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Co-evolution of behaviour and social network structure promotes human cooperation
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Abstract The ubiquity of cooperation in nature is puzzling because cooperators can be exploited by defectors. Recent theoretical work shows that if dynamic networks define interactions between individuals, cooperation is favoured by natural selection. To address this, we compare cooperative behaviour in multiple but independent repeated games between participants in static and dynamic networks. In the latter, participants could break their links after each social interaction. As predicted, we find higher levels of cooperation in dynamic networks. Through biased link breaking (i.e. to defectors) participants affected their social environment. We show that this link-breaking behaviour leads to substantial network clustering and we find primarily cooperators within these clusters. This assortment is remarkable because it occurred on top of behavioural assortment through direct reciprocity and beyond the perception of participants, and represents a self-organized pattern. Our results highlight the importance of the interaction between ecological context and selective pressures on cooperation. Keywords Assortment, co-evolution, cooperation, dynamic network, game theory, prisonerÕs dilemma, self-organization, social behaviour. Ecology Letters (2011) 14: 546–551



INTRODUCTION



Cooperative behaviour is widespread throughout the animal kingdom (for recent reviews, see Pennisi 2009; Melis & Semmann 2010). Such cooperation occurs within social animals, which naturally interact in networks, for instance in guppies where pairs more likely inspect predators when they have strong social associations with the partner (Croft et al. 2006). In primates and social insects, network structures affect the environment in which the individuals socially interact and also cooperate (Fewell 2003; Voelkl & Kasper 2009). In addition, in humans, social networks are an essential feature of social behaviour (Kossinets & Watts 2006). However, from an evolutionary perspective, cooperative behaviour is puzzling. This is because given that cooperative behaviour benefits others and produces costs for the actor, there is the potential for exploitation of cooperative individuals by ÔcheatersÕ. Thus, those individuals enjoying cooperative benefits without performing cooperative acts themselves should be favoured by natural selection. To understand the evolution of cooperation, particularly in relation to the structure of animal social networks, is therefore a challenge. Network reciprocity has been put forward as a mechanism to explain how the structure of static networks can support the evolution of cooperation (Nowak & May 1992; Lieberman et al. 2005; Ohtsuki et al. 2006; but see Hauert & Doebeli 2004). Cooperation can prevail in spatial lattices, because by assorting (i.e. clusters of neighbouring individuals performing the same behavioural strategy) cooperators can avoid interactions with defectors, reducing the chance of being exploited (Nowak & May 1992; Brauchli et al. 1999; Ifti et al. 2004; see also Fletcher & Doebeli 2009). In line with this theoretical work, evolutionary simulations Ó 2011 Blackwell Publishing Ltd/CNRS



based on social networks of non-human primates show that these have the appropriate static structure to support cooperation (Voelkl & Kasper 2009). However, in relation to more extensive theoretical work, it is somewhat surprising that so far, experiments with humans could not show that network structure promotes cooperation. Both spatial lattices and other network topologies either caused cooperation to decline over time (Grujic´ et al. 2010; Traulsen et al. 2010) or could not convincingly reveal differences in levels of cooperation between network structures (Cassar 2007; Kirchkamp & Nagel 2007). A potentially very important network property has, however, been neglected in these studies: network dynamics. In dynamic networks, not only do strategies evolve but also the network topology is under evolutionary selection pressure. Recent theoretical work shows that such co-evolution of behaviour and network structure favours the evolution of cooperation (for reviews, see Gross & Blasius 2008; Perc & Szolnoki 2010). In particular, the Ôactive-linkingÕ models of Pacheco et al. (2006a,b, 2008) show that when individuals playing prisonerÕs dilemma (PD; see Box 1) are allowed to control their interactions, i.e. to break existing links and to form new links with random partners, cooperation evolves. The defining feature of dynamic networks is the interaction between behaviour and network structure. Such interactions allow feedback to arise allowing individuals to assort on the network and to alter their social environment. This in turn can have an impact on individual fitness and hence selection pressures on behavioural strategies at the individual level. In general, such ecological interactions and the self-organizing, or self-structuring processes that they generate, have been suggested as fundamental to understanding evolution, in particular that of cooperation (Hauert et al. 2006; Lion & van Baalen 2008).
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In general, in models of dynamic linking individuals can only react unconditionally (same reaction to all partners). Such models have been used to show that network reciprocity can be sufficient to support cooperation (Pacheco et al. 2006a,b). Cooperation is favoured if the link-breaking rate to defectors is high (Fu et al. 2009; Wu et al. 2010) and if links between cooperators are longlived (Pacheco et al. 2006a,b; Santos et al. 2006a; Fu et al. 2008, 2009; Wu et al. 2010). In addition, in dynamic networks the formation of clusters has been suggested to support cooperation (Jun & Sethi 2009; but see Hanaki et al. 2007). Other dynamic network models include the possibility for reacting conditionally to different partners, allowing the feedback between conditional behaviour and network structure to be studied (Pacheco et al. 2008). In this way, Pacheco et al. (2008) show that the prediction of breaking links to defectors may not hold. Instead it might be better to maintain links to avoid repeated exploitation by the same individual. Here, we focus on this second setting. In this way we do not constrain the solution of a social dilemma purely to network reciprocity, but study the impact of network dynamics in light of repeated interactions and the possibility of cooperating via direct reciprocity. This likely constitutes a more natural setting for humans. In our analysis, we focus on assortment (Fletcher & Doebeli 2009) and clustering (Nowak & May 1992) as these are thought to be the most important factors in the evolution of cooperation. From this perspective, we address empirically the question: does the co-evolution (in the broad sense of the word) of



cooperative or defective behaviour and network structure really make a difference? Participants play iterated PDs (see Box 1), and only for dynamic networks they have the possibility to influence their social relationships based on an active-link-breaking mechanism (Pacheco et al. 2006a,b, 2008). Thus, only in dynamic networks can an interaction arise between behaviour and the network, whereas in the static network, cooperation can only be influenced by direct reciprocity. Within this framework, we address the impact of the interaction between behaviour and network by focussing on the following. (1) In relation to theoretical work (see Perc & Szolnoki 2010), we expect rates of cooperative behaviour to be greater in dynamic than in static networks. Moreover, given that our experiment allows conditional behaviour, with respect to link breaking we assess the prediction that individuals should keep links to defectors and reciprocate defection (based on models with conditional behaviour, Pacheco et al. 2008), rather than breaking links to defectors (as predicted by models with unconditional behaviour; Fu et al. 2009; Wu et al. 2010). (2) We characterize topological changes in the dynamic network in terms of cluster formation. (3) We examine the interrelation of individual behaviour and network topology, namely whether participants, not only start to match each otherÕs behaviour within relationships (behavioural assortment), but also assort on the network into clusters (network assortment). MATERIALS AND METHODS



The participants



Box 1 The prisonerÕs dilemma



Within pairwise interactions, reciprocity has been put forward as a mechanism to maintain cooperation. The prisonerÕs dilemma (PD; Rapoport & Chammah 1965; Axelrod 1984) has been widely used to study the evolution of cooperation (for a recent review, see Doebeli & Hauert 2005). In the PD two individuals simultaneously decide whether to cooperate or to defect. If both cooperate, they each receive a reward (R). If one defects and the other cooperates, the defector gets the temptation payoff (T) and the cooperator obtains the suckerÕs payoff (S). However, if both defect, they each receive a punishment (P). Furthermore, the assumption T > R > P > S must hold (and in addition, if the game is repeated 2R > T + S). This is summarized by the payoff matrix which we applied in the experiment: C C D



0:25! 0:40!



D



!



0:10! 0:00!



If the individuals cooperate, both do better than if they both would have defected. But for a single individual it is always better to defect no matter what the opponent does. Thus, a social dilemma arises and mutual defection is the dominant outcome in a one-shot PD. However, if the PD is played repeatedly, direct reciprocity (Trivers 1971; Axelrod & Hamilton 1981; Nowak & Sigmund 1992, 1993) is a mechanism for cooperation to be evolutionary stable and supported by experimental evidence (reviewed in Dal Bo´ 2005).



We tested 200 participants who were recruited from the University of Go¨ttingen via the online recruitment system ORSEE (Greiner 2004) in fall 2009. The students (45% males and 55% females) came from various disciplines and were on average 23.0 ± 2.9 years (mean ± SD) old. Participants were ensured that their decisions were made completely anonymously towards other participants and the experimenters as well as an anonymous payment at the end of the experiment. Throughout the experiment, which lasted c. 90 min, they earned on average 17.64 € ± 4.67. The interaction took place via computers and no other form of communication was permitted. Static and dynamic network treatment



We ran two treatments: a static network and a dynamic network treatment. Each treatment included 10 sessions (randomly assigned but corrected for sequential and time effects) with 10 participants in each session. The game was played for 30 rounds; however, participants did not know the total number of rounds in order to avoid end-round effects. The static network treatment only consisted of the iterated PD and was played with fixed partners. The dynamic network treatment consisted of a PD stage as well as an active-linkbreaking stage (cf. Pacheco et al. 2006a,b, 2008; see Appendix S1 for more details). Each participant was linked to three partners and played independently with each partner. In the PD stage the participants were asked to choose between two options (called ORANGE or BLUE option). In half of the sessions orange mimicked cooperation and blue defection, in the other half the reversed pattern was used. Hence, wording like ÔcooperateÕ, ÔdefectÕ, or ÔcollaborateÕ was avoided to Ó 2011 Blackwell Publishing Ltd/CNRS
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exclude prefixed moral pressure to choose cooperation. The participants were shown the payoff matrix accordingly (see Box 1). After each PD stage the participants were shown their payoffs and the payoffs of their current partners. Thus, the participants knew their total payoff per round. However, they would not receive any information on their partnersÕ total payoffs just their partnerÕs payoff with respect to their own interaction with that partner. In the dynamic network treatment a second stage followed. The participants were asked whether they wanted to continue to play with a partner (indicated by YES or NO decisions). Afterwards, information was given to the participants whether oneÕs partners wished to continue the relationship or not. If a linked pair agreed to do so, they were also paired in the following round. If, however, at least one of them refused to keep playing, the link was broken off and both received new partners, randomly chosen from all players looking for partners at that time point. There was a chance of being linked to the same partner again, which was higher if only few players had to be re-linked. The participants were given aliases to ensure anonymity. Thus, they were able to recognize other players by aliases and when meeting a player again, the participants were in the position to recall previous interactions with this partner.
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Network topology



For both treatments we used an initial network topology in which all the players had three links. We limited the maximum number of links per player to three because it is reasonable to assume limited resources (e.g. time) for individuals. In the initial network two linked players never share a partner (i.e. there are no clusters) nor does a player have two partners who share another partner (see Fig. 1a). The network remained the same in the static network treatment. The dynamic network treatment started with this initial network, but from thereon links would be determined according to the activelink-breaking stage (see Fig. 1b). The initial position of participants, i.e. the node in the network, was randomly assigned. Moreover, at no point in time did participants have any knowledge of the overall network topology. Statistical analyses



For statistical analyses SPSS 17.0.3 and R 2.10.1 were used. Probabilities are reported as two tailed and a 5% level of significance is used. Furthermore, analyses were done on the group level, except in the case of the generalized linear mixed models where session effects are considered in terms of random factors. In addition, we developed an agent-based model and ran simulations to assess emergent properties in the dynamic networks.



RESULTS



ParticipantsÕ game behaviour



Our primary result is that the average cooperation level was significantly greater in dynamic than static networks (see Fig. 2; Mann–Whitney U-test: U = 4, n1,2 = 10, P < 0.001; for further analyses see Appendix S2). A difference was already present in the very first round of the PD (average cooperation level, dynamic network treatment: 59.67 ± 9.36%; static network treatment: 48.33 ± 8.64%; Mann–Whitney U-test: U = 21, n1,2 = 10, P < 0.05). Ó 2011 Blackwell Publishing Ltd/CNRS
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Figure 1 Network topology. Circles represent individuals and lines are links between individuals (i.e. connections between individuals that play iterated prisonerÕs dilemmas). There are 15 links in total. (a) Graph of the static network treatment and initial configuration of the dynamic network treatment. (b) Example of active-link breaking in the dynamic network treatment (grey dotted lines: former links; bold triangle: cluster).



In terms of link breaking, we find that participants, irrespective whether they were more cooperative or defective, broke links to defectors, and hence newly established links lasted longer when both participants were cooperative. Although the average break rate of links was 22.90 ± 8.76%, we observed a significant decrease of link breaking over rounds [comparing average link-breaking rates in the first (50.67 ± 8.43%) and last round (10.67 ± 13.16%); Wilcoxon sign-rank test: T = 0, n = 10, P < 0.01]. We used a generalized linear mixed effect model to model the participantÕs decision to break a link as a function of his or her partnerÕs decision in the PD stage: we included session as well as participant identity nested within sessions as random factors; we assumed binomial-distributed errors; possible time effects were disregarded with all 30 rounds weighted equally. The model revealed a significant impact on the participantÕs decision to cut the link when his or her partner defected in the previous PD round (b = 3.47, SE = 0.10, P < 0.001; see also Fig. S6 in Appendix S2). Finally, we find that if participants met a new partner the link duration was significantly longer if both players cooperated in the first
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Figure 2 Average cooperation levels (± SD) of 30 rounds of prisonerÕs dilemmas



played either with fixed partners on a static network or with possibly changing partners through an active-linking-breaking mechanism on a dynamic network (Mann–Whitney U-test: U = 4, n1,2 = 10, P < 0.001).
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clusters that are beyond the pair level (i.e. we cannot distinguish between behavioural and network assortment at the pair level). Moreover, we needed to use a clustering measure that is independent of cooperative behaviour measures. In this way we could relate cooperation and clustering and reveal assortment of cooperators into clusters.
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Clustering in the dynamic networks We find a greater degree of clustering in the dynamic networks than would be expected at random. To determine this, we devised a clustering score to capture the degree to which individuals were clustered into ÔcliquesÕ (i.e. clusters, where Ôyour friends are each others friendsÕ; from here on ÔFriends of FriendsÕ or FoF) and how stable this is over time (see Appendix S3 for details). Next, we compared whether the average FoF score achieved in the experimental sessions (11.01 ± 4.24) differed from the FoF score under random link breaking. To generate an expectation for ÔrandomÕ network clustering, we developed an agent-based model in which links where broken randomly (i.e. not conditional on the partnerÕs decision in the PD). We ran agent-based simulations based on our experimental sessions (where we used round specific breaking rates measured in the experiment, which accounted for the effect that breaking rates decreased over time; see Appendix S3). We then compared the FoF mean from the experiment to the distribution of FoF scores from the simulations. The FoF mean from the experiment was beyond the top 5% of the distribution of FoF-means obtained from random link breaking (11.01 > 5% threshold of 7.92), demonstrating that the dynamic networks in the experiment indeed became significantly more clustered than would be expected for random link breaking.
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Figure 3 Duration of links in the dynamic network treatment. Bars represent average duration of links (± SD) when paired participants could decide to cooperate, C, or defect, D, in their first prisonerÕs dilemma round. Accordingly, they either form a CC link, a CD link (DC link, respectively), or a DD link (Sign test; CC link vs. CD link: n = 10, P < 0.01; CC link vs. DD link: n = 10, P < 0.01; CD link vs. DD link: n = 10, P = 0.11).



Interrelation between game behaviour and network topology When analysing participantsÕ behaviour in the PD in relation to the cluster formation, we found that it was cooperative participants in particular, who ended up in clusters (for details on the cluster score see Appendix S3). We assigned participants ÔcooperationÕ scores by giving them one positive point for every cooperative move towards any partner and one negative point for every defection (theoretically taking values from )90 to 90). ParticipantsÕ average ÔcooperationÕ score was 39.36 ± 43.46 (range: )78–90). We used a generalized linear mix effect model, in which we included sessions as random factors and assumed Poisson-distributed errors, to model cluster scores as a function of the participantsÕ ÔcooperationÕ scores. We find that the higher the participantsÕ ÔcooperationÕ scores the higher their cluster scores were (intercept = 1.96, SE = 0.16, P < 0.001; b = 0.0076, SE = 0.0008, P < 0.001). DISCUSSION



round of a new link than if either of them defected in that round (see Fig. 3; sign test, CC link vs. CD link: n = 10, P < 0.01; CC link vs. DD link: n = 10, P < 0.01). The link duration did not differ significantly when one of them defected from when both defected (sign test: n = 10, P = 0.11). Assortment on the dynamic networks



To reveal network assortment on top of behavioural assortment within links (cf. the static network treatment with an average cooperation level of 48%), we needed to show assortment into



In this study we show that for human participants cooperating on social networks, the interrelatedness of behaviour and network structure matters. The level of cooperation in the iterated prisonerÕs dilemma was significantly increased on dynamic networks relative to static networks. Thus, relative to reciprocity in static relationships, the ability to change partners enhances cooperation. Theory predicts two possible link-breaking behaviours: (i) keeping links to defectors to keep track of them in a model with conditional PD strategies (Pacheco et al. 2008), and (ii) breaking links to defectors, mainly for models with unconditional PD strategies (Fu et al. 2009; Wu et al. 2010). We find that although our experiment allows Ó 2011 Blackwell Publishing Ltd/CNRS
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conditional behaviour, our link-breaking results more closely match the predictions of unconditional models. Participants broke links to partners who defected much more likely than to partners who cooperated. Hence, links with two cooperative participants lasted much longer on average. Thus, our results provide experimental evidence for general conditions established in dynamic network models (Pacheco et al. 2006a,b; Santos et al. 2006a; Fu et al. 2009; Wu et al. 2010). The most likely reason that our results do not match the prediction of Ôkeeping links to defectorsÕ is that in our experimental setting the number of links per individual was limited, in contrast to Pacheco et al. (2008). Thus in our experiment maintaining links to defectors implies a loss of opportunity to be connected to a more cooperative player. It is likely that such opportunity limitations play an important role in structuring the payoffs of behavioural choices in natural settings. The link breaking in relation to the PD is crucial for network dynamics, because it generates the interaction between behaviour and the network structure. In our experiment, we find that the more cooperative a participant is the greater its cluster score is likely to be. This happens because cooperative links are maintained while links with defectors are broken. Through random re-linking, eventually two cooperative participants are linked and thus became assorted. In fact the assortment occurred in the form of Ôcooperative cliquesÕ, which means that individuals over time become linked to the Ôfriends of their friendsÕ. Thus the link breaking and link keeping feeds back on the network structure and thereby defines the social ecology in which individuals find themselves. As a consequence, social structures are generated in which behaviour and network positions are interdependent. The formation of cooperative clusters is remarkable if one considers that (i) it requires the appropriate type of link-breaking behaviour (see theoretical prediction for keeping links to defectors), (ii) a participant could also assort behaviourally through direct reciprocity (see cooperative outcome in the static networks) and (iii) our participants could never at any moment observe who the neighbours of their neighbours were. Thus, even if people use higher cognitive reasoning within the PD games, such reasoning would not include information on assortment and clustering because these processes occurred beyond the perception of participants. We can therefore only understand the formation of Ôcooperative cliquesÕ in terms of a selforganized assortment process generated by the interaction between PD behaviour and link-breaking decisions. The cooperation-enhancing effect of the interaction between behaviour and network structure possibly works at multiple levels. At the behavioural level, we can see that cooperation already increases in the first round. Whether this is because of Ôa threat of link breakingÕ, Ôthe possibility to get rid of defectorsÕ, or Ôthe possibility to stay with like-minded partnersÕ is beyond the scope of this experiment to determine. On the network level, we observe the assortment processes, which allowed cooperative participants to find each other and form clusters. Whether the formation of these Ôcooperative cliquesÕ then enhances cooperation on top of the assortment in general (i.e. assortment does not necessarily imply cliques) is impossible to disentangle here. Theoretical work done on static graphs indicates that with clustering, higher levels of cooperation can be reached (Santos et al. 2006b). Here we cannot tease apart these different levels of explanations because they are all integrated within the same process. Future work will have to determine how these processes interact in more detail. Ó 2011 Blackwell Publishing Ltd/CNRS
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Our results could explain why experiments conducted on spatially structured and non-structured static networks have not found a cooperation-enhancing effect of network structures (Cassar 2007; Kirchkamp & Nagel 2007; Grujic´ et al. 2010; Traulsen et al. 2010). In our dynamic network treatment, the structure is generated by behaviour of participants, and the participantÕs position in the network then stands in relation to his or her behavioural tendencies. Hence, the fact that previous experiments impose a network structure may play a role. In such static networks, an individualÕs position on the network and its behavioural traits do not necessarily have a meaningful relationship and network assortment does not occur. A possible explanation is that people do not simply imitate each other, which is a mechanism that allows assortment in models with static networks (Ohtsuki et al. 2006). Another difference is that in our experiment, we do not use the scenario often used in evolutionary game theory on networks (but see Pacheco et al. 2008; Do et al. 2010) that social interaction decisions are fixed across all links: one has to play the same with all oneÕs partners, which creates a harsher social dilemma. This was the set-up used in the experimental studies of cooperation on static networks (Cassar 2007; Kirchkamp & Nagel 2007; Grujic´ et al. 2010; Traulsen et al. 2010). Our result of a cooperation-enhancing effect of network structure is therefore specific for a reciprocal setting. However, given our, and theoretical results (Perc & Szolnoki 2010) we would predict that even if we used the Ôone strategy to all partnersÕ scenario, it is likely only to find cooperation-enhancing effects of network structure in experiments with humans on networks with dynamism. In conclusion, we emphasize that the interaction between behaviour and network structure can significantly increase the level of cooperative behaviour in human social networks beyond that of direct reciprocity by itself. Crucial is the biased link breaking, which defines the interaction between behaviour and network. We show that even when individuals could establish cooperation via direct reciprocity (behavioural assortment), there is assortment of individuals on the social network. Such assorted social environments are similar to those suggested to be important for the evolution of cooperation (Nowak & May 1992; Fletcher & Doebeli 2009; Jun & Sethi 2009). Thus, our results strongly support theory that includes co-evolutionary processes and their cooperation-enhancing effects. This fits in a larger tendency to give ecological interactions and feedback, and the selforganizing processes and emergent properties they generate, a more central role in our attempts to understand evolution (e.g. Boerlijst & Hogeweg 1991; Lion & van Baalen 2008; Nowak et al. 2010), in particular that of cooperative behaviour (Fewell 2003; Hauert et al. 2006). In addition, our findings may provide a new perspective with which to analyse the vast amount of observational data on cooperative behaviour in social animals and also other behavioural traits that coevolve with network structures and thereby show an ecological interdependence. ACKNOWLEDGEMENTS
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