfied the condition of minority for selfish risk-seekers.
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Figure 7.5: Evolution of the population over generations in a scarce fixed environment, e0 = 1.2.
Results show how the evolution differs when changing the percentage and the mortality rate of
selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.

0 50 100 150
0

50

100

150

(a)

M
or

ta
lit

y
=

0%

Community Cost = 0

0 50 100 150
0

50

100

150

(b)

Community Cost = 50

0 50 100 150
0

50

100

150

(c)

Community Cost = 100

0 200 400 600 800 1,000
0

50

100

150

(d)

M
or

ta
lit

y
=

25
%

0 200 400 600 800 1,000
0

50

100

150

(e)
0 200 400 600 800 1,000

0

50

100

150

(f)

0 200 400 600 800 1,000
0

50

100

150

(g)

Generations

M
or

ta
lit

y
=

50
%

0 200 400 600 800 1,000
0

50

100

150

(h)

Generations

0 200 400 600
0

50

100

150

(i)

Generations

121



7.2. RESULTS

Figure 7.6: Evolution of the population over generations in an abundant fixed environment,
e0 = 4. Results show how the evolution differs when changing the percentage and the mortality
rate of selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 7.7: Evolution of the two initial populations over generations in a scarce fixed envi-
ronment, e0 = 1.2. Results show how the two populations evolution differs when changing the
percentage and the mortality rate of selfish risk-seekers, and the community cost λ.
Yellow area: Population initialised as selfish risk-seeking,
Purple area: Population initialised as generous risk-averse.
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Figure 7.8: Evolution of the two initial populations over generations. Results show how the
two populations evolution differs when changing the percentage and the mortality rate of selfish
risk-seekers, and the community cost λ.
Yellow area: Population initialised as selfish risk-seeking,
Purple area: Population initialised as generous risk-averse.
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Figure 7.9: Evolution of the reproduction rates over generations. Results show how the evolution
differs when changing the percentage and the mortality rate of selfish risk-seekers, and the
community cost λ.
Orange line: ϕS,S

Blue line: ϕG,G

ϕS,S=1 (/0) means that an S individual has a 100 (/0)% chance of reproducing an S offspring,
ϕG,G=1 (/0) means that a G individual has a 100 (/0)% chance of reproducing a G offspring .
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7.3 Discussion
This chapter provided the first example of population evolution in which mutation is introduced.
The first striking outcome that arises when comparing both mutation models with the non mu-
tation one is the role of the environment. When mutation was not included, the environmental
offer played a substantial role in the population composition evolution, leading to a greater
proportion of selfish risk-seekers when the environment was harsher, and fewer selfish citizens
when the conditions were more benign. In the mutation models, however, the different envi-
ronmental conditions only lead to different equilibria for the population size, given that more
resources are able to sustain more individuals, independent of their phenotype. Nevertheless,
an environmental effect arises for the model initialised as composed of two sub-populations,
when analysing the evolution of the two initial sub-populations. While individuals initialised
as generous risk-averse survive when the environmental conditions are favourable, they perish
in a harsh environment. In this sense, we can observe the advantage of having even a small
percentage of selfish risk-seeking individuals in the community: without their presence, the
population would have not survived the critical period and would have perished immediately.
Thus, behaving selfishly and taking risks can be evolutionarily adaptive for the survival of the
population under harsh conditions.

Another difference between the mutation and the non mutation models is the evolution of
the population in the context of high mortality rate (mS = 50%). When no mutation was
introduced, the population survived independent of the community cost. On the contrary, the
population declines towards extinction as soon as some community cost is introduced when mu-
tation is present in the model. The fast decline of the population size in the mutation models
might be driven by the evolution of the reproduction rates that strongly favour selfish indi-
viduals. In fact, the fewer selfish people were present in the community in the non mutation
model, the larger the community population size was, in scenarios of high costs and high mor-
tality (mS = 50%, λ ∈ {50, 100}). However, as the selfish phenotype is clearly favoured over
the generous one, once mutation is introduced, the population does not survive the high costs
and the high mortality risks present in these scenarios. This dynamic suggests that selfish and
risk-seeking behaviours are not always beneficial for the evolution of the population, although
they induce more personal gain overall.

The main difference that emerges between the two models is the evolution of the reproduction
probabilities, as the overall population dynamics are consistent across the two models. The
reproduction probabilities ϕG,G and ϕS,S evolve to equilibrium very quickly when they are
not divided into the components φ, ω, γ. Moreover, they both evolve to the same equilibrium
values respectively, independent of any external condition (environmental offer, community cost
and/or mortality rate). Contrariwise, when the components φ, ω, γ are evolved separately,
results show more variation in the dynamic patterns and equilibria. Although selfish risk-
seekers are genetically strongly favoured also in this scenario φ ∼ 85%, γ, ω do contribute to
the development of either a selfish or a generous behaviour for the offspring. The component
related to having a generous parent ω does increase as the mortality rate increases, suggesting
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that selfish individuals are not always the optimal behaviour to adopt as the cost they endure
increases. Note also that such differences between the two models might have been influenced
by the population initialisation (e.g. a single versus two separate sub-populations).

Overall, the dynamics presented in this chapter suggest that selfish individuals are mostly
favoured. The large advantage of selfish risk-seeking individuals is driven by their ability to
gather more resources and their tendency to share a smaller percentage of them with the com-
munity, compared to generous citizens. In this way, the community cost is almost entirely paid
by generous individuals who contribute 100% of their resources to the public pot. Therefore,
even though risk-seekers might perish during the first phase of the model, they are assured to
succeed once they survive. This evolution is not realistic as individuals engaging in anti-social
and criminal activities are usually either isolated from the community or they are asked to pay
for their actions with detention. Another cause of the strong advantage of selfish risk-seekers
is rooted in the strategy of generous citizens. Indeed, they are modelled as pure cooperators
(they contribute all their resources to the public good), who do not adapt to the environment
or to the other individuals in the community. This behaviour is rarely observed in experimental
set up and in everyday life. To address these issues, the next two chapters present two models
in which first (1) generous individuals adapt their contributions to the community, playing a
conditionally cooperative strategy; and secondly, (2) selfish risk-seekers pay an individual cost
for engaging in anti-social behaviours.
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Chapter 8 Model with mutation and genotype plus
phenotype reproduction

8.1 Overview
This chapter presents a different reproduction system which includes the genotype and the
phenotype contributions to the reproduction probabilities with which offspring inherit their
behavioural type.

In the second one, the parent’s phenotype directly affect the development of the offspring’s
phenotype. Although there is dependency between parent and offspring’s phenotypes also in
the previous model, in this case there is a direct effect that can be interpreted as the parental
effect. As explained in the introduction of the model 5.1, parents that exhibit selfish risk-seeking
attitudes are less likely to provide an adequate care to their offspring. Therefore, by investing
less time in child care, the offspring are more likely to develop behavioural problems. This
second mechanism model this mechanism explicitly.

Each individual has a set of genes that evolve over time, independent of the phenotype
expressed. Genetic factors have been discovered to have a strong impact on the development
of psychopathic traits [70, 159]. Furthermore, individuals are influenced by external factors
when developing personality traits, such as parenthood, environmental conditions and harsh
childhood [70, 158]. For this reason, I introduced the two components separately when modelling
the reproduction probabilities for both generous and selfish individuals. Thus, the reproduction
rates of each individuals are composed of two features, the gene part φ and the phenotype part
γ or ω:
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ϕG,G = 1− φ+ ω,

ϕG,S = φ− ω,

ϕS,S = φ+ γ,

ϕS,G = 1− φ− γ;

0 ≤ ω ≤ φ,

0 ≤ γ ≤ 1− φ.

where φ represents the propensity of each individual to reproduce selfish individuals, only de-
pending on genetic factors; γ embodies the effect of having a selfish parent in the development
of personality traits; while ω embodies the effect of having a generous parent in the development
of personality traits. γ represents an incentive to develop psychopathic traits due to the lack
of time invested in parenting and the harsher environment experienced during childhood. That
is, a selfish risk seeker will reproduce a selfish offspring with probability φ + γ and a generous
risk-averse individual will reproduce a generous offspring with probability 1−φ+ω. The param-
eter φ is initialised accordingly to the initial percentage of selfish individuals in the community
(i.e. 10%), while both γ and ω are set equal to 0.01. All three parameters are then evolved
over generations. Mutations ηφ,t are drawn from a N (0, 0.1), for consistency with the previous
chapter. The mutations ηγ,t and ηω,t for the phenotype parameters γ and ω are drawn from a
N (0, 0.01). The parental effects are allowed to evolve in the model as there could be aspects of
parenting that evolve over time, such as the offspring’s sensitivity to parenting over generations.
Thus, the reproduction probabilities are evolved over generations as follow:

ϕG,G,t = 1− φt + ωt,

ϕG,S,t = φt − ωt,

ϕS,S,t = φt + γt,

ϕS,G,t = 1− φt − γt;

φt = φt−1 + ηφ,t,

ωt = ωt−1 + ηω,t,

γt = γt−1 + ηγ,t.

The reproduction parameters are initialised as presented in Table 8.1, while the other pa-
rameters describing the model are consistent with the previous models (see Tables 7.1).
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It is important to notice that different values of σ2 do not influence the dynamics of the
population, they simply speed up or slow down the achievement of the equilibrium state.

Table 8.1: Initial values for the reproduction parameters

Parameters Initial values

φ=S0 0.1

γ, ω 0.01

σ2
γ = σ2

ω 0.01

σ2
φ 0.1

131



8.2. RESULTS

8.2 Results
The results here reported are for γ and ω different from zero, meaning that parental contribu-
tion does make an impact on the development of offspring’s phenotypes. However, if phenotypes
contributions ω, γ were set to zero, the evolutionary dynamics are similar to the one reported in
the previous chapter. Also, since the evolution of φ is independent of the individual’s phenotype,
the evolution of the reproduction rate is visible in Figure 8.4. The evolution of the population
over generations is consistent with what presented in the previous model (Figures 7.5, 7.6):
selfish risk-seeking individuals comprise the majority of the population, when it does not col-
lapse toward zero (figures 8.1, 8.2). Moreover, the environmental conditions do not impact the
dynamics of the evolution but only the different population size at equilibrium.

The Figure 8.3 reports the evolution of ϕG,G and ϕS,S over generations, as composed by
both φ and ω,γ respectively, while their separate evolution is presented in figure 8.4. While the
reproduction probability for selfish individuals remains constant over generations (ϕS,S ∼ 88%),
the reproduction probability for generous citizens changes over time. In fact, the probability for
generous individuals to pass on their own phenotype to their offspring increases over generations,
slowly reaching the same equilibrium presented in figure 7.9. Such convergence is confirmed
when allowing the reproduction parameters φ, ω, γ to mutate at a faster pace. The parent’s
phenotype does make an impact on how likely generous parents pass on their own phenotype to
their offspring. The parameter γ increases over time, leading generous individuals to reproduce
fewer selfish offspring. This evolution is more or less steep according to the mortality rate: as
there is no mortality, γ increases very slowly, leading to a slight change in the G reproduction
probability from the purely genetic parameter φ. However, when the mortality rate is set to
either 25 or 50%, generous citizens become more likely to reproduce G offspring over time (a
part from when mS = 50% and λ = 100, Figure 8.4 (i)).
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Figure 8.1: Evolution of the population over generations in a scarce fixed environment, e0 = 1.2.
Results show how the evolution differs when changing the percentage and the mortality rate of
selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.

0 20 40 60 80 100
0

50

100

150

200

(a)

M
or

ta
lit

y
=

0%

Community Cost = 0

0 20 40 60 80 100
0

50

100

150

200

(b)

Community Cost = 50

0 20 40 60 80 100
0

50

100

150

200

(c)

Community Cost = 100

0 200 400 600 800 1,000
0

50

100

150

200

(d)

M
or

ta
lit

y
=

25
%

0 200 400 600 800 1,000
0

50

100

150

200

(e)
0 200 400 600 800 1,000

0

50

100

150

200

(f)

0 200 400 600 800 1,000
0

50

100

150

200

(g)

Generations

M
or

ta
lit

y
=

50
%

0 200 400 600 800 1,000
0

50

100

150

200

(h)

Generations

0 100 200 300
0

50

100

150

200

(i)

Generations

133



8.2. RESULTS

Figure 8.2: Evolution of the population over generations in a abundant fixed environment,
e0 = 4. Results show how the evolution differs when changing the percentage and the mortality
rate of selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.

0 20 40 60 80 100
0

200

400

(a)

M
or

ta
lit

y
=

0%

Community Cost = 0

0 20 40 60 80 100
0

100

200

300

400

(b)

Community Cost = 50

0 20 40 60 80 100
0

100

200

300

400

(c)

Community Cost = 100

0 200 400 600 800 1,000
0

100

200

300

400

(d)

M
or

ta
lit

y
=

25
%

0 200 400 600 800 1,000
0

100

200

300

400

(e)
0 200 400 600 800 1,000

0

100

200

300

400

(f)

0 200 400 600 800 1,000
0

100

200

300

400

(g)

Generations

M
or

ta
lit

y
=

50
%

0 200 400 600 800 1,000
0

100

200

300

400

(h)

Generations

0 100 200 300
0

100

200

300

400

(i)

Generations

134



8.2. RESULTS

Figure 8.3: Evolution of the combined reproduction rates ϕS,S , ϕG,G over generations. Results
show how the evolution differs when changing the percentage and the mortality rate of selfish
risk-seekers, and the community cost λ.
Orange line: ϕS,S

Blue line: ϕG,G

ϕS,S=1 (/0) means that a S individual has 100 (/0)% chances of reproducing a S offspring,
ϕG,G=1 (/0) means that a G individual has 100 (/0)% chances of reproducing a G offspring .
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Figure 8.4: Evolution of the separate parameters regulating the reproduction mechanism pa-
rameters ω, γ and φ over generations. Results show how the evolution differs when changing
the percentage and the mortality rate of selfish risk-seekers, and the community cost λ.
Red line: ω
Green line: γ
Orange line: φ
ω , contribution of G phenotype on the probability of reproducing G offspring,
γ , contribution of S phenotype on the probability of reproducing S offspring, φ, probability
that an individual will reproduce a S offspring, independent of his own phenotype.
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8.3 Discussion
This chapter illustrates the effects of a different reproduction mechanisms, examining how the
population evolved when considering the impact of parent’s phenotype on the development of
offspring’s personality traits.

Results show an evolutionary dynamic consistent to what already presented in chapter 7.
In both benign and harsh environment, the population at equilibrium is composed in larger
proportion of selfish risk-seeking individuals. The innovative contribution of this model is the
disentanglement between the genetic and the environmental contribution to the development of
individuals’ behaviours.

Although genetically selfish risk-seekers are strongly favoured, the parent’s phenotype does
contribute to the development of either a selfish or a generous behaviour for the offspring. In
fact, generous parents tend to have more generous offspring as generations pass. Nevertheless,
the large majority of the population at equilibrium is composed of selfish individuals.

This dynamic suggests that selfish individuals are largely advantaged, which is not a realistic
feature of the model. The large advantage of selfish risk-seeking individuals is driven by their
ability to gather more resources and their tendency to share a small percentage of them with
the community. In this way, the community cost is almost entirely paid by generous individuals
who contribute 100% of their resources to the public pot. In this way, even though risk-seekers
might perish during the first phase of the model, they are assured to succeed once they survive.
This evolution is not realistic as individuals engaging in anti-social and criminal activities are
usually either isolated from the community or they are asked to pay for their actions with
detention. Another cause of the strong advantage of selfish risk seekers is rooted in the strategy
of generous citizens. Indeed, they are modelled as purely cooperators (they contribute all their
resources to the public good), who do not adapt to the environment or to the other individuals
in the community. This behaviour is rarely observed in experimental set up and in every day
life. To address these issues, the next two chapters present two mode in which first (1) generous
individuals adapt their contributions to the community, playing a conditionally cooperative
strategy. Secondly, (2) selfish risk-takers individuals pay an individual cost for engaging in
anti-social behaviours.
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Chapter 9 Model with mutation and conditional co-
operation

9.1 Overview
As suggested at the end of the previous chapter, this model addresses the issue of purely co-
operative strategies adopted by generous individuals. To have a more realistic depiction of
how individuals behave, I modelled generous risk-averse citizens as conditional cooperators:
they start by adopting a cooperative strategy in the first generation, cG,0 = 1, and they then
change their strategy according to how the other citizens acted in the previous generation,
cG,t =

1
N

∑N
j=1 cj,t−1. In this sense, generous risk-averse individuals adapt to the surrounding

environment, reconsidering their strategy on the basis of others’ behaviour. Thus, generous
individuals behaviour can be modelled as follows:

cG,t =

1, if t = 1

1
N

∑N
j=1 cj,t−1, if t > 1.

(9.1)

This model aims to investigate the impact of generous individuals’ behaviour towards the
public good on the evolution of the population over generations. Will the population reach
different equilibria when modifying the cooperative behaviour?

The reproduction mechanism implemented here consider the three components affecting the
reproduction rates separately as presented in the previous section 7.1.1. The other parameters
describing the model (such as λ,mS , γ, ω, φ) are consistent with the previous chapters (see Tables
7.1, 8.1).

9.2 Results
Results show the evolution of the community over time, when allowing generous individuals to
adapt their strategy according to their own experiences, adopting a conditionally cooperative
strategy.

While results are consistent with previous models when no or low mortality rate is introduced
(mS ∈ {0%, 25%}), differences emerge when the mortality rate is set at 50%. In this setting,
independent of the community cost, the population survives even though it reaches very low
levels towards the end of the 1000 generations (Figures 9.1 (g-i), 9.2 (g-i)). More interestingly,
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in these cases the population is almost entirely composed of generous risk-averse individuals.
Note that this is the first time that generous risk-averse individuals comprise the majority of the
community, since the mutation was introduced. Enabling generous individuals to adjust to the
surrounding environment and to respond to past experiences led the community to reach a dif-
ferent population composition in extreme cases such as high mortality rate and high community
cots (mS = 50%, λ ∈ {50, 100}). Since the only parameter altered is the strategy of generous
people in the Public Goods Game, it is evident that modifying the contribution according to
the group average behaviour is the driving element of these changes in the evolution. Hence,
generous risk-averse individuals can survive in both positive and negative environmental con-
ditions and can outnumber selfish risk-seekers in certain situations, if they adopt a conditional
cooperation strategy.

Finally, this model presents another notable change in the evolution of the reproduction rates
(Figure 9.3). While ϕS,S has always been close to 1 independent of the scenario implemented in
the previous chapter, this model shows an alternative evolution of the probability with which
selfish risk-seekers hand down their own phenotype to their offspring (ϕS,S). When no mortality
is introduced, both selfish and generous individuals have a 55% chance of passing on their own
phenotype to their offspring. Moreover, when the mortality is set at its maximum, ϕS,S records
its minimum value since mutation was introduced: less than half of selfish individuals reproduce
S offspring. On the contrary, generous individuals have the highest probability to pass on their
own phenotype to their offspring (ϕG,G ∼ 65%). When the mortality rate is set at 25%, ϕS,S

decreases to 80% compared to previous models where ϕS,S ∼ 90%. Conversely, ϕG,G remains
quite low in this scenario.
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Figure 9.1: Evolution of the population over generations in a scarce fixed environment, e0 = 1.2.
Results show how the evolution differs when changing the percentage and the mortality rate of
selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 9.2: Evolution of the population over generations in an abundant fixed environment,
e0 = 4. Results show how the evolution differs when changing the percentage and the mortality
rate of selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 9.3: Evolution of the combined reproduction rates ϕS,S , ϕG,G over generations. Results
show how the evolution differs when changing the percentage and the mortality rate of selfish
risk-seekers, and the community cost λ.
Orange line: ϕS,S

Blue line: ϕG,G

ϕS,S=1 (/0) means that an S individual has a 100 (/0)% chance of reproducing an S offspring,
ϕG,G=1 (/0) means that a G individual has a 100 (/0)% chance of reproducing a G offspring.
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9.3 Discussion
The model presented in this chapter aimed to provide a more realistic representation of indi-
viduals’ strategies when contributing to a public good. Allowing the strategies to adapt to the
community, the model reproduces a more accurate depiction of real-world interactions. As a
consequence, the community cost is more homogeneously split among all citizens, compared to
the previous model. That is because the contribution to the public good is now more homoge-
neous amongst the citizens. Since conditional cooperators adjust the contribution to the average
contribution in the community, the average amount of contribution is equal across all citizens.
Therefore, generous individuals do not spend most of their resources to support anti-social and
criminal behaviours perpetrated by selfish risk-seekers, as was the case in the previous chapters.

Results report interesting findings regarding the evolution of the population. Despite the
adaptive strategies of generous individuals, when the mortality risk is not too elevated (mS =

25%), behaving in a selfish and risky way does lead to higher payoffs and therefore selfish risk-
seekers make up the largest portion of the total population. However, as the mortality risk
increases (mS = 50%), the population does not go extinct as in the previous chapter. It adapts
by changing its composition, favouring cooperative and risk-averse attitudes. Individuals who
avoid risks and conditionally cooperate become the largest portion of the total population,
allowing the community to survive for each community cost introduced.

Furthermore, the evolution of the two reproduction rates illustrates different outcomes,
compared to all previous chapters, although the probability with which selfish individuals pass
on their own phenotype to their offspring remains quite high (φ ∈ {45%, 80%}). Indeed, this
model is the first one to present an evolution that leads generous individuals to reproduce
generous offspring with a higher probability than that with which selfish individuals procreate
selfish individuals (ϕG,G > ϕS,S). In this sense, the generous risk-averse phenotype evolves as the
evolutionarily adaptive behavioural type, as long as the mortality hazard for selfish individuals
is high enough (mS = 50%). Nevertheless, when the mortality hazard for risk-seekers is set
at 25%, adopting a selfish and risk-seeking behaviour is still the optimal behaviour. Lastly,
when no mortality rate is introduced for risk-seekers, the community perishes in the first 100
generations, not providing insights on the evolution of the population.

The last variation of the model will include an individual cost borne by selfish risk-seeking
citizens. This cost describes the cost that each individual who engages in anti-social or criminal
behaviours has to pay.

mullins2010searchho
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Chapter 10 Model with mutation, conditional cooper-
ation and individual costs

10.1 Overview
This last chapter introduces an individual cost for selfish individuals into the model. As dis-
cussed in Chapter 7, after the harvesting phase selfish risk-seeking individuals are successful
individuals, who gather more resources and share a smaller portion of what they gathered with
the community, compared to generous citizens. However, when engaging in anti-social and dis-
ruptive behaviours, selfish citizens incur additional costs, due to either social costs (by being
isolated from the rest of the population) or institutional costs (by being incarcerated). Therefore,
this model includes an individual cost that selfish risk-seekers have to pay after the resources
have been redistributed after the Public Goods Game. The fitness of selfish risk-seekers at the
end of the generation is calculated as follows:

fi,t =
Ctρ

Nt
+ ri,t(1− e− cpi), (10.1)

where e (expense) is initialised as a fixed amount per individual. Different values have been
selected, starting from a high value of 0.5, which is equal to half of the resources necessary to
survive (s = 1), to a low cost of 0.1. This new parameter presents a more realistic represen-
tation of dynamics, not favouring selfish risk-seeking attitudes over generous risk-averse. The
results are presented for the same initial settings adopted in the previous chapter, thus generous
individuals behave as conditional cooperators and parameters are initialised as in Tables 7.1,
8.1.

This final model aims to integrate all previous aspects into a single model, which also
presents a more realistic representation of the benefit and costs of adopting selfish and risk-
seeking behaviours that sometimes culminate in antisocial occurrences.

10.2 Results
Results are shown for an individual cost equal to 0.1. In fact, results show that when the
individual cost is increased, populations do not survive in a condition of scarcity of resources,
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while they evolve consistently across different cost values when the resources are abundant.
Figure 10.1 (Figure 10.2) shows the evolution of the population, highlighting the two phe-

notypes, when resources are scarce (abundant). Contrary to what was observed in the previous
chapters, the population does not perish in the first 100 generations because of overpopulation
when no mortality risk is included. In fact, this is the first model, since mutation was intro-
duced, that shows a stable nonzero population when mS = 0%. With no mortality rate, the
population only survives in a hostile environment if no community costs are introduced (Figure
10.1 (a)). When the resources are abundant, the community costs impact the equilibrium level
of the population, which survives and stabilises to a constant nonzero value (Figure 10.2 (a-c)).
In both environments, when mS = 0% the equilibrium composition for those populations is
around 50%, meaning that half of the population is composed of selfish risk-seekers and the
other half exhibits a generous behaviour.

When the mortality rate for risk-seekers is increased to 25%, the evolution is consistent with
what was reported in previous chapters: populations reach a stable equilibrium that is lower
as the community cost increases. Selfish risk-seekers comprise the majority of the community,
reaching roughly 80% of the population, which is slightly lower than the previous model (Figure
10.1 (d-f) versus 9.1 (d-f), and Figure 10.2 (d-f) versus 9.2 (d-f)).

Lastly, when the mortality rate is set at its maximum (mS = 50%), the population is mainly
composed of generous risk-averse individuals, consistent with previous results. However, the
population reaches higher equilibrium sizes compared to previous models, especially when both
mortality rate and community costs are set at their maximum and the environmental offer is
abundant. When there is abundance of resources, the population decreases over time, slowly
stabilising around 80 citizens, independent of the community cost.

The reproduction probabilities show a stable evolution (Figure 10.3), confirming the results
found for the conditional cooperation model (Figure 9.3). While selfish risk-seeking individuals
are more likely to be reproduced in a scenario where the mortality rate is equal to 25%, generous
risk-averse behaviours are favoured when the mortality is 50%. However, this evolution is
different when the individual cost is increased. In fact, when the individuals cost e = 0.5, the
reproduction rate evolution (independent of λ,mS) is similar to that presented for e = 0.1 and
mS = 50%. Finally, when no mortality rate is introduced, offspring have the same probability
of inheriting either one of the two phenotypes.

The evolution of the different components of the reproduction probabilities φ, γ, ω presented
in Figure 10.4 is also interesting. The likelihood of reproducing selfish offspring φ is quite large
when mS = 25%, while it decreases significantly when the mortality rate either decreases to 0%

or increases to 50%. This is the first time, since this reproduction mechanism was introduced,
that the component φ reaches a stable equilibrium below 50%. Also, when mS = 25% the
contribution of generous parents ω evolves to a larger equilibrium compared to the selfish one
γ, affecting the reproduction rate ϕG,G. In all other cases, the reproduction probabilities ϕG,G

and ϕS,S are mainly controlled by the component φ.
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Figure 10.1: Evolution of the population over generations in a scarce fixed environment, e0 =
1.2. Results show how the evolution differs when changing the percentage and the mortality
rate of selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 10.2: Evolution of the population over generations in an abundant fixed environment,
e0 = 4. Results show how the evolution differs when changing the percentage and the mortality
rate of selfish risk-seekers, and the community cost λ.
Orange area: Selfish risk-seeking individuals,
Blue area: Generous risk-averse individuals.
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Figure 10.3: Evolution of the combined reproduction rates ϕS,S , ϕG,G over generations. Results
show how the evolution differs when changing the percentage and the mortality rate of selfish
risk-seekers, and the community cost λ.
Orange line: ϕS,S

Blue line: ϕG,G

ϕS,S=1 (/0) means that an S individual has a 100 (/0)% chance of reproducing an S offspring,
ϕG,G=1 (/0) means that a G individual has a 100 (/0)% chance of reproducing a G offspring.
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Figure 10.4: Evolution of the separate parameters regulating the reproduction mechanism pa-
rameters ω, γ and φ over generations. Results show how the evolution differs when changing
the percentage and the mortality rate of selfish risk-seekers, and the community cost λ.
Red line: ω
Green line: γ
Orange line: φ
ω, contribution of G phenotype to the probability of reproducing G offspring,
γ, contribution of S phenotype to the probability of reproducing S offspring,
φ, probability that an individual will reproduce a S offspring, independent of his own phenotype.
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10.3 Discussion
In this chapter, I incorporated the last element of the model, by including an individual cost
for individuals who engage in antisocial and detrimental behaviours for the community.

Results showed for the first time in a mutating population a survival for the communities
when no mortality risk is considered. This interesting new outcome underlines the importance
of introducing individual costs for individuals who behave in such a way as to disrupt the
community. In fact, both the mortality risk and the individual cost embed the personal costs
those individuals incur when adopting either risky or antisocial behaviours. In all previous
models, when no cost was introduced for selfish risk-seekers, the population reached very large
sizes, overshooting the carrying capacity of the environment. However, by limiting the success
of selfish risk-seekers, the population survives without overpopulation issues. Thus, this model
presents a closer depiction of the real-world dynamics, suggesting that selfish, risk-seeking and
anti-social behaviours are not always advantageous in a community.

Nevertheless, selfish behaviours are prevalent in the overall community in some scenarios.
Populations reach equilibrium states when composed of 60% of selfish risk-seeking individuals,
as long as the mortality risk is not too high (mS = 25%). These evolutionary dynamics high-
light the large advantage that those behavioural traits can bring to the individual. Further
investigations should include factors that relate to the community benefit: when citizens act for
the wellbeing of the community and not only for their own, they have a positive return that
enhances their personal fitness. This aspect is not yet included in my model, but it would be
an interesting aspect for future research.

The results for the reproduction rates are also interesting. This model is the first one to
show an equilibrium for the likelihood of reproducing selfish offspring that is below 50%. That
means that overall generous individuals are favoured over selfish individuals when the mortality
cost is high (mS = 50%). This result suggests that there are scenarios where behaving in a
selfish and risk-seeking way lead to lower fitness values compared to individuals who behave
generously and avoid risks.

Overall, this model presents a more realistic representation of real-world interactions, giving
the opportunity to observe how different behavioural types can contribute to and coexist in
a community, shedding light on the evolutionary equilibria under different environmental and
individual circumstances.
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Chapter 11 Overview and Conclusions

11.1 Thesis overview
The work presented in this thesis aimed at understanding the role of psychopathic traits in
different contexts, answering to the research questions initially posed: How do some aspects of
psychopathy, that are common in the general population, affect the development of cooperative
behaviours? Under which circumstances can those traits be beneficial for the evolution of the
population?
I addressed these questions by using empirical and simulated data, providing results on the
impact of psychopathic traits on individuals decision-making as well as on group dynamics
and humans evolution. Throughout my work, I investigated how psychopathic traits impact
behaviours and outcomes in the general population.
More specifically, I investigated (I) the role of psychopathic traits at the individual level in
competitive games, (II) the effects of high and low psychopathic individuals in group dynamics;
and finally (III) the impact of some of the most defining traits of psychopathy on community
survival. To address the different facets, I adopted knowledge from a variety of disciplines, from
game theory to evolutionary biology, from psychology to statistics.

Chapter 2 contributed to the existing literature about cooperation and psychopathy high-
lighting the essential role of a realistic context when designing an experimental set-up to in-
vestigate cooperation in the context of player-opponent interactions. More importantly, it shed
light on the importance of appropriate statistical methods when analysing experimental data,
offering examples of badly fitting models and misleading results.

Chapter 3 reported negative results with respect to the effect of facial feedbacks on coop-
eration, but it also presented interesting evidence concerning the use of defective strategies by
participants with high psychopathic trait levels. The chapter also contributed to consolidating
the results of the already broad literature in the field about the negative impact of psychopathic
traits (especially fearless dominance) on the propensity to act cooperatively in an iterated com-
petitive game.

A particularly interesting and original result was presented in Chapter 4, where I carried
out the first empirical investigation of the effect of group composition with respect to members’
psychopathic traits on cooperative behaviours. By manipulating the number of high and low
psychopathic members in each group, I tested how having more relatively high-psychopathic
individuals in a group affects the cooperation of all group members. Results showed that, in-
dependent of the individual’s personal psychopathic traits, belonging to a group with more
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relatively high psychopathic individuals leads the group members to cooperate less over time.
This result was an innovative contribution to the literature, as no previous study empirically
tested the effects of group composition on cooperative behaviours, when controlling for psycho-
pathic traits.

Building on the previous chapters and existing literature, the model presented in Chapter 5
discussed the important role of some dimensions of psychopathy in the evolution of populations.
The model mimicked the evolutionary dynamics of a population composed of two main types
of agents: selfish risk-seeking and generous risk-averse. The population evolved in a series of
different scenarios, examining how the availability of resources, the communal costs imposed
on the population, as well as the mortality risks in the initial phase of the model affected the
evolution of the population. Results provided interesting insight into the adaptive role of some
dimensions of psychopathy: in line with adaptive theory, the model shows an advantageous
facet of audacity and exploitativeness typical of psychopathy.

11.2 Conclusion

11.2.1 Ecological Validity remarks
In order to behave like scientists

we must construct situations in which our subjects...
can behave as little like human beings as possible

and we do this in order to allow ourselves
to make statements about the nature of their humanity.

Bannister, 1966, p. 24

This thesis employs mainly experimental (and computational) methods to investigate real
world dynamics. While experiments have been recognised for their strong internal validity
(which "refers to the approximate validity with which we infer that a relationship between two
variables is causal or that the absence of a relationship implies the absence of cause", [162](p.37));
external validity (which "refers to the approximate validity with which we can infer that the
presumed causal relationship can be generalized to and across alternate measures of the cause
and effect and across different types of persons, settings, and times" [162](p.37)) is argued to be
lacking. This is known as an important trade-off in lab experiments: "the more we ensure that
the treatment is isolated from potential confounds in order to make certain that the observed
effect is attributable to the treatment, the more unlikely it is that the experimental results can
be representative of phenomena of the outside world, since typically, in the outside world, many
factors interact in the production of events that we are interested in" [163](p.302). Despite
the criticisms of the lack of generalization, several scholar have stressed the importance of
experiments in social sciences and have addressed the issue of external validity through different
means [164, 165]. An important point made in the discussion is that "rather than making
predictions about the real world from the laboratory, we may test predictions that specify what
ought to happen in the lab. We may regard even "artificial" findings as interesting because they
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show what can occur, even if it rarely does. Or, where we do make generalizations, they may have
added force because of artificiality of sample or setting. A misplaced preoccupation with external
validity can lead us to dismiss good research for which generalization to real life is not intended or
meaningful." [164](p.379). Thus, when drawing conclusions from experiments, it is important
not to oversell the results as applicable to the entire population. Moreover, it is important
to remember that "participants in the lab are human beings who perceive their behaviour
as relevant, experience real emotions, and take decisions with real economic consequences"
[165](p.536). Therefore, the results obtained in lab experiments do relate to human behaviour,
but scholars should indeed be careful when generalising their results to the entire population.
Since lab experiments have been used more in economic and social sciences, game paradigms
have been widely developed. Game paradigms based on game theory have allowed researchers
to examine typical contextual decisions individuals frequently face in real-life. Although these
games can seem quite far from the reality, they do tell us something about how individuals
interact in different scenarios and they can provide insights on what are the causes behind such
behaviours [166].

On the basis of real-world depiction and generalizability, scholars have argued the superiority
of field data over lab data. However, these two research methodologies are complementary, and
each one needs the other in order to derive conclusive results on human behaviour. Although
field data are more representative of the real world, they are not able to determine causal ef-
fects between events, which is instead the domain of lab data. Thus, the two methodologies
should be used in a complementary way to address a research question thoroughly. Especially
in psychology, the increasing use of lab experiments has pushed towards the development of
self-reported questionnaires to assess participants’ personality traits. There has been consider-
able discussion over the validity of these measures and their employment. In this thesis, two
different scales have been employed to assess participants’ psychopathic traits. Both scales have
been validated through several studies and have now been recognised as some of the most re-
liable measures for psychopathy. The clinical construct of psychopathy refers to "a pathologic
syndrome involving prominent behavioural deviancy in the presence of distinctive and inter-
personal features" [40](p.913). Several studies have been reviewed before constructing both the
Triarchic and the PPI-R measures [39, 40]. Studies have been employed to test the convergence
among different measures of psychopathy and they have also been tested for external validity
in relation to theoretically relevant correlates of psychopathy [167]. Furthermore, the measures
have been corroborated with both forensic psychiatric patients and community samples, making
them widely used measures to assess psychopathy, mainly in sub-clinical samples [122, 168].

In light of this discussion, it is important to interpret the results of this thesis with the
appropriate caution. Results from the lab experiments relate to individuals’ psychopathic traits,
but it is important to bear in mind that it is challenging to assess individuals’ personality traits in
our everyday life. Results from Chapter 4, for example, highlight how group composition (with
respect to psychopathy) impacts group cooperation. The results were obtained by manipulating
the group composition, so that some groups had more relatively high psychopathic members
than others. Of course, a similar mechanism is not easily reproducible in the real world, since
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we would need to test all group members for their personality traits and then assemble the
groups accordingly. Nevertheless, the result of the study does provide us with insights on how
certain personality traits influence the group dynamics, as discussed in the next sections. Future
study should try to investigate similar group dynamics in a more naturalistic way, for example by
employing field studies, in which we examine the cooperativeness of groups and we then measure
the personality traits of the group members. The findings of the studies could then help firms
and offices to better arrange groups according to the task that need to be accomplished. That
is, if the group is asked to carry out a cooperative goal, then individuals who exhibit behaviours
characteristic of the psychopathy spectrum should not be grouped (over a certain threshold)
with more cooperative and social individuals. On the other hand, it is possible that if the task
is a competitive one, these individuals might boost the productivity of the group.

Finally, the merge of different techniques of research (such as lab and field experiments)
would allow us to have a more coherent and realistic depiction of how individuals behave. The
debate about validity is indeed an important one, and should always guide us in drawing the
conclusions from the experiments we conduct, but it should not be used to promote one kind of
research over the other. Future research should contemplate a more integrative use of multiple
techniques to provide more robust results.

11.2.2 Psychopathic traits and decision-making
A key assumption in the study of human behaviour is that individuals’ decision-making processes
are influenced by a multitude of factors. Individual differences have been found to be a great
source of major variability in the decision-making process and hence in people’s behaviour.

A large branch of research has focussed on the impact of personality traits on individual
choices. Among the large spectrum of personality traits an individual can be described by,
I focused here on psychopathic traits, as they are characterised by specific interpersonal be-
haviours related to decision-making. In order to clarify open questions from existing research
on the impact of psychopathy on cooperation, I investigated this relationship by (1) examining
psychopathic traits and individual decision-making in the context of emotional feedback, and
(2) by exploring the individuals’ reactions to different group compositions in group tasks.

Previous research has highlighted the impact of context in the decision-making process,
also considering the interactions with personality traits [111]. The role of emotional facial
expressions was also discovered to affect individuals’ choices [113]. The first two studies reported
in this thesis provided a novel context of emotional feedback after each decision made by the
participants. However, despite the literature assessing the role of smiling and frowning faces on
cooperative choices [112], and the evidence of a dysfunctional recognition of emotional stimuli by
psychopaths [104], results point towards no effect of emotional facial feedback. That is, results
do not show any alteration in cooperation levels when emotional feedbacks were introduced,
contradicting the initial hypotheses. Moreover, there was no interaction between psychopathic
traits and emotional feedback on cooperative behaviours. That means that either psychopathic
individuals can indeed recognise and react to emotional stimuli, contrary to previous findings
[104], or that the treatment implemented did not work as expected. In line with this last point, I
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identified some limitations of both these works, which result from the unrealistic representation
of the emotional feedback from the opponents, and the biased instructions of the experiment. By
not believing in the authenticity of the stimuli presented, participants might not have reacted to
them, leading to a null effect of the emotional feedback. Furthermore, instructing participants
to compete in order to obtain higher gains might have biased participants’ behaviour, giving
a manipulative connotation to the stimuli received. The small percentage that believed in the
experimental set up still did not react to the feedback (to a significant extent), posing the
question of whether receiving an emotional reaction through a short computer video is the
appropriate technique to test the effect of emotional stimuli on decision-making processes. In
this sense, the first two experiments questioned the use of deceitful facial emotional reactions
in the study of human decision-making mechanisms.

Nevertheless, interesting findings were derived from the experiments. These results corrob-
orated the large body of literature confirming the negative impact of psychopathic traits on
cooperation [41, 111]. Fearless dominance was the component driving this effect: higher levels
of fearless dominance led participants toward defective strategies, in pursuit of higher gains.
Thus, fearless dominance seemed to support an evolutionarily adaptive aspect of psychopathic
traits, as individuals act so as to increase their own fitness. That is, when individuals are less
anxious and abound in confidence, they tend to achieve higher fitness, making them more suc-
cessful when interacting with other people. This is one of the main aspects that define successful
psychopaths, who are known to excel in obtaining what they pursue [169]. To fully investigate
the impact of emotional stimuli on individuals’ decisions, future work should take into consider-
ation a more realistic presentation of the experimental design, for example with real interactions
between participants. This should allow participants to react to the emotional stimuli received
and take them into account when making a series of decisions. Moreover, neutral instructions
should be considered in order to avoid a bias in the participants’ behaviour.

While the first two experiments examined decisions made by single individuals separately,
the last experiment addressed the study of psychopathic traits by exploring the group dynamics.
This is an innovative point of view presented in the thesis, as no prior experiment studied the
impact of different group composition with respect to psychopathic traits on cooperation. The
design of this experiment allowed me to manipulate the number of high and low psychopathic
players in each group, without the use of deception. Findings showed how having a large number
of high psychopathic players in a group is sufficient to drive the cooperation of each group mem-
ber towards defective behaviours, independent of their own personality traits. The robustness
of the result shed light on an unexamined phenomenon, opening the way for future research.
By choosing a different experimental game (such as the Public Goods Game), researchers will
be able to have a more comprehensive overview of group dynamics when manipulating the com-
position. By analysing a collective action as the one in the PGG, it would be possible to collect
more evidence describing psychopathic individuals and their effects on group dynamics, when
individuals’ actions involve not only themselves but also the community they are part of. My
experiment presented the first step in connecting group dynamics and members’ psychopathic
traits, but limiting the results to personal decision-making processes.
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Furthermore, the study presented limitations with respect to the sample analysed, despite
these robust results. The small variance of the participants’ psychopathic measures might
have contributed to an unclear pattern over time inside the groups. In fact, it is hard to
clearly distinguish how the decrease in cooperation is driven by the actions of high psychopathic
members. That is, my results show that high psychopathic people start defecting from the
very beginning of the game, but how long does it take to observe an irreversible change in
low psychopathic individuals’ behaviour? Is there a threshold for when high psychopathic
individuals start to manipulate the group behaviour towards significant and irreversible defective
strategies? My results suggest that a threshold of 50% high psychopathic people does decrease
the overall cooperation, but do not indicate whether a minimum number of interactions is
necessary for the defective strategies to stabilise. This issue could be overcome by examining a
more heterogeneous sample of the population, without restricting it to undergraduate students.
A larger variance in psychopathic levels might allow to examine who is driving whom and in
which way.

Another interesting aspect to investigate concerns the type of task the group has to accom-
plish. The current results indicate that groups with a large proportion of high psychopathic
members under-perform in cooperative tasks, but do not indicate how performance might be
affected in competitive tasks. Therefore, it would be interesting to investigate whether dif-
ferent tasks (creative, cooperative or competitive) can lead groups with a high percentage of
psychopathic people to outperform groups only composed of healthy members. In this way, in
organisations and also in educational contexts, the group setting could be manipulated accord-
ing to the task in hand. Thus, further research in this direction will provide useful information
on how individual variations affect the group performance, contributing in this way to more
productive group dynamics, both in work environments and in educational scenarios.

The first three chapters of this thesis aimed at describing the influence of psychopathic
traits in our everyday life, both at the individual and at the community level. Despite the
limitations of the studies, results contributed to the discussion by providing statistical analysis
and innovative experimental design. I also suggested future lines of research to expand the
knowledge on individuals’ personality traits and decision-making. Some of the queries arising
from the data have been addressed by the simulation model developed in Chapters 6 to 10, but
future research should work on these aspects through the use of experimental studies.

11.2.3 Psychopathic traits and evolution
Psychopathy has long been seen as a personality disorder, characterised by interpersonal, affec-
tive and behavioural problems. At the same time, other lines of research consider psychopathy
as a "life history strategy that is evolutionarily adaptive" [65](p.1). The evolutionary advantage
is driven by the ability of psychopathic people to be "cheater-hawks", i.e. individuals who use
manipulation and deception to exploit cooperation, but also adopt intimidation and aggres-
sion to achieve their goal. As interestingly presented by Meloy et al. (2018) [65] (p.9): "[...]
psychopathy is a genotype within our species, which is phenotypically expressed to different
degrees depending on culture, and confers a genetic advantage". Glenn, Kurzban and Raine
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shed light on the positive evolutionary perspective of psychopathic traits [63]. They described
the different dimensions of psychopathy, considering the benefits and the costs for each one of
them. They then compared two main visions of psychopathy: (1) the adaptive perspective, in
which psychopathic traits are considered an adaptive strategy developed over generations as a
response to environmental stimuli; and (2) the pathology perspective, in which psychopathy is
seen as a dysfunctional pathology deriving from a series of mutations over time unrelated to
strategic advantages. Providing evidence supporting and weakening each of the two theories,
the author concluded that both views could be sustained, and further research should inves-
tigate this more thoroughly. Previous research has also argued that differences arising from
psychopathy can be evolutionarily advantageous [64]. In their work, Krupp et al. argue that
psychopathy is not a disorder but an "evolved life-history strategy". Although they recognise
the psychological differences between psychopaths and non-psychopaths, they assert that such
differences are an evolutionarily advantage. Because of the main traits of psychopathy (e.g. ma-
nipulativeness, exploitativeness, deceiving attitudes, lack of fear and empathy, and superficial
charm), psychopathy has been considered to be an "adaptation for social predation" [65]. Pre-
vious studies looked at successful psychopathy as a form of adaptation to the environment. The
successful psychopath is defined as "one who embodies the essential personality characteristics
of psychopathy but who refrains from serious antisocial behaviours" [66] (p.459). Manipula-
tive interpersonal attitudes, as well as lack of guilt-aversion, can be interpreted as positive and
adaptive behaviours when environmental conditions are harsh, as they lead individuals to gather
more resources and therefore be more likely to procreate [67]. In their study, Međedović exam-
ined the relationship between psychopathy and fitness, considering the moderating role of the
environment, where fitness is represented as the ability to reproduce [67]. Their data showed
that some aspects of psychopathy (interpersonal and affective sphere) correlate positively with
individuals’ fitness, leading towards more offspring in the future. At the same time, other as-
pects such as impulsivity and recklessness are negatively correlated to reproductive success.
Finally, studies looking at the correlation between professional success and psychopathy dimen-
sions found that fearless dominance was positively correlated with success, whereas self-centred
impulsivity was negatively linked to professional success [68]. The work here presented supports
the adaptive theory suggesting that psychopathic traits may not be a dysfunction but rather a
consequence of human evolution.

In this thesis, I investigated the evolutionary aspect of psychopathy through the design
of a model aimed at simulating the evolution of a community where a portion of individuals
express some of the most defining traits of psychopathy. More specifically, the models aimed
at investigating the evolution of a community composed of two separate behavioural types:
cooperative tendencies and risk-aversion attitudes. The goal was to find an answer to the
research questions initially asked: Can traits belonging to the psychopathy construct positively
contribute to the evolution of a community? Can individuals expressing those traits invade the
general population? Can those traits be evolutionarily advantageous?

Chapters 6 to 10 presented the evolution of the simulation through different phases, each of
them making the model a more realistic representation of real-world interactions and dynamics.
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By introducing one new feature at the time, I disentangled the contribution of the different
aspects on the evolution of the community. Starting from the basic mutation model in Chap-
ter 7, I analysed how: (1) the inclusion of conditional cooperation (Chapter 9), and (2) the
representation of a more exhaustive cost structure for selfish individuals (Chapter 10) affected
the evolution of the population, for a set of different environmental, economical and ecological
factors (such as the environmental offer, the community cost and the mortality rate).

From the first model without mutation, the positive contribution of individuals showing
some dimensions of psychopathy was evident when resources were scarce. This advantageous
contribution was then confirmed when introducing the mutation mechanism across individuals.
In this first mutation model, a selfish risk-seeking population invaded the entire community
in the case of paucity of resources, proving the evolutionary superiority of selfish risk-seekers
over the general population composed of generous risk-averse individuals (Chapter 7). The
advantage of those individuals showing some of the psychopathic traits was robust, and re-
mained consistent also when the generous individuals were modelled as conditional cooperators
(Chapter 9). The populations were indeed composed of both phenotypes, but selfish individuals
were the majority as long as their mortality risk during the harvesting phase was not extreme
(mS = 50%). Introducing lastly an individual cost for antisocial behaviours allowed the model
to present a more realistic overview of the community dynamics (Chapter 10). Populations sur-
vived independent of the mortality probability for risk-seekers in all scenarios when resources
were abundant and in most situations where the environmental conditions were harsh. Also,
the equilibrium population showed a majority of citizens expressing behaviours typical of the
psychopathy construct, suggesting their higher fitness in most of the scenarios simulated. This
dynamic was inverted only when the probability of perishing for risk-seeking individuals was
equal to 50%.

These results should be read in light of the large body of literature investigating the evolution
of cooperation in humans. The behaviour expressed by generous risk-averse individuals can
be described as cooperative, while selfish risk-seeking agents behave more similarly to free-
riders. Several scholars have investigated how cooperation evolves amongst humans, using both
simulations [115, 117, 128] and analytical models [25, 129, 170]. Cooperation has been proved
to evolve and dominate as a strategy in different contexts, for example when reciprocity is
introduced as a mechanism in interactions [115] or when kin selection, direct/indirect/network
reciprocity and/or group selections are at work [171]. Punishment (either institutional or from
peers) is another mechanism that allows the evolution of cooperation [172]. Most of these
mechanisms rely on the fact that the benefits deriving from cooperative actions outweigh the
costs. In the simulations presented here, results highlight that in most situations the costs for
taking advantage of the community (by not contributing to the public good) are low enough
to allow selfish and risk-seeking individuals to evolve and outweigh generous and risk-averse
individuals. That is, the costs that the community has to pay are not sufficient to deter selfish
behaviours from spreading and becoming the dominant traits in the population. However, when
costs are imposed not only at the collective level but also at the individual one, results start to be
more in line with previous literature. That is, cooperation is fostered and individuals behaving
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in a cooperative way tend to invade the community and become the dominant phenotype in the
population.

Overall, all these models show how behaviours aligning with some of the core characteristics
of psychopathy were advantageous for individuals, as long as the conditions were not extreme.
Indeed, selfish and risk-seeking individuals comprised the majority of the population in most
settings across the different models. Therefore, my findings support the theory that psycho-
pathic traits can be evolutionarily adaptive. This evolution suggests that selfish and risk-seeking
behaviours are favoured over generous and risk-averse attitudes, in most of the cases: results
suggest that selfish individuals perform better than generous individuals, achieving higher fit-
ness values. However, the fitness is here defined as an individual performance, which does not
depend on how the community is performing as a whole. This is an interesting aspect that future
research should take into account, especially considering the dominant dynamics in our modern
society. Individuals benefit from living in a dense and cohesive community and the evolution of
each citizen is indeed strongly correlated with the development of the community. Being part
of a cohesive community gives the opportunity for citizens to benefit from a dense network of
help and support. At the same time, a community that receives more contributions from its
own citizens is able to provide more services that the citizens can benefit from. Thus, it would
be important to understand how the fitness of the community influences the individuals’ fitness,
potentially changing the equilibria of the model. Another aspect that would be of interest for
future research is to allow the single personality traits to evolve separately, allowing therefore
more complex behavioural combinations to arise. That is, in this thesis I consider selfish and
risk-seeking attitudes (as well as generous and risk-averse traits) as one unified behaviour profile
that evolve together as a single personality trait. However, an individual can for example express
generous attitudes and be prone to engage in risky actions, but this evolution of behaviours was
not allowed in my model. By modelling each behaviour component (such as selfish/generous
and risk-seeking/risk-averse) separately, it would be possible to observe whether the construct
of psychopathy as a whole is evolutionarily adaptive or only some of its components. For ex-
ample, in this simulation, is it the combination of selfish and risk-seeking behaviours that are
evolutionarily adaptive? Would other combinations lead to the total invasion of the commu-
nity? My conclusion on these questions is that the combinations of the two aspects (selfishness
and risk-seeking) is what makes individuals more successful. That is because individuals who
engage in risky actions gather more resources for themselves, improving in this way their own
fitness. At the same time, given the heterogeneity of the community, behaving in a selfish way
is the optimal solution to protect the resources gathered. In a community where the benefit
of the population is strongly correlated with the individual fitness, more generous behaviours
would be favoured over selfishness. Thus, depending on the society we are living in, different
behaviours would arise as evolutionarily adaptive. In a work place where team work is essential,
generous behaviours will be more advantageous. On the other hand, in a structured and hierar-
chical society, a more selfish and self-centred attitude will yield higher profits for the individual,
making selfish and risk-seeking behaviours evolutionarily adaptive.

This individual-based model aimed at shedding light on the evolutionary role of some di-

161



11.2. CONCLUSION

mensions of psychopathy, using simulation techniques that have not been employed in the study
of psychopathic traits and evolution so far. Although more work is necessary to give a robust
answer to the questions posed initially, results point towards an evolutionarily adaptive role of
psychopathy.

11.2.4 Summary
Results from the simulation model seem to suggest that psychopathic traits are essential for
the survival of the community in specific conditions. On the other hand, results from the ex-
periments conducted suggest that psychopathic people are detrimental for the cooperation of
the groups. Highly psychopathic individuals are known to compose roughly 1 per cent of the
entire population [173]. The costs for their anti-social and criminal behaviours are high for
the community but they are much higher for the individuals, often including incarceration and
ostracism from the society. My simulations depicted a milder scenario, in which the community
had to pay the most of the costs for these behaviours, introducing only at the end a personal
cost linked to these behaviours. Interestingly, when the costs were introduced at the individual
level, the percentage of selfish risk-seeking individuals dropped drastically, although remaining
slightly higher than what we observe in real life (high mortality rate and individual cost for
selfish risk-seekers). Therefore, this suggests that psychopathic traits have indeed evolved to
favour some individuals over generations, but only a small number could be sustained. This is
also what we observe in real life. Successful psychopaths (i.e.,"one who embodies the essential
personality characteristics of psychopathy but who refrains from serious antisocial behaviours"
[174] (p.459)) have been found extremely prosperous in our society [66]. Manipulative inter-
personal attitudes, as well as lack of guilt-aversion, can be interpreted as positive and adaptive
behaviours when environmental conditions are harsh, as for example in highly competitive work
environments [66, 169]. Nevertheless, these attitudes are only efficient in harsh and competi-
tive environments (such as leadership and high power positions), and they are detrimental and
self-destructive in more benign environments, where cooperation is the key. Thus, a world of
only high psychopaths would not be sustainable as there would be no one to manipulate and
free-riding would not be an option. Interestingly, situations such as the one presented in the
experiment in Chapter 4 (in which groups are equally composed of high and low psychopathic
people) might occur in extremely competitive and harsh scenarios, where usually groups are
not performing cooperative but rather competitive tasks. Hence, although high psychopathic
people do diminish the cooperation of the groups, this is not needed for the group task..

"I think it inevitably follows, that as new species in the course of time are formed through
natural selection, others will become rarer and rarer, and finally extinct. The forms which

stand in closest competition with those undergoing modification and improvement will
naturally suffer most."

Charles Darwin, The Origin of Species
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IBM Matlab Code

1 %% SIMULATION
2

3 % Two phenotypes are pre sent in t h i s s imu la t i on SELFISH RISK−SEEKING
SUBJECTS (S) & GENEROUS RISK−AVERSE SUBJECTS (G) .

4

5 f unc t i on [N]= RUNSIMULATION()
6

7 %% I n i t i a l i s a t i o n
8

9 % I n i t i a l populat ion s i z e − i t w i l l vary during the gene ra t i on s
10 INITIAL_N=250;
11 % Number o f t imes the populat ion w i l l evo lve
12 G=1000;
13 % Percentage o f s e l f i s h r i s k−s e ek ing i n d i v i d u a l s in the i n i t i a l popu lat ion
14 P=10;
15 % Number o f independent r e a l i s a t i o n s to obta in robust r e s u l t s
16 I =1000;
17

18 %% Store the v a r i a b l e s f o r each o f the I i t e r a t i o n s and the G gene ra t i on s
19

20 % Community r e s o u r c e s at each gene ra t i on
21 C_Res = ze ro s ( I ,G) ;
22 % Environmental r e s o u r c e s provided at each gene ra t i on
23 Environment = ze ro s ( I ,G) ;
24 Environment_total = ze ro s ( I ,G) ;
25 % Populat ion compos it ion at each gene ra t i on
26 Stra t = ze ro s ( I ,G) ;
27 % Resources gathered by each i n d i v i d u a l in each gene ra t i on be f o r e PGG
28 I_Res = ze ro s ( I ,G) ;
29 % Resources owned at the end o f the game by each i n d i v i d u a l in each

gene ra t i on
30 I_Final_Res = ze ro s ( I ,G) ;
31 % Contr ibut ion made by each i n d i v i d u a l in each gene ra t i on
32 I_Cont = ze ro s ( I ,G) ;
33 % Average r e s o u r c e s f o r S i n d i v i d u a l s in each gene ra t i on
34 S_Res = ze ro s ( I ,G) ;
35 % Average r e s o u r c e s owned at the end o f the game by S i n d i v i d u a l s in each
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gene ra t i on
36 S_Final_Res = ze ro s ( I ,G) ;
37 % Average r e s o u r c e s f o r G i n d i v i d u a l s in each gene ra t i on
38 G_Res = ze ro s ( I ,G) ;
39 % Average r e s o u r c e s owned at the end o f the game by G i n d i v i d u a l s in each

gene ra t i on
40 G_Final_Res = ze ro s ( I ,G) ;
41 % Average con t r i bu t i on f o r S i n d i v i d u a l s in each gene ra t i on
42 S_Cont = ze ro s ( I ,G) ;
43 % Average con t r i bu t i on f o r G i n d i v i d u a l s in each gene ra t i on
44 G_Cont = ze ro s ( I ,G) ;
45 % Total number o f S , G and t o t a l populat ion s i z e
46 Total_G = ze ro s ( I ,G) ;
47 Total_S = ze ro s ( I ,G) ;
48 Total = ze ro s ( I ,G) ;
49 Count_S = ze ro s ( I ,G) ;
50 Count_G = ze ro s ( I ,G) ;
51 % Cost o f having S i n d i v i d u a l s in each gene ra t i on
52 Cost = ze ro s ( I ,G) ;
53 % Reproduction p r o b a b i l i t i e s
54 Genotype = ze ro s ( I ,G) ;
55 Genotype_S = ze ro s ( I ,G) ;
56 Genotype_G = ze ro s ( I ,G) ;
57 Phenotype_S = ze ro s ( I ,G) ;
58 Phenotype_G = ze ro s ( I ,G) ;
59 % Mutations
60 Mutations = ze ro s ( I ,G) ;
61 % Morta l i ty
62 Morta l i ty = ze ro s ( I ,G) ;
63 % S i n d i v i d u a l s dead in the harve s t ing phase
64 S_Mortality = ze ro s ( I ,G) ;
65

66

67 %% Run the complete game
68

69 f o r i =1: I % i t e r a t e the s imu la t i on I t imes
70

71 f o r g=1:G % i t e r a t e the game over G gene ra t i on s
72

73 % Players are randomly as s i gned to a behav ioura l phenotype :
74 % 0 = generous r i sk−aver se s u b j e c t s
75 % 1 = s e l f i s h r i sk−s e ek ing s u b j e c t s
76

77 i f g==1
78 [ s t r a t e g i e s ] = i n i t i a l p o p u l a t i o n (INITIAL_N ,P) ;
79 N=INITIAL_N ;
80 e l s e
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81 s t r a t e g i e s = news t r a t eg i e s ;
82 N=s i z e ( newst ra teg i e s , 1 ) ;
83 end
84

85 % Morta l i ty s tage f o r S due to t h e i r r i s k y behaviours
86

87 count_S_before = sum( s t r a t e g i e s ( : , 1 ) ) ;
88 G_before = N;
89 [ s t r a t e g i e s ,N] = morta l i ty ( s t r a t e g i e s ,N) ;
90 G_after = N;
91 count_S_after = sum( s t r a t e g i e s ( : , 1 ) ) ;
92 Morta l i ty ( i , g ) = G_before − G_after ;
93 S_Mortality ( i , g ) = count_S_before − count_S_after ;
94

95 % Environmental o f f e r
96

97 t o t a l _ o f f e r = 1 . 2 ;
98

99 % Def ine the r e s o u r c e s a v a i l a b l e per each i n d i v i d u a l
100

101 i f N == 0
102 o f f e r = t o t a l _ o f f e r /N_0;
103 e l s e
104 o f f e r = t o t a l _ o f f e r /N;
105 end
106

107 % Set the maximum amount each person can c o l l e c t which i s what we
d e f i n e as a p o s i t i v e environmental o f f e r

108

109 max_offer = 4 ;
110 i f o f f e r >=max_offer
111 o f f e r = max_offer ;
112 end
113

114 i f g==1
115 I_Cont_temporary = 0 ;
116 I_Res_temporary = 0 ;
117 end
118

119 [ i_res , i_cont , . . .
120 c_res , i_ f ina l_re s , co s t ] = game(N, s t r a t e g i e s , o f f e r , . . .
121 I_Cont_temporary , . . .
122 I_Res_temporary , g ) ;
123

124 % Save the mean o f the d i f f e r e n t parameters
125

126 Environment_total ( i , g )=t o t a l _ o f f e r ;
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127

128 Environment ( i , g )=o f f e r ;
129

130 C_Res( i , g ) = c_res ;
131

132 I_Res ( i , g ) = nanmean( i_res ( : , 2 ) ) ;
133

134 I_Cont ( i , g ) = nanmean( i_cont ( : , 2 ) ) ;
135

136 Stra t ( i , g ) = mean( s t r a t e g i e s ( : , 1 ) ) ;
137

138 I_Final_Res ( i , g ) = nanmean( i_ f i na l_r e s ( : , 2 ) ) ;
139

140 Cost ( i , g )=cos t ;
141

142 I_Res_temporary = i_res ( : , 2 ) ;
143

144 I_Cont_temporary = i_cont ( : , 2 ) ;
145

146 % Save those parameters d iv ided by S & G
147

148 f o r j =1:N
149 i f ( s t r a t e g i e s ( j , 1 ) ==0) % i f G
150 G_Res( i , g )=G_Res( i , g )+i_res ( j , 2 ) ;
151 G_Final_Res ( i , g )=G_Final_Res ( i , g )+i_ f i na l_r e s ( j , 2 ) ;
152 G_Cont( i , g )=G_Cont( i , g )+i_cont ( j , 2 ) ;
153 e l s e % i f S
154 S_Res( i , g )=S_Res( i , g )+i_res ( j , 2 ) ;
155 S_Final_Res ( i , g )=S_Final_Res ( i , g )+i_ f i na l_r e s ( j , 2 ) ;
156 S_Cont( i , g )=S_Cont( i , g )+i_cont ( j , 2 ) ;
157 end
158 end
159

160 count_S=sum( s t r a t e g i e s ( : , 1 ) ) ; % Number o f S in the community
161 count_G=N−count_S ; % Number o f G in the community
162

163 % Control how the 2 populat ion i n i t i a l i s e d are evolved
164 % Count how many o f the o r i g i n a l S and G i n d i v i d u a l s are s t i l l a l i v e

in the populat ion
165

166 Count_S( i , g ) = sum( s t r a t e g i e s ( : , 4 ) ) ;
167 Count_G( i , g ) = N − Count_S( i , g ) ;
168

169 % Save the number o f S & G in the community at time g , i t e r a t i o n i
170

171 Total_G ( i , g ) = count_G ;
172 Total_S ( i , g ) = count_S ;
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173

174 Total ( i , g ) = N;
175

176 % Store the mean r e s o u r c e s / con t r i bu t i on f o r phenotype at time g ,
i t e r a t i o n i

177

178 i f ( count_G ~= 0)
179 G_Res( i , g ) = G_Res( i , g ) /count_G ;
180 G_Final_Res ( i , g ) = G_Final_Res ( i , g ) /count_G ;
181 G_Cont( i , g ) = G_Cont( i , g ) /count_G ;
182 e l s e
183 G_Res( i , g )=miss ing ;
184 G_Final_Res ( i , g )=miss ing ;
185 G_Cont( i , g )=miss ing ;
186 end
187

188 i f ( count_S ~= 0)
189 S_Res( i , g ) = S_Res( i , g ) /count_S ;
190 S_Final_Res ( i , g ) = S_Final_Res ( i , g ) /count_S ;
191 S_Cont( i , g ) = S_Cont( i , g ) /count_S ;
192 e l s e
193 S_Res( i , g )=miss ing ;
194 S_Final_Res ( i , g )=miss ing ;
195 S_Cont( i , g )=miss ing ;
196 end
197

198 % Control i f the gene ra t i on s u r v i v e s and determine the new s e t o f
s t r a t e g i e s in the populat ion

199

200 [ n ewst ra teg i e s , mutations ,N_new ] . . .
201 = r e p l i c a t i o n ( s t r a t e g i e s , N, i_ f i na l_r e s ) ;
202

203 N = N_new;
204

205 % Save the updated reproduct ion r a t e s & mutations
206

207 Mutations ( i , g )=nanmean( mutations ) ;
208

209 % Mean Reproduction Rates Over gene ra t i on s
210

211 Genotype ( i , g ) = nanmean( s t r a t e g i e s ( : , 2 ) ) ;
212 Phenotype_S ( i , g ) = nanmean( s t r a t e g i e s ( : , 3 ) ) ;
213 Phenotype_G( i , g ) = nanmean( s t r a t e g i e s ( : , 4 ) ) ;
214 Genotype_S ( i , g ) = nanmean( s t r a t e g i e s ( : , 2 )+s t r a t e g i e s ( : , 3 ) ) ;
215 Genotype_G( i , g ) = nanmean( s t r a t e g i e s ( : , 2 )−s t r a t e g i e s ( : , 4 ) ) ;
216

217 end % genera t i on
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218

219 end % i t e r a t i o n
220

221 % Community r e s o u r c e s at each gene ra t i on
222 C_RES = mean(C_Res , 1 ) ;
223 % Environmental r e s o u r c e s provided at each gene ra t i on
224 ENVIRONMENT = mean( Environment , 1 ) ;
225 ENVIRONMENT_TOTAL = mean( Environment_total , 1 ) ;
226 % Populat ion compos it ion at each gene ra t i on
227 STRAT = nanmean( Strat , 1 ) ;
228 % Resources gathered by each i n d i v i d u a l in each gene ra t i on
229 I_RES = nanmean( I_Res , 1 ) ;
230 % Resources owned at the end o f the game by each i n d i v i d u a l in each

gene ra t i on
231 I_FINAL_RES = nanmean( I_Final_Res , 1 ) ;
232 % Contr ibut ion made by each i n d i v i d u a l in each gene ra t i on
233 I_CONT = nanmean( I_Cont , 1 ) ;
234 % Average r e s o u r c e s f o r S i n d i v i d u a l s in each gene ra t i on
235 S_Res = nanmean(S_Res , 1 ) ;
236 % Average r e s o u r c e s owned at the end o f the game by S i n d i v i d u a l s in each

gene ra t i on
237 S_FINAL_RES = nanmean( S_Final_Res , 1 ) ;
238 % Average r e s o u r c e s f o r G i n d i v i d u a l s in each gene ra t i on
239 G_RES = nanmean(G_Res , 1 ) ;
240 % Average r e s o u r c e s owned at the end o f the game by G i n d i v i d u a l s in each

gene ra t i on
241 G_FINAL_RES = nanmean( G_Final_Res , 1 ) ;
242 % Average con t r i bu t i on f o r S i n d i v i d u a l s in each gene ra t i on
243 S_CONT = nanmean(S_Cont , 1 ) ;
244 % Average con t r i bu t i on f o r G i n d i v i d u a l s in each gene ra t i on
245 G_CONT = nanmean(G_Cont , 1 ) ;
246 % Counting v a r i a b l e
247 TOTAL_G = nanmean(Total_G , 1 ) ;
248 TOTAL_S = nanmean( Total_S , 1 ) ;
249 TOTAL = nanmean( Total , 1 ) ;
250 COUNT_S = nanmean(Count_S , 1 ) ;
251 COUNT_G = nanmean(Count_G , 1 ) ;
252 % Cost o f having S in the community at each gene ra t i on
253 COST = nanmean( Cost , 1 ) ;
254 % Evolut ion o f the reproduct ion r a t e s
255 GENOTYPE = nanmean( Genotype , 1 ) ;
256 GENOTYPE_S = nanmean( Genotype_S , 1 ) ;
257 GENOTYPE_G = nanmean(Genotype_G , 1 ) ;
258 PHENOTYPE_S = nanmean( Phenotype_S , 1 ) ;
259 PHENOTYPE_G = nanmean(Phenotype_G , 1 ) ;
260 % Mutation r a t e s
261 MUTATIONS = nanmean( Mutations , 1 ) ;
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262 % Morta l i ty
263 MORTALITY = mean( Mortal i ty , 1 ) ;
264 % S i n d i v i d u a l s dead in the harve s t ing phase
265 S_MORTALITY = mean( S_Mortality , 1 ) ;
266

267

268

269 %Save v a r i a b l e s in a f i l e
270

271 save ( ’ /home/OUTCOME/ r e s u l t s . mat ’ , . . .
272 ’C_Res ’ , . . .
273 ’ Environment ’ , . . .
274 ’ENVIRONMENT’ , . . .
275 ’ENVIRONMENT_TOTAL’ , . . .
276 ’ S t ra t ’ , . . .
277 ’ I_Res ’ , . . .
278 ’ I_Final_Res ’ , . . .
279 ’ I_Cont ’ , . . .
280 ’ S_Res ’ , . . .
281 ’ S_Final_Res ’ , . . .
282 ’G_Res ’ , . . .
283 ’ G_Final_Res ’ , . . .
284 ’ S_Cont ’ , . . .
285 ’G_Cont ’ , . . .
286 ’ Total_G ’ , . . .
287 ’ Total_S ’ , . . .
288 ’ Total ’ , . . .
289 ’ Cost ’ , . . .
290 ’C_RES ’ , . . .
291 ’STRAT’ , . . .
292 ’I_RES ’ , . . .
293 ’I_FINAL_RES ’ , . . .
294 ’I_CONT ’ , . . .
295 ’ S_Res ’ , . . .
296 ’S_FINAL_RES ’ , . . .
297 ’G_RES’ , . . .
298 ’G_FINAL_RES ’ , . . .
299 ’S_CONT’ , . . .
300 ’G_CONT’ , . . .
301 ’TOTAL_G’ , . . .
302 ’TOTAL_S’ , . . .
303 ’TOTAL’ , . . .
304 ’COST’ , . . .
305 ’COUNT_S’ , . . .
306 ’COUNT_G’ , . . .
307 ’Count_S ’ , . . .
308 ’Count_G ’ , . . .
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309 ’ Genotype ’ , . . .
310 ’GENOTYPE’ , . . .
311 ’ Genotype_S ’ , . . .
312 ’GENOTYPE_S’ , . . .
313 ’Genotype_G ’ , . . .
314 ’GENOTYPE_G’ , . . .
315 ’ Phenotype_S ’ , . . .
316 ’PHENOTYPE_S’ , . . .
317 ’ Phenotype_G ’ , . . .
318 ’PHENOTYPE_G’ , . . .
319 ’ Mutations ’ , . . .
320 ’MUTATIONS’ , . . .
321 ’MORTALITY’ , . . .
322 ’S_MORTALITY’ )
323

324 end

1 %% INITIAL POPULATION COMPOSITION − MODEL 2 POPULATIONS
2

3 f unc t i on [ s t r a t e g i e s ] = i n i t i a l p o p u l a t i o n (N,P)
4

5 s t r a t e g i e s = ze ro s (N, 3 ) ;
6

7 % 0 == generous r i sk−aver se s u b j e c t s
8 % 1 == s e l f i s h r i sk−s e e k e r s s u b j e c t s
9

10 x=round (N∗P/100) ;
11 s t r a t e g i e s ( 1 : x , 1 ) =1;
12 s t r a t e g i e s ( x+1:N, 1 ) =0;
13

14 reproduction_S_S = 1 ;
15 reproduction_G_G = 1 ;
16

17 % Assign the i n i t i a l r eproduct ion r a t e s f o r the 2 phenotypes
18

19 f o r i =1:N
20

21 % Reproduction ra t e f o r a H i n d i v i d u a l : (SS ,SG) =(0 . 1 , 0 . 9 )
22 s t r a t e g i e s ( i , 2 )=reproduction_S_S ;
23

24 % Reproduction ra t e f o r a L i n d i v i d u a l : (GS,GG) =(0 .03 ,0 . 97 )
25 s t r a t e g i e s ( i , 3 )=reproduction_G_G ;
26

27 end
28

29 end

1 %% INITIAL POPULATION COMPOSITION − ONE POPULATION
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2

3 f unc t i on [ s t r a t e g i e s ] = i n i t i a l p o p u l a t i o n (N,P)
4

5 s t r a t e g i e s = ze ro s (N, 4 ) ;
6

7 % 0 == generous r i sk−aver se s u b j e c t s
8 % 1 == s e l f i s h r i sk−s e ek ing s u b j e c t s
9

10 x=round (N∗P/100) ;
11 s t r a t e g i e s ( 1 : x , 1 ) =1;
12 s t r a t e g i e s ( x+1:N, 1 ) =0;
13

14

15 S_phenotype = 0 . 0 1 ;
16 G_phenotype = 0 . 0 1 ;
17 reproduct ion_rate = 0 . 1 ;
18

19 s t r a t e g i e s ( : , 2 )=reproduct ion_rate ;
20

21 % Inc lude the e x t e r n a l components gamma and omega
22

23 s t r a t e g i e s ( : , 3 )= S_phenotype ;
24 s t r a t e g i e s ( : , 4 )= G_phenotype ;
25

26 end

1 %% MORTALITY STAGE FOR S DUE TO THE RISKY ATTITUDE
2

3 f unc t i on [ s t r a t e g i e s ,N] = morta l i ty ( s t r a t e g i e s ,N)
4

5 % 0 == generous r i sk−aver se s u b j e c t s
6 % 1 == s e l f i s h r i sk−s e e k e r s s u b j e c t s
7

8 randomnumber = rand (N, 1 ) ;
9 m o r t a l i t y r a t e = 0 ; % parameter d e s c r i b i n g the mor ta l i ty ra t e f o r S

i n d i v i d u a l s , can take va lue s in {0 , 0 . 25 , 0 .5}
10 savedead=ze ro s (N, 1 ) ;
11

12 f o r i =1:N
13 i f s t r a t e g i e s ( i , 1 )==1
14 i f randomnumber ( i ) <= m o r t a l i t y r a t e
15 savedead ( i )=i ;
16 end
17 end
18 end
19

20 savedead ( savedead == 0) = [ ] ;
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21

22 s t r a t e g i e s ( savedead , : ) = [ ] ;
23

24 N=s i z e ( s t r a t e g i e s , 1 ) ;
25

26 end

1 %% HARVESTING & PUBLIC GOODS GAME
2

3 f unc t i on [ i_res , i_cont , . . .
4 c_res , i_ f ina l_re s , co s t ] = game(N, s t r a t e g i e s , o f f e r ,

I_Cont_temporary , I_Res_temporary , g )
5

6 % Var iab l e s i n i t i a l i s a t i o n
7

8 i_res = ze ro s (N, 2 ) ; % i n d i v i d u a l r e s o u r c e s ( be f o r e PGG)
9 i_cont = ze ro s (N, 2 ) ; % i n d i v i d u a l c on t r i bu t i on

10 i_ f i na l_r e s = ze ro s (N, 2 ) ; % i n d i v i d u a l r e s o u r c e s ( a f t e r PGG)
11 m = 1 . 5 ; % m u l t i p l i e r f a c t o r f o r the PGG
12 lambda = 0 ; % lambda , can take va lue s in {0 ,0 . 5 , 1}
13 i nd iv idua l_co s t = 0 . 1 0 ; % i n d i v i d u a l co s t f o r S i n d i v i d u a l s , s e t to 1/2
14 % the s u r v i v a l th r e sho ld
15

16 % Each i n d i v i d u a l makes a d e c i s i o n : f i r s t f o r gather ing r e s o u r c e s and then
f o r con t r i bu t i ng to the community wealth−f a r e

17

18 f o r i =1:N
19

20 % Harvest phase
21

22 [ p l a y e r s c o r e ] = . . .
23 harve s t ing ( s t r a t e g i e s ( i , 1 ) , o f f e r ) ;
24

25 % Report the r e s u l t s o f the harve s t ing round
26

27 i_res ( i , 1 ) = s t r a t e g i e s ( i , 1 ) ;
28 i_res ( i , 2 ) = p l a y e r s c o r e ;
29

30 % sum the number o f S in the prev ious gene ra t i on
31

32 S = mean( s t r a t e g i e s ( : , 1 ) ) ;
33

34 % Publ ic Goods Game (PGG)
35

36 [ c on t r i bu t i on ]=pgg ( p laye r s co r e , s t r a t e g i e s ( i , 1 ) , . . .
37 I_Cont_temporary , I_Res_temporary , g ) ;
38

172



39 % Report the r e s u l t s o f the PGG
40

41 i_cont ( i , 1 ) = s t r a t e g i e s ( i , 1 ) ;
42 i_cont ( i , 2 ) = con t r i bu t i on ;
43

44 end
45

46 % Sum up the community r e s o u r c e s a f t e r every i n d i v i d u a l played the PGG
47

48 c_res = sum( i_cont ( : , 2 ) ) ∗m;
49

50 % The community pays a co s t due to the presence o f S in the community ,
which i s p ropo r t i ona l to t h e i r percentage in the populat ion .

51

52 proport ionS = (sum( s t r a t e g i e s ( : , 1 ) ) /N) ∗100 ;
53

54 co s t = ( c_res ∗lambda∗ proport ionS ) /100 ;
55

56 co s t ( i snan ( co s t ) ) =0;
57

58 % Subtract the co s t to the community r e s o u r c e s − f i n a l r e s o u r c e s the
community has to r e d i s t r i b u t e amongst the c i t i z e n s

59

60 c_res = c_res − co s t ;
61

62 % D i s t r i b u t e the communal pot equa l l y among the c i t i z e n s , r e g a r d l e s s t h e i r
c on t r i bu t i on − % Fina l r e s o u r c e s owned by each sub j e c t not sub j ec t ed to
a d d i t i o n a l c o s t s (G)

63

64 f o r i =1:N
65

66 i_ f i na l_r e s ( i , 1 )=s t r a t e g i e s ( i , 1 ) ;
67

68 i_ f i na l_r e s ( i , 2 )=i_res ( i , 2 ) +(( c_res ) /N)−i_cont ( i , 2 ) ;
69

70 end
71

72 % INTRODUCE AN INDIVIDUAL COST FOR SELFISH INDIVIDUALS
73

74 f o r i =1:N
75

76 i f s t r a t e g i e s ( i , 1 )==1
77

78 i_ f i na l_r e s ( i , 2 )=i_ f i na l_r e s ( i , 2 )−i nd iv idua l_co s t ;
79

80 end
81 end
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82

83

84 end

1 %% HARVESTING PHASE
2

3 f unc t i on [ p l a y e r s c o r e ]= harve s t ing ( s t ra tegy , o f f e r )
4

5 i f ( s t r a t e g y == 1)
6

7 % S behaviour
8 p l a y e r s c o r e = 0 .8∗ o f f e r ; %they gather 80% of what the environment

o f f e r s
9

10 e l s e
11

12 % G behaviour
13 p l a y e r s c o r e = 0 .5∗ o f f e r ; %they gather 50% of what the environment

o f f e r s
14

15 end
16

17 end

1 %% PUBLIC GOODS GAME
2

3 % Given the t o t a l amount earned during the harve s t ing phase , p laye r now
have to

4 % dec ide how much to cont r i bu t e to the community wel l−being
5

6 f unc t i on [ c on t r i bu t i on ] = pgg ( p laye r s co r e , s t r a t e g i e s )
7

8 % I n i t i a l i s a t i o n
9

10 con t r i bu t i on = 0 ;
11

12 i f ( s t r a t e g i e s == 1) % s e l f i s h r i sk−s e e k e r s s u b j e c t s
13

14 con t r i bu t i on = P_PGG( p l a y e r s c o r e ) ;
15

16 e l s e % generous r i sk−aver se s u b j e c t s
17

18 con t r i bu t i on = N_PGG( p l a y e r s c o r e ) ;
19

20 end
21

22 end
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1 %% PUBLIC GOODS GAME − CONDITIONAL COOPERATION
2

3 % Given the t o t a l amount earned during the harve s t ing phase , p laye r now
have to

4 % dec ide how much to cont r i bu t e to the community wel l−being
5

6 f unc t i on [ c on t r i bu t i on ] = pgg ( p laye r s co r e , s t r a t e g i e s , I_Cont , I_Res , g )
7

8 % I n i t i a l i s a t i o n
9

10 con t r i bu t i on = 0 ;
11

12 i f ( s t r a t e g i e s == 1) % s e l f i s h r i sk−s e e k e r s s u b j e c t s
13

14 con t r i bu t i on = P_PGG( p l a y e r s c o r e ) ;
15

16 e l s e % generous r i sk−aver se s u b j e c t s − c o n d i t i o n a l coopera t i on
17

18 con t r i bu t i on = N_PGG( p laye r s co r e , I_Cont , I_Res , g ) ;
19

20 end
21

22 end

1 %% SELFISH RISK−SEEKING STRATEGY IN THE PGG
2

3 f unc t i on con t r i bu t i on = P_PGG( p l a y e r f i n a l r e s o u r c e s )
4

5 % cont r i bu t i on f o r S i n d i v i d u a l s = 20%
6

7 con t r i bu t i on = 20∗ p l a y e r f i n a l r e s o u r c e s /100 ;
8

9 end

1 %% GENEROUS RISK−AVERSE STRATEGY IN THE PGG − PURE COOPERATION
2

3 f unc t i on con t r i bu t i on = N_PGG( p l a y e r f i n a l r e s o u r c e s )
4

5 % cont r i bu t i on f o r G i n d i v i d u a l s = 100%
6

7 con t r i bu t i on = 100∗ p l a y e r f i n a l r e s o u r c e s /100 ;
8

9

10 end

1 %%GENEROUS RISK−AVERSE STRATEGY IN THE PGG − CONDITIONAL COOPERATION
2

3 f unc t i on con t r i bu t i on = N_PGG( p l a y e r f i n a l r e s o u r c e s , I_Cont , I_Res , g )
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4

5 i f g==1
6

7 con t r i bu t i on = p l a y e r f i n a l r e s o u r c e s ;
8

9 e l s e
10

11 previous_cont = I_Cont . / I_Res ;
12 prev ious_cont r ibut ion = nanmean( previous_cont ) ;
13 con t r i bu t i on = prev ious_cont r ibut ion ∗ p l a y e r f i n a l r e s o u r c e s ;
14

15 end
16

17 end

1 %% REPRODUCTION RULE AND NEW POPULATION
2

3 f unc t i on [ newst ra teg i e s , mutations , N_new ] . . .
4 = r e p l i c a t i o n ( s t r a t e g i e s , N, i_ f i na l_r e s )
5

6 % I n i t i a l i s a t i o n
7

8 o f f s p r i n g = ze ro s (N, 1 ) ;
9 max_offspring = 10 ;

10

11 % Set the s u r v i v a l cond i t i on f o r the gene ra t i on
12

13 i nd iv idua l_thre sho ld = 1 ;
14

15 % Determine the dimension o f the next populat ion accord ing to the
16 % o f f s p r i n g o f each i n d i v i d u a l
17

18

19 f o r s = 1 :N
20

21 i f ( i_ f i na l_r e s ( s , 2 )>=ind iv idua l_thre sho ld )
22

23 % Count the number o f o f f s p r i n g per sub j e c t
24 % propo r t i ona l to t h e i r r e s o u r c e s .
25

26 %number_offspring = ( max_offspring ∗( i_ f i na l_r e s ( s , 2 )−
i nd iv idua l_thre sho ld ) ) / . . .

27 % ( max_offspring ∗ ind iv idua l_thre sho ld ) ;
28

29 number_offspring = i_ f i na l_r e s ( s , 2 ) − 1 ;
30 o f f s p r i n g ( s ) = round ( number_offspring ) ;
31

176



32 e l s e
33

34 o f f s p r i n g ( s ) =0;
35

36 end
37 end
38

39 % Control that the re are no negat ive number o f o f f s p r i n g and that no
40 % i n d i v i d u a l has overcome the max number o f o f f s p r i n g .
41

42 f o r s= 1 :N
43

44 i f o f f s p r i n g ( s )>max_offspring
45

46 o f f s p r i n g ( s ) = max_offspring ;
47

48 end
49

50 i f o f f s p r i n g ( s )<0
51

52 o f f s p r i n g ( s ) =0;
53

54 end
55

56 end
57

58 % Calcu la te the phenotype o f the newborns and mutate the reproduct ion
p r o b a b i l i t i e s .

59

60 [ n ewst ra teg i e s , mutations , N_new] = mutation ( o f f s p r i n g , s t r a t e g i e s , N) ;
61

62 end

1 %% MUTATION OF THE REPRODUCTION RATES OF THE TWO PHENOTYPES
2

3 % Calcu la te the phenotype o f the newborn then mutate the reproduct ion
p r o b a b i l i t i e s

4

5 f unc t i on [ newst ra teg i e s , mutations_genotype , N_new] = mutation ( o f f s p r i n g ,
s t r a t e g i e s , N)

6

7 mean = 0 ;
8 variance_genotype = 0 . 1 ;
9 variance_phenotype_S = 0 . 0 1 ;

10 variance_phenotype_G = 0 . 0 1 ;
11

12 news t r a t eg i e s = ze ro s (sum( o f f s p r i n g ) ,4 ) ;
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13

14 % Assign a phenotype to each new o f f s p r i n g accord ing to the reproduct ion
p r o b a b i l i t i e s

15

16 f o r s =1:N
17 i f o f f s p r i n g ( s )>0
18

19 % new index to a s s i gn the phenotype to the c o r r e c t s e t o f o f f s p r i n g
20

21 i f s==1
22 count = 1 ;
23 e l s e
24 count = sum( o f f s p r i n g ( 1 : s−1) ) +1;
25 end
26

27 randomnumber = rand (sum( o f f s p r i n g ) ,1 ) ;
28

29 f o r j = count : count+o f f s p r i n g ( s )−1
30

31 % as s i gn the phenotype & reproduct ion r a t e s
32

33 i f s t r a t e g i e s ( s , 1 )==1
34

35 % S that reproduces an S
36

37 i f ( randomnumber ( j ) <= s t r a t e g i e s ( s , 2 )+s t r a t e g i e s ( s , 3 ) )
38

39 news t r a t eg i e s ( j , 1 ) = 1 ;
40 news t r a t eg i e s ( j , 2 ) = s t r a t e g i e s ( s , 2 ) ;
41 news t r a t eg i e s ( j , 3 ) = s t r a t e g i e s ( s , 3 ) ;
42 news t r a t eg i e s ( j , 4 ) = s t r a t e g i e s ( s , 4 ) ;
43

44 e l s e
45

46 % S that reproduces a G
47 news t r a t eg i e s ( j , 1 ) = 0 ;
48 news t r a t eg i e s ( j , 2 ) = s t r a t e g i e s ( s , 2 ) ;
49 news t r a t eg i e s ( j , 3 ) = s t r a t e g i e s ( s , 3 ) ;
50 news t r a t eg i e s ( j , 4 ) = s t r a t e g i e s ( s , 4 ) ;
51 end
52 e l s e
53 i f ( randomnumber ( j ) <= s t r a t e g i e s ( s , 2 )−s t r a t e g i e s ( s , 4 ) )
54

55 % G that reproduces an S
56

57 news t r a t eg i e s ( j , 1 ) = 1 ;
58 news t r a t eg i e s ( j , 2 ) = s t r a t e g i e s ( s , 2 ) ;
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59 news t r a t eg i e s ( j , 3 ) = s t r a t e g i e s ( s , 3 ) ;
60 news t r a t eg i e s ( j , 4 ) = s t r a t e g i e s ( s , 4 ) ;
61

62 e l s e
63

64 % G that reproduces a G
65 news t r a t eg i e s ( j , 1 ) = 0 ;
66 news t r a t eg i e s ( j , 2 ) = s t r a t e g i e s ( s , 2 ) ;
67 news t r a t eg i e s ( j , 3 ) = s t r a t e g i e s ( s , 3 ) ;
68 news t r a t eg i e s ( j , 4 ) = s t r a t e g i e s ( s , 4 ) ;
69 end
70 end
71

72 end
73

74 end
75 end
76

77 N_new = s i z e ( newst ra teg i e s , 1 ) ;
78

79 %% Now that each newborn has a phenotype , I need mutate the reproduct ion
p r o b a b i l i t i e s

80

81 mutations_genotype = normrnd (mean , variance_genotype , [N_new, 1 ] ) ;
82 mutations_phenotype_G = normrnd (mean , variance_phenotype_G , [N_new, 1 ] ) ;
83 mutations_phenotype_S = normrnd (mean , variance_phenotype_S , [N_new, 1 ] ) ;
84

85 % Apply the mutation to the reproduct ion r a t e s
86 % Both reproduct ion r a t e s mutate f o r both phenotypes
87

88 f o r j =1:N_new
89

90 news t r a t eg i e s ( j , 2 )=news t r a t eg i e s ( j , 2 )+mutations_genotype ( j ) ;
91 news t r a t eg i e s ( j , 3 )=news t r a t eg i e s ( j , 3 )+mutations_phenotype_S ( j ) ;
92 news t r a t eg i e s ( j , 4 )=news t r a t eg i e s ( j , 4 )+mutations_phenotype_G ( j ) ;
93

94 % the reproduct ion ra t e has to stay between [ 0 , 1 ] , hence i f i t exceed
the l im i t , i t w i l l be s e t equal to 1 or 0 .

95

96 i f n ews t r a t eg i e s ( j , 2 )>1
97 news t r a t eg i e s ( j , 2 ) =1;
98 e l s e i f ( n ews t r a t eg i e s ( j , 2 ) <0)
99 news t r a t eg i e s ( j , 2 ) =0;

100 end
101

102 i f n ews t r a t eg i e s ( j , 3 )>1−news t r a t eg i e s ( j , 2 )
103 news t r a t eg i e s ( j , 3 )=1−news t r a t eg i e s ( j , 2 ) ;
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104 e l s e i f ( n ews t r a t eg i e s ( j , 3 ) <0)
105 news t r a t eg i e s ( j , 3 ) =0;
106 end
107

108 i f n ews t r a t eg i e s ( j , 4 )>news t r a t eg i e s ( j , 2 )
109 news t r a t eg i e s ( j , 4 )=news t r a t eg i e s ( j , 2 ) ;
110 e l s e i f ( n ews t r a t eg i e s ( j , 4 ) <0)
111 news t r a t eg i e s ( j , 4 ) =0;
112 end
113

114

115 end
116

117 end

180



Bibliography

[1] Dean G Pruitt and Melvin J Kimmel. Twenty years of experimental gaming: Critique,
synthesis, and suggestions for the future. Annual review of psychology, 28(1):363–392,
1977.

[2] Joel Aronoff and Lawrence A Messe. Motivational determinants of small-group structure.
Journal of Personality and Social Psychology, 17(3):319, 1971.

[3] Frank W Schneider and James G Delaney. Effect of individual achievement motivation on
group problem-solving efficiency. The Journal of Social Psychology, 86(2):291–298, 1972.

[4] Phillip Bonacich. Norms and cohesion as adaptive responses to potential conflict: An
experimental study. Sociometry, pages 357–375, 1972.

[5] Thomas J Scheff. A theory of social coordination applicable to mixed-motive games.
Sociometry, pages 215–234, 1967.

[6] Richard Boyle and Phillip Bonacich. The development of trust and mistrust in mixed-
motive games. Sociometry, pages 123–139, 1970.

[7] Gary E Bolton, Elena Katok, and Axel Ockenfels. Cooperation among strangers with
limited information about reputation. Journal of Public Economics, 89:1457–1468, 2005.

[8] Hisashi Ohtsuki, Yoh Iwasa, and Martin A Nowak. Reputation effects in public and private
interactions. PLoS Computational Biology, 11, 2015.

[9] Ernst Fehr and Simon Gächter. Altruistic punishment in humans. Nature, 415:137–140,
2002.

[10] Nichola J Raihani and Redouan Bshary. Third-party punishers are rewarded, but third-
party helpers even more so. Evolution, 69:993–1003, 2015.

[11] James C. Cox, Daniel Friedman, and Steven Gjerstad. A tractable model of reciprocity
and fairness. Games and Economic Behavior, 59(1):17–45, 2007.

[12] Valerio Capraro and Alessandra Marcelletti. Do good actions inspire good actions in
others?. Scientific reports, 4, 2014.

[13] Claus Wedekind and Manfred Milinski. Cooperation through image scoring in humans.
Science, 288:850–852, 2000.

181



BIBLIOGRAPHY

[14] Martin Dufwenberg, Uri Gneezy, Werner Güth, and Eric Van Damme. Direct vs indirect
reciprocity: an experiment. Homo Oecon, 18:19–30, 2001.

[15] Ingrid Seinen and Arthur Schram. Social status and group norms: Indirect reciprocity in
a repeated helping experiment. European Economic Review, 50:581–602, 2006.

[16] Sarah Gregory, R James Blair, Andrew Simmons, Veena Kumari, Sheilagh Hodgins, Nigel
Blackwood, et al. Punishment and psychopathy: A case-control functional mri investiga-
tion of reinforcement learning in violent antisocial personality disordered men. The Lancet
Psychiatry, 2(2):153–160, 2015.

[17] Ian Krajbich, Ralph Adolphs, Daniel Tranel, Natalie L Denburg, and Colin F Camerer.
Economic games quantify diminished sense of guilt in patients with damage to the pre-
frontal cortex. Journal of Neuroscience, 29:2188–92, 2009.

[18] Jean Decety, Chenyi Chen, Carla Harenski, and Kent A. Kiehl. An fmri study of affective
perspective taking in individuals with psychopathy: imagining another in pain does not
evoke empathy. Frontiers in Human Neuroscience, 7:489, 2013.

[19] Timothy EJ Behrens, Mark W Woolrich, Mark E Walton, and Matthew FS Rushworth.
Learning the value of information in an uncertain world. Nature neuroscience, 10(9):1214,
2007.

[20] David Bellhouse. The problem of waldegrave. Electronic Journal for the History of Prob-
ability and Statistics, 3(2):1–12, 2007.

[21] J von Neumann. Zur theorie der gesellschaftsspiele. Mathematische annalen,
100(1):295–320, 1928.

[22] Joel Watson. Strategy: an introduction to game theory. 2013.

[23] Martin J Osborne. An Introduction to Game Theory. 2000.

[24] Martin Peterson. An introduction to decision theory. Cambridge University Press, 2017.

[25] Josef Hofbauer and Karl Sigmund. Evolutionary games and population dynamics. Cam-
bridge university press, 1998.

[26] H Allen Orr. Fitness and its role in evolutionary genetics. Nature Reviews Genetics,
10(8):531, 2009.

[27] Philippe Pinel. Nosographie philosophique, ou, La méthode de l’analyse appliquée à la
médecine, volume 3. chez JA Brosson, 1818.

[28] Hervey Cleckley. The mask of sanity. an attempt to clarify some issues about the so-called
psychopathic personality. Southern Medical Journal, 44(5):464, 1951.

[29] Ben Karpman. The myth of the psychopathic personality. American Journal of Psychiatry,
104(9):523–534, 1948.

182



BIBLIOGRAPHY

[30] David Morrison and Paul Gilbert. Social rank, shame and anger in primary and secondary
psychopaths. Journal of Forensic Psychiatry, 12(2):330–356, 2001.

[31] Linda Mealey. The sociobiology of sociopathy: An integrated evolutionary model. Behav-
ioral and Brain sciences, 18(03):523–541, 1995.

[32] Ben Karpman. On the need of separating psychopathy into two distinct clinical types:
the symptomatic and the idiopathic. Journal of Criminal Psychopathology, 1941.

[33] Robert D Hare and Craig S Neumann. Psychopathy as a clinical and empirical construct.
Annu. Rev. Clin. Psychol., 4:217–246, 2008.

[34] Robert D Hare. The psychopathy checklist–revised. Toronto, ON, 2003.

[35] Delroy L Paulhus and Kevin M Williams. The dark triad of personality: Narcissism,
machiavellianism, and psychopathy. Journal of research in personality, 36(6):556–563,
2002.

[36] Robert Raskin and Howard Terry. A principal-components analysis of the narcissistic
personality inventory and further evidence of its construct validity. Journal of Personality
and Social Psychology, 54(5):890, 1988.

[37] Richard Christie and Florence L Geis. Studies in machiavellianism. Academic Press,
2013.

[38] John F. Rauthmann. The Dark Triad and Interpersonal Perception: Similarities and
Differences in the Social Consequences of Narcissism, Machiavellianism, and Psychopathy.
Soc. Psychol. Personal. Sci., 3(4):487–496, 2012.

[39] Scott O Lilienfeld and Brian P Andrews. Development and preliminary validation of a
self-report measure of psychopathic personality traits in noncriminal population. Journal
of Personality Assessment, 66(3):488–524, 1996.

[40] Christopher J Patrick, Don C Fowles, and Robert F Krueger. Triarchic conceptualization
of psychopathy: Developmental origins of disinhibition, boldness, and meanness. Devel-
opment and Psychopathology, 21(3):913–938, 2009.

[41] Cathy S Widom. Interpersonal conflict and cooperation in psychopaths. Journal of Ab-
normal Psychology, 85(3):330, 1976.

[42] Michael R Levenson, Kent A Kiehl, and Cory M Fitzpatrick. Assessing psychopathic
attributes in a noninstitutionalized population. Journal of Personality and Social Psy-
chology, 68(1):151, 1995.

[43] Oliver Curry, Matthew Jones Chesters, and Essi Viding. The psychopaths dilemma: The
effects of psychopathic personality traits in one-shot games. Personality and Individual
Differences, 50(6):804–809, 2011.

183



BIBLIOGRAPHY

[44] James K Rilling, Andrea L Glenn, Meeta R Jairam, Giuseppe Pagnoni, David R Gold-
smith, Hanie A Elfenbein, and Scott O Lilienfeld. Neural correlates of social co-
operation and non-cooperation as a function of psychopathy. Biological Psychiatry,
61(11):1260–1271, 2007.

[45] Joanna M. Berg, Scott O. Lilienfeld, and Irwin D. Waldman. Bargaining with the devil:
Using economic decision-making tasks to examine the heterogeneity of psychopathic traits.
Journal of Research in Personality, 47(5):472–482, 2013.

[46] Leanne ten Brinke, Pamela J Black, Stephen Porter, and Dana R Carney. Psychopathic
personality traits predict competitive wins and cooperative losses in negotiation. Person-
ality and Individual Differences, 79:116–122, 2015.

[47] Takahiro Osumi and Hideki Ohira. The positive side of psychopathy: Emotional detach-
ment in psychopathy and rational decision-making in the ultimatum game. Personality
and individual differences, 49(5):451–456, 2010.

[48] Sina Radke, Inti A Brazil, Inge Scheper, Berend H Bulten, and Ellen RA De Bruijn.
Unfair offers, unfair offenders? fairness considerations in incarcerated individuals with
and without psychopathy. Frontiers in human neuroscience, 7:406, 2013.

[49] Matthew M Gervais, Michelle Kline, Mara Ludmer, Rachel George, and Joseph H Man-
son. The strategy of psychopathy: primary psychopathic traits predict defection on low-
value relationships. Proceedings of the Royal Society of London B: Biological Sciences,
280(1757):20122773, 2013.

[50] KS Blair, J Morton, A Leonard, and RJR Blair. Impaired decision-making on the basis
of both reward and punishment information in individuals with psychopathy. Personality
and Individual Differences, 41(1):155–165, 2006.

[51] RJR Blair, DGV Mitchell, A Leonard, S Budhani, KS Peschardt, and C Newman. Passive
avoidance learning in individuals with psychopathy: Modulation by reward but not by
punishment. Personality and individual differences, 37(6):1179–1192, 2004.

[52] Keita Masui and Michio Nomura. The effects of reward and punishment on response
inhibition in non-clinical psychopathy. Personality and individual differences, 50(1):69–73,
2011.

[53] Cordelia Fine and Jeanette Kennett. Mental impairment, moral understanding and crim-
inal responsibility: Psychopathy and the purposes of punishment. International Journal
of Law and Psychiatry, 27(5):425–443, 2004.

[54] Paul Deutchman and Jessica Sullivan. The dark triad and framing effects predict selfish
behavior in a one-shot prisoners dilemma. PloS one, 13(9):e0203891, 2018.

[55] Marta Malesza. The effects of the dark triad traits in prisoners dilemma game. Current
Psychology, pages 1–8, 2018.

184



BIBLIOGRAPHY

[56] Donald L DeAngelis and Volker Grimm. Individual-based models in ecology after four
decades. F1000prime reports, 6, 2014.

[57] Steven F Railsback. Concepts from complex adaptive systems as a framework for
individual-based modelling. Ecological modelling, 139(1):47–62, 2001.

[58] Donald L DeAngelis and Wolf M Mooij. Individual-based modeling of ecological and
evolutionary processes. Annu. Rev. Ecol. Evol. Syst., 36:147–168, 2005.

[59] Steven L Peck. Simulation as experiment: a philosophical reassessment for biological
modeling. Trends in Ecology & Evolution, 19(10):530–534, 2004.

[60] Rosaria Conte, Bruce Edmonds, Scott Moss, and R Keith Sawyer. Sociology and social
theory in agent based social simulation: A symposium. Computational & Mathematical
Organization Theory, 7(3):183–205, 2001.

[61] Julia Eberlen, Geeske Scholz, and Matteo Gagliolo. Simulate this! an introduction to
agent-based models and their power to improve your research practice. International
Review of Social Psychology, 30(1), 2017.

[62] Janko Međedović. What can human personality psychology learn from behavioral ecology?
Journal of Comparative Psychology, 132(4):382, 2018.

[63] Andrea L Glenn, Robert Kurzban, and Adrian Raine. Evolutionary theory and psychopa-
thy. Aggression and violent behavior, 16(5):371–380, 2011.

[64] Daniel Brian Krupp, Lindsay A Sewall, Martin L Lalumière, Craig Sheriff, and Grant
Harris. Psychopathy, adaptation, and disorder. Frontiers in psychology, 4:139, 2013.

[65] J Reid Meloy, Angela Book, Ashley Hosker-Field, Tabitha Methot-Jones, and Jennifer
Roters. Social, sexual, and violent predation: Are psychopathic traits evolutionarily adap-
tive? Violence and Gender, 5(3):153–165, 2018.

[66] Jason R Hall and Stephen D Benning. The successful psychopath. Handbook of psychopa-
thy, pages 459–478, 2006.

[67] Janko Međedović, Boban Petrović, Jelena Želeskov-Ðorić, and Maja Savić. Interpersonal
and affective psychopathy traits can enhance human fitness. Evolutionary Psychological
Science, 3(4):306–315, 2017.

[68] Hedwig Eisenbarth, Claire M Hart, and Constantine Sedikides. Do psychopathic traits
predict professional success? Journal of Economic Psychology, 64:130–139, 2018.

[69] Luke W Hyde, Rebecca Waller, Christopher J Trentacosta, Daniel S Shaw, Jenae M
Neiderhiser, Jody M Ganiban, David Reiss, and Leslie D Leve. Heritable and nonheri-
table pathways to early callous-unemotional behaviors. American Journal of Psychiatry,
173(9):903–910, 2016.

185



BIBLIOGRAPHY

[70] Catherine Tuvblad, Serena Bezdjian, Adrian Raine, and Laura A Baker. The heritability of
psychopathic personality in 14-to 15-year-old twins: A multirater, multimeasure approach.
Psychological assessment, 26(3):704, 2014.

[71] Volker Grimm, Uta Berger, Finn Bastiansen, Sigrunn Eliassen, Vincent Ginot, Jarl Giske,
John Goss-Custard, Tamara Grand, Simone K Heinz, Geir Huse, et al. A standard proto-
col for describing individual-based and agent-based models. Ecological modelling, 198(1-
2):115–126, 2006.

[72] Christophe Boone, Bert De Brabander, and Arjen van Witteloostuijn. The impact of
personality on behavior in five prisoner’s dilemma games. Journal of Economic Psychology,
20:343–377, 1999.

[73] George Loewenstein. Emotions in economic theory and economic behavior. The American
Economic Review, 90:426–432, 2000.

[74] Alvin Scodel, J Sayer Minas, Philburn Ratoosh, and Milton Lipetz. Some descriptive
aspects of two-person non-zero-sum games. Journal of Conflict Resolution, 3(2):114–119,
1959.

[75] Carolyn H. Declerck, Christophe Boone, and Griet Emonds. When do people cooperate?
the neuroeconomics of prosocial decision making. Brain and Cognition, 81, 2013.

[76] Robert Axelrod. The evolution of strategies in the iterated prisoners dilemma. The
dynamics of norms, pages 1–16, 1987.

[77] Andreas Mokros, Birgit Menner, Hedwig Eisenbarth, Georg W Alpers, Klaus W Lange,
and Michael Osterheider. Diminished cooperativeness of psychopaths in a prisoner’s
dilemma game yields higher rewards. Journal of abnormal psychology, 117(2):406, 2008.

[78] James K Rilling, Andrea L Glenn, Meeta R Jairam, Giuseppe Pagnoni, David R Gold-
smith, Hanie A Elfenbein, and Scott O Lilienfeld. Neural correlates of social co-
operation and non-cooperation as a function of psychopathy. Biological psychiatry,
61(11):1260–1271, 2007.

[79] Michael Koenigs, Michael Kruepke, and Joseph P Newman. Economic decision-making in
psychopathy: a comparison with ventromedial prefrontal lesion patients. Neuropsycholo-
gia, 48(7):2198–2204, 2010.

[80] Manuel I Ibáñez, Gerardo Sabater-Grande, Iván Barreda-Tarrazona, Laura Mezquita,
Sandra López-Ovejero, Helena Villa, Pandelis Perakakis, Generós Ortet, Aurora García-
Gallego, and Nikolaos Georgantzís. Take the money and run: psychopathic behavior in
the trust game. Frontiers in psychology, 7:1866, 2016.

[81] S Mohammad Mavadati, Mohammad H Mahoor, Kevin Bartlett, Philip Trinh, and Jef-
frey F Cohn. Disfa: A spontaneous facial action intensity database. IEEE Transactions
on Affective Computing, 4:151–160, 2013.

186



BIBLIOGRAPHY

[82] Christopher J Patrick. Operationalizing the triarchic conceptualization of psychopathy:
Preliminary description of brief scales for assessment of boldness, meanness, and disinhi-
bition. Unpublished test manual, Florida State University, Tallahassee, FL, 2010.

[83] Arnold H Buss and Mark Perry. The aggression questionnaire. Journal of personality and
social psychology, 63(3):452, 1992.

[84] Stella van Rijsoort, Paul Emmelkamp, and Geert Vervaeke. The penn state worry
questionnaire and the worry domains questionnaire: Structure, reliability and validity.
Clinical Psychology & Psychotherapy: An International Journal of Theory & Practice,
6(4):297–307, 1999.

[85] A Casillas and LA Clark. The mini mood and anxiety symptom questionnaire (mini-
masq). In Poster presented at the 72nd Annual meeting of the Midwestern Psychological
Association, Chicago, IL, 2000.

[86] Kurt Kroenke, Robert L Spitzer, and Janet BW Williams. The phq-9: validity of a brief
depression severity measure. Journal of general internal medicine, 16(9):606–613, 2001.

[87] Stephen D Benning, Christopher J Patrick, Brian M Hicks, Daniel M Blonigen, and
Robert F Krueger. Factor structure of the psychopathic personality inventory: validity
and implications for clinical assessment. Psychological assessment, 15:340, 2003.

[88] Francine M Deutsch. Status, sex, and smiling: The effect of role on smiling in men and
women, 1990.

[89] Ursula Hess, Sylvie Blairy, and Robert E. Kleck. The influence of facial emotion displays,
gender, and ethnicity on judgments of dominance and affiliation. Journal of Nonverbal
Behavior, 24(4):265–283, 2000.

[90] Pedro R Almeida, Maria João Seixas, Fernando Ferreira-Santos, Joana B Vieira, Tiago O
Paiva, Pedro S Moreira, and Patrício Costa. Empathic, moral and antisocial outcomes
associated with distinct components of psychopathy in healthy individuals: a triarchic
model approach. Personality and Individual Differences, 85:205–211, 2015.

[91] Andrew Mao, Lili Dworkin, Siddharth Suri, and Duncan J Watts. Resilient cooperators
stabilize long-run cooperation in the finitely repeated prisoners dilemma. Nature commu-
nications, 8:13800, 2017.

[92] Joseph HR Maes, Isabel C Woyke, and Inti A Brazil. Psychopathy-related traits and
decision-making under risk and ambiguity: An exploratory study. Personality and Indi-
vidual Differences, 122:190–194, 2018.

[93] Justin Balash and Diana M Falkenbach. The ends justify the meanness: An investigation
of psychopathic traits and utilitarian moral endorsement. Personality and Individual
Differences, 127:127–132, 2018.

187



BIBLIOGRAPHY

[94] Jari Kätsyri, Riitta Hari, Niklas Ravaja, and Lauri Nummenmaa. The opponent matters:
elevated fmri reward responses to winning against a human versus a computer opponent
during interactive video game playing. Cerebral Cortex, 23:2829–2839, 2013.

[95] Shane Bonetti. Experimental economics and deception. Journal of Economic Psychology,
19:377–395, 1998.

[96] Alberto Ferrari and Mario Comelli. A comparison of methods for the analysis of binomial
proportion data in behavioral research. arXiv preprint arXiv:1605.01592, pages 1–15,
2016.

[97] Todd D. Little. The Oxford Handbook of Quantitative Methods-Volume 2: Statistical
Analysis. 2013.

[98] John Mount. Generalized linear models for predicting rates. January 2014.

[99] Francisco Cribari-Neto and Achim Zeileis. Beta regression in r. 2009.

[100] P Paolino. Maximum likelihood estimation of models with beta-distributed dependent
variables. Political Analysis, 9:325–346, 2001.

[101] Achim Zeileis, Francisco Cribari-Neto, Bettina Gruen, Ioannis Kosmidis, Alexandre B
Simas, Andrea V Rocha, and Maintainer Achim Zeileis. Package betareg. 2016.

[102] Payam Refaeilzadeh, Lei Tang, and Huan Liu. Cross-validation. In Encyclopedia of
database systems, pages 532–538. Springer, 2009.

[103] Andrew Gelman and Jennifer Hill. Data analysis using regression and multilevel/hierar-
chical models. Cambridge university press, 2006.

[104] Hervey Cleckley. The mask of sanity, St. Louis, MO: The CV Mosby Company. 1941.

[105] Andreas Mokros, Birgit Menner, Hedwig Eisenbarth, Georg W Alpers, Klaus W Lange,
and Michael Osterheider. Diminished cooperativeness of psychopaths in a prisoner’s
dilemma game yields higher rewards. Journal of Abnormal Psychology, 117(2):406, 2008.

[106] Scott O Lilienfeld, Michelle R Widows, and PAR Staff. Psychopathic personality
inventorytm-revised. Social Influence (SOI), 61(65):97, 2005.

[107] Sara Konrath, Brad J Bushman, and Tyler Grove. Seeing my world in a million little
pieces: Narcissism, self-construal, and cognitive–perceptual style. Journal of Personality,
77(4):1197–1228, 2009.

[108] Amy Dawel, Richard OKearney, Elinor McKone, and Romina Palermo. Not just fear and
sadness: meta-analytic evidence of pervasive emotion recognition deficits for facial and vo-
cal expressions in psychopathy. Neuroscience & Biobehavioral Reviews, 36(10):2288–2304,
2012.

188



BIBLIOGRAPHY

[109] Gary K Levenston, Christopher J Patrick, Margaret M Bradley, and Peter J Lang. The
psychopath as observer: Emotion and attention in picture processing. Journal of Abnormal
Psychology, 109(3):373, 2000.

[110] Christopher J Patrick, Margaret M Bradley, and Peter J Lang. Emotion in the criminal
psychopath: Startle reflex modulation. Journal of Abnormal Psychology, 102(1):82, 1993.

[111] Lara Johnston, David J Hawes, and Melissa Straiton. Psychopathic traits and social
cooperation in the context of emotional feedback. Psychiatry, Psychology and Law,
21(5):767–778, 2014.

[112] Gerben A Van Kleef, Carsten KW De Dreu, and Antony SR Manstead. An interpersonal
approach to emotion in social decision making: The emotions as social information model.
Advances in Experimental Social Psychology, 42:45–96, 2010.

[113] María I Tortosa, Tatiana Strizhko, Mariagrazia Capizzi, and María Ruz. Interpersonal
effects of emotion in a multi-round trust game. Psicológica, 34(2), 2013.

[114] Niklas Ravaja, Timo Saari, Marko Turpeinen, Jari Laarni, Mikko Salminen, and Matias
Kivikangas. Spatial presence and emotions during video game playing: Does it matter
with whom you play?. Presence: Teleoperators and Virtual Environments, 15:381–392,
2006.

[115] Robert Axelrod and William Donald Hamilton. The evolution of cooperation. Science,
211(4489):1390–1396, 1981.

[116] Claus Wedekind and Manfred Milinski. Human cooperation in the simultaneous and the
alternating prisoner’s dilemma: Pavlov versus generous tit-for-tat. Proceedings of the
National Academy of Sciences, 93(7):2686–2689, 1996.

[117] Pedro Dal Bó and Guillaume R Fréchette. The Evolution of Cooperation in Infinitely
Repeated Games. American Economic Review, 101(1):411–429, 2011.

[118] Masaki Aoyagi and Guillaume Fréchette. Collusion as public monitoring becomes noisy:
Experimental evidence. Journal of Economic theory, 144(3):1135–1165, 2009.

[119] Jim Engle-Warnick and Robert L Slonim. Inferring repeated-game strategies from actions:
evidence from trust game experiments. Economic theory, 28(3):603–632, 2006.

[120] Gabriele Camera, Marco Casari, Maria Bigoni, et al. Cooperative strategies in groups of
strangers: an experiment. Technical report, Purdue University, Department of Economics,
2010.

[121] Drew Fudenberg, David G Rand, and Anna Dreber. Slow to anger and fast to forgive:
Cooperation in an uncertain world. American Economic Review, 102(2):720–49, 2012.

[122] Hedwig Eisenbarth, Scott O Lilienfeld, and Tal Yarkoni. Using a genetic algorithm to
abbreviate the psychopathic personality inventory–revised (ppi-r). Psychological Assess-
ment, 27(1):194, 2015.

189



BIBLIOGRAPHY

[123] Shannon E Kelley, John F Edens, M Brent Donnellan, Jared R Ruchensky, Edward A
Witt, and Barbara E McDermott. Development and validation of an inconsistent re-
sponding scale for an abbreviated version of the psychopathic personality inventoryrevised.
Personality and Individual Differences, 91:58–62, 2016.

[124] Daniel R Ames, Paul Rose, and Cameron P Anderson. The npi-16 as a short measure of
narcissism. Journal of Research in Personality, 40(4):440–450, 2006.

[125] Donald R Lynam, Rick H Hoyle, and Joseph P Newman. The perils of partialling: Cau-
tionary tales from aggression and psychopathy. Assessment, 13(3):328–341, 2006.

[126] Daniel Balliet, Norman P Li, Shane J Macfarlan, and Mark Van Vugt. Sex differences in
cooperation: a meta-analytic review of social dilemmas., 2011.

[127] Diana Hanna Fishbein and Matthew T Sutherland. Higher trait psychopathy is associ-
ated with increased risky decision-making and less coincident insula and striatal activity.
Frontiers in Behavioral Neuroscience, 11:245, 2017.

[128] Abhirup Bandyopadhyay and Samarjit Kar. Coevolution of cooperation and network
structure in social dilemmas in evolutionary dynamic complex network. Applied Mathe-
matics and Computation, 320:710–730, 2018.

[129] S Bowles and H Gintis. The evolution of cooperation in heterogeneous populations. WP
Santa Fe Institute, pages 03–05, 2003.

[130] Ernst Fehr; Klaus M. Schmidt. Theory Of Fairness, Competition and Cooperation, 1999.

[131] Ernst Fehr and Urs Fischbacher. The nature of human altruism. Nature,
425(6960):785–791, 2003.

[132] David G Rand, Martin A Nowak, James H Fowler, and Nicholas A Christakis. Static
network structure can stabilize human cooperation. Proceedings of the National Academy
of Sciences, 111(48):17093–17098, 2014.

[133] Hisashi Ohtsuki, Christoph Hauert, Erez Lieberman, and Martin A Nowak. A simple rule
for the evolution of cooperation on graphs and social networks. Nature, 441(7092):502,
2006.

[134] Bruce Barry and Greg L Stewart. Composition, process, and performance in self-managed
groups: The role of personality. Journal of Applied psychology, 82(1):62, 1997.

[135] Murray R Barrick, Greg L Stewart, Mitchell J Neubert, and Michael K Mount. Relating
member ability and personality to work-team processes and team effectiveness. Journal
of applied psychology, 83(3):377, 1998.

[136] George A Neuman, Stephen H Wagner, and Neil D Christiansen. The relationship be-
tween work-team personality composition and the job performance of teams. Group &
Organization Management, 24(1):28–45, 1999.

190



BIBLIOGRAPHY

[137] Lisa M Moynihan and Randall S Peterson. 7. a contingent configuration approach to
understanding the role of personality in organizational groups. Research in organizational
behavior, 23:327–378, 2001.

[138] Scott O Lilienfeld, Robert D Latzman, Ashley L Watts, Sarah F Smith, and Kevin Dut-
ton. Correlates of psychopathic personality traits in everyday life: Results from a large
community survey. Frontiers in psychology, 5:740, 2014.

[139] Ashley A Murray, James M Wood, and Scott O Lilienfeld. Psychopathic personality traits
and cognitive dissonance: Individual differences in attitude change. Journal of research
in personality, 46(5):525–536, 2012.

[140] Jacob Cohen. Statistical power analysis for the behavioral sciences 2nd edn, 1988.

[141] Binglin Gong and Chun-Lei Yang. Reputation and cooperation: An experiment on pris-
oners dilemma with second-order information. 2010.

[142] Eugenio Proto, Daniel Sgroi, and Mahnaz Nazneen. Cooperation and positive mood in
the repeated prisoners dilemma. 2017.

[143] Gerhard Blickle and Nora Schütte. Trait psychopathy, task performance, and counter-
productive work behavior directed toward the organization. Personality and Individual
Differences, 109:225–231, 2017.

[144] Alexander Tokarev, Abigail R Phillips, David J Hughes, and Paul Irwing. Leader dark
traits, workplace bullying, and employee depression: Exploring mediation and the role of
the dark core. Journal of abnormal psychology, 126(7):911, 2017.

[145] Laura C Crysel, Benjamin S Crosier, and Gregory D Webster. The dark triad and risk
behavior. Personality and individual differences, 54(1):35–40, 2013.

[146] Marta Malesza and Paweł Ostaszewski. Dark side of impulsivityassociations between the
dark triad, self-report and behavioral measures of impulsivity. Personality and Individual
Differences, 88:197–201, 2016.

[147] Melissa K Hunt, Derek R Hopko, Robert Bare, CW Lejuez, and EV Robinson. Con-
struct validity of the balloon analog risk task (bart) associations with psychopathy and
impulsivity. Assessment, 12(4):416–428, 2005.

[148] Carl W Lejuez, Jennifer P Read, Christopher W Kahler, Jerry B Richards, Susan E
Ramsey, Gregory L Stuart, David R Strong, and Richard A Brown. Evaluation of a
behavioral measure of risk taking: the balloon analogue risk task (bart). Journal of
Experimental Psychology: Applied, 8(2):75, 2002.

[149] Robert J Snowden, Chloe Smith, and Nicola S Gray. Risk taking and the triarchic model
of psychopathy. Journal of Clinical and Experimental Neuropsychology, pages 1–14, 2017.

191



BIBLIOGRAPHY

[150] Marta Malesza and Paweł Ostaszewski. The utility of the dark triad model in the predic-
tion of the self-reported and behavioral risk-taking behaviors among adolescents. Person-
ality and Individual Differences, 90:7–11, 2016.

[151] Eleonora Gullone, Susan Moore, Simon Moss, and Candice Boyd. The adolescent risk-
taking questionnaire: Development and psychometric evaluation. Journal of Adolescent
Research, 15(2):231–250, 2000.

[152] Andy C Dean, Lily L Altstein, Mitchell E Berman, Joseph I Constans, Catherine A
Sugar, and Michael S McCloskey. Secondary psychopathy, but not primary psychopathy,
is associated with risky decision-making in noninstitutionalized young adults. Personality
and individual differences, 54(2):272–277, 2013.

[153] Urs Fischbacher, Simon Gächter, and Ernst Fehr. Are people conditionally cooperative?
evidence from a public goods experiment. Economics letters, 71(3):397–404, 2001.

[154] Tamas Bereczkei and Andrea Czibor. Personality and situational factors differently influ-
ence high mach and low mach persons decisions in a social dilemma game. Personality
and Individual Differences, 64:168–173, 2014.

[155] Andrea Czibor, Orsolya Vincze, and Tamas Bereczkei. Feelings and motives underly-
ing machiavellian behavioural strategies; narrative reports in a social dilemma situation.
International Journal of Psychology, 49(6):519–524, 2014.

[156] Edelyn Verona, Christopher J Patrick, and Thomas E Joiner. Psychopathy, antisocial
personality, and suicide risk. Journal of abnormal psychology, 110(3):462, 2001.

[157] Robert D Hare. Psychopaths and their nature: Implications for the mental health and
criminal justice systems. Psychopathy: Antisocial, criminal, and violent behavior, pages
188–212, 1998.

[158] Daniel M Blonigen, Brian M Hicks, Robert F Krueger, Christopher J Patrick, and
William G Iacono. Psychopathic personality traits: Heritability and genetic overlap with
internalizing and externalizing psychopathology. Psychological medicine, 35(5):637–648,
2005.

[159] Daniel M Blonigen, Scott R Carlson, Robert F Krueger, and Christopher J Patrick. A
twin study of self-reported psychopathic personality traits. Personality and Individual
Differences, 35(1):179–197, 2003.

[160] Janko Međedović and Boban Petrović. Quantity-quality trade-offs may partially explain
inter-individual variation in psychopathy. Adaptive Human Behavior and Physiology,
pages 1–16, 2019.

[161] Janko Međedović. Harsh environment facilitates psychopathy’s involvement in mating-
parenting trade-off. Personality and Individual Differences, 139:235–240, 2019.

192



BIBLIOGRAPHY

[162] Donald Thomas Campbell and Thomas D Cook. Quasi-experimentation: Design & anal-
ysis issues for field settings. Rand McNally College Publishing Company Chicago, 1979.

[163] Maria Jimenez-Buedo and Luis M Miller. Why a trade-off? the relationship between
the external and internal validity of experiments. Theoria. Revista de Teoría, Historia y
Fundamentos de la Ciencia, 25(3):301–321, 2010.

[164] Douglas G Mook. In defense of external invalidity. American psychologist, 38(4):379, 1983.

[165] Armin Falk and James J Heckman. Lab experiments are a major source of knowledge in
the social sciences. science, 326(5952):535–538, 2009.

[166] Steven D Levitt and John A List. What do laboratory experiments measuring social
preferences reveal about the real world? Journal of Economic perspectives, 21(2):153–174,
2007.

[167] Katarzyna Uzieblo, Bruno Verschuere, Eva Van den Bussche, and Geert Crombez. The
validity of the psychopathic personality inventoryrevised in a community sample. Assess-
ment, 17(3):334–346, 2010.

[168] Josanne DM van Dongen, Laura E Drislane, Henk Nijman, Sabrina E Soe-Agnie, and Hjal-
mar JC van Marle. Further evidence for reliability and validity of the triarchic psychopathy
measure in a forensic sample and a community sample. Journal of psychopathology and
behavioral assessment, 39(1):58–66, 2017.

[169] Stephanie N Mullins-Sweatt, Natalie G Glover, Karen J Derefinko, Joshua D Miller, and
Thomas A Widiger. The search for the successful psychopath. Journal of Research in
Personality, 44(4):554–558, 2010.

[170] Martin A Nowak, Corina E Tarnita, and Tibor Antal. Evolutionary dynamics in struc-
tured populations. Philosophical Transactions of the Royal Society B: Biological Sciences,
365(1537):19–30, 2010.

[171] Martin A Nowak. Five rules for the evolution of cooperation. science,
314(5805):1560–1563, 2006.

[172] Robert Boyd and Peter J Richerson. Punishment allows the evolution of cooperation (or
anything else) in sizable groups. Ethology and sociobiology, 13(3):171–195, 1992.

[173] Robert D Hare. Without conscience: The disturbing world of the psychopaths among us.
Guilford Press, 1999.

[174] Christopher J Patrick. Handbook of psychopathy. Guilford Publications, 2018.

193


	Introduction
	Game theory
	Prisoner's Dilemma
	Public Goods Game
	Iterated Games

	Psychopathy
	Definition
	Measures
	Psychopathic traits and cooperation

	Individual-Based Modelling
	Definitions
	Psychopathic traits and evolutionary fitness

	Thesis structure

	When do psychopathic traits affect cooperative behaviour?
	Introduction
	Methods and Materials
	Sample
	Experiment procedure
	Questionnaires
	Psychopathy measures

	Statistical Analysis
	Results
	Discussion
	Appendix
	Binomial Regression analysis

	Supplementary Material
	Candidate models
	Validation and Model Selection
	Model Fitting
	Repeated k-fold cross-validation and Model Selection Results


	The effect of psychopathy on cooperative strategies in an iPD experiment with feedback
	Introduction
	Methods
	Personality measures
	Data collection
	Procedure

	Material
	Experimental Design

	Statistical Analysis
	Results
	Cooperation analysis
	Strategies

	Discussion
	Supplementary Material
	Regression analysis
	Strategy analysis
	Instructions and screenshots


	How group composition affects cooperation in fixed networks: can psychopathic traits influence group dynamics?
	Introduction
	Methods
	Sample
	Personality Measures
	Experimental Design
	Experimental Manipulation
	Experimental Procedure

	Results
	Discussion

	Individual-based model: can psychopathic traits be evolutionarily adaptive?
	Model background
	Model formalisation
	Purpose
	Process Overview and Scheduling
	State Variables
	Design Concepts
	Initialisation and Input
	Submodels


	Base model without mutation
	Overview
	Results
	Fixed Environment
	Variable Environment

	Discussion

	Model with mutation
	Overview
	Single population
	Two initial sub-populations

	Results
	Single population
	Two initial sub-populations

	Discussion

	Model with mutation and genotype plus phenotype reproduction
	Overview
	Results
	Discussion

	Model with mutation and conditional cooperation 
	Overview
	Results
	Discussion

	Model with mutation, conditional cooperation and individual costs
	Overview
	Results
	Discussion

	Overview and Conclusions
	Thesis overview
	Conclusion
	Ecological Validity remarks
	Psychopathic traits and decision-making
	Psychopathic traits and evolution
	Summary


	IBM Matlab Code

