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Abstract



1



2



Reciprocity is characterized by individuals actively making it beneficial for others to



3



cooperate by responding to them. This makes it a particularly powerful generator of



4



mutual interest, because the benefits accrued by an individual can be redistributed to



5



another. However, reciprocity is a composite biological function, entailing at least two



6



sub-functions: (i) a behavioral ability to provide fitness benefits to others and (ii) a



7



cognitive ability to evaluate the benefits received from others. For reciprocity to evolve,



8



these two sub-functions must appear together, which raises an evolutionary problem of



9



bootstrapping. In this article, I develop mathematical models to study the necessary



10



conditions for the gradual emergence of reciprocity in spite of this bootstrapping problem.



11



I show that the evolution of reciprocity entails three conditions. First, there must be some



12



variability in behavior. Second, cooperation must pre-evolve for reasons independent of



13



reciprocity. Third, and most significantly, selection favors conditional cooperation only



14



if the cooperation expressed by others is already conditional, i.e. if some reciprocity is



15



already present in the first place. In the discussion, I show that these three conditions help



16



explain the specific features of the instances in which reciprocity does occur in the wild.



17



For instance, it accounts for the role of spatial symmetry (as in ungulate allo-grooming),



18



for the importance of synergistic benefits (as in nuptial gifts), for the facilitating role of



19



collective actions (as in many instances of human cooperation), and for the potential role



20



of kinship (as in primate grooming).



2



1



1



Introduction



2



Many cooperative traits, particularly, though not only, in humans, are expressed toward non-



3



genetically related partners, in which case they must be mutualistic (West et al., 2007b). A



4



potentially important mechanism by which two individuals can mutually benefit from helping



5



each other is reciprocity (Trivers, 1971), which, taken in a broad sense, characterizes a variety of



6



mechanisms of social feedback, including the reciprocal exchange of episodes of help among two



7



partners (called direct reciprocity), the e↵ect of reputation in partner choice, and punishment



8



(also called negative reciprocity). However, reciprocity is also the subject of an evolutionary



9



puzzle: a discrepancy between theoretical predictions and empirical observations. On one



10



hand, evolutionary models show that reciprocity can evolve relatively easily provided there are



11



repeated encounters between players (Axelrod and Hamilton, 1981, and see also e.g. Nowak



12



and Sigmund, 1993, 1992; Roberts and Sherratt, 1998; Lehmann and Keller, 2006; Andr´e and



13



Day, 2007). On the other hand, empirically, relatively few instances of reciprocity have been



14



clearly demonstrated in non-human animals, and the interpretation of empirical observations



15



is subject to intense debates (Connor, 1986, 1995a,b; Hammerstein, 2003; West et al., 2007a;



16



Bergmuller et al., 2007; Clutton-Brock, 2009; Leimar and Hammerstein, 2010).



17



In a recent paper, I suggested that one possible reason for the relative rarity of reciprocity is



18



that it raises an evolutionary problem of “bootstrapping”, which makes it very unlikely to evolve



3



1



away from defection (Andr´e, 2014). It has long been known that the evolution of reciprocity



2



poses a specific problem due to the fact that it is adaptive to cooperate reciprocally only when



3



a sufficient frequency of other individuals in the population also do so. Hence, the evolutionary



4



emergence of reciprocity requires the crossing of an invasion barrier. Theorists, however, have



5



given the impression that this barrier could be crossed relatively easily through genetic drift



6



and/or large mutation rates (Nowak and Sigmund, 1992, 1993, 1994, 1995; Hauert and Schuster,



7



1997; Brauchli et al., 1999; Hauert and Stenull, 2002; Nowak et al., 2004; McNamara et al., 2004;



8



Imhof et al., 2006; Kandori et al., 2009; Imhof and Nowak, 2010). Yet, this solution entails a very



9



strong, albeit generally unacknowledged, mechanistic assumption: that reciprocal cooperation



10



is a simple biological function, able to emerge out of defection through a single (or very few)



11



random mutations that can then drift neutrally, eventually crossing the invasion barrier. In



12



reality, however, there is no reason why this should be the case. Quite to the contrary, the ability



13



to cooperate reciprocally, like any biological function (see Orr, 2005 for a review), is likely to be



14



a composite trait entailing several adaptive mutations (see Stevens and Hauser, 2004; Stevens



15



et al., 2005). In particular, reciprocity entails at least two di↵erent functions: (i) the behavioral



16



ability to provide benefits to others (i.e. to help) and (ii) the cognitive ability to detect (and



17



respond to) the benefits provided by others. In evolution, composite functions are normally



18



shaped by the enduring e↵ect of natural selection, which allows the accumulation of adaptive



19



mutations. In the case of reciprocity, however, except under specific biological conditions (see



4



1



below) this gradual accumulation is impossible, since the selective pressure favoring reciprocity



2



is only present once reciprocity is in place. As a result, in contrast to other composite functions,



3



the ability to reciprocate cannot build up gradually. It would need to arise by chance (i.e. by



4



the occurrence of just the right mutations), and then to become favored by selection. Andr´e



5



(2014) showed that this is highly unlikely.



6



This suggestion leads to the opposite puzzle, however, which is the subject of the present



7



paper. Reciprocal cooperation does probably exist in a number of cases (see Raihani and



8



Bshary, 2011 for a review), and there is no doubt of its existence in humans. Moreover,



9



considering cooperation evolved by partner choice as a form of reciprocity in a large sense,



10



it can even be argued that reciprocity is not, really, so rare as partner choice is probably taking



11



place in many interactions in nature (see No¨e et al., 2001). Hence, reciprocal cooperation must



12



sometimes be able to evolve, in spite of the fact that it generally raises a bootstrapping problem.



13



The aim of the present article is to characterize, with the help of mathematical models, the



14



biological conditions that facilitate this evolution. Beyond explaining the rarity of reciprocity



15



per se (which can always be debated as “rarity” is a relative concept), this analysis will prove



16



useful in explaining the precise form that reciprocity takes in extant species.



17



Theorists have already attempted to model the gradual evolution of reciprocal cooperation



18



under the assumption that it requires the accumulation of several mutations (Lehmann and



19



Keller, 2006; Andr´e and Day, 2007; Ak¸cay et al., 2009). But in doing so they have made 5



1



assumptions that facilitate the task and undermine their generality. In Ak¸cay et al. (2009),



2



a single quantitative trait called “other-regarding preferences” is assumed to cause both (i)



3



cooperation in general and (ii) the ability to respond to a partner’s cooperation. Lehmann



4



and Keller (2006) consider two heritable traits, but these two traits are (i) the tendency to



5



cooperate in the first round of an interaction and (ii) responsiveness to a partner’s cooperation



6



in all subsequent rounds; hence, in all rounds except the first, cooperating and responding to



7



a partner are caused by the same genetic trait. In both of these cases (Lehmann and Keller,



8



2006, and Ak¸cay et al., 2009), therefore, specific mechanistic assumptions entail the selection



9



for reciprocity as an automatic byproduct of selection for constitutive cooperation. In Andr´e



10



and Day (2007), we did not assume particularly facilitating mechanisms of this sort, but we



11



found that selection for responsive cooperation was only a second-order force, which played a



12



significant role only because we assumed the absence of first-order e↵ects (e.g. the slightest



13



cognitive cost of conditionality would have prevented the evolution of reciprocity in our model).



14



All of these assumptions indeed facilitate the evolution of reciprocity, but have no reason to be



15



general.



16



The present paper will aim at accounting for the gradual emergence of reciprocal cooperation



17



under more general assumptions. Because the evolution of reciprocity poses a bootstrapping



18



problem, it depends crucially on assumptions regarding the biological mechanisms underlying



19



social behavior (note that Ak¸cay et al., 2009 already observed the importance of mechanisms in



6



1



the evolution of reciprocity). The problem, however, is that all possible mechanistic assumptions



2



cannot be considered in a single model. It is therefore tempting to conclude that the evolution



3



of reciprocity is a case-by-case issue with no general principles. One of the outcomes of the



4



present paper, however, will be to show that this is not true, and that one can identify general



5



properties of biological situations that may facilitate the emergence of reciprocity.



6



I will first develop a general model aimed at measuring the selective pressure acting respec-



7



tively on the two ingredients of reciprocal cooperation: the ability to cooperate, and the ability



8



to condition one’s cooperation on others’. I will then consider two forms of social interactions,



9



either under the assumption that cooperation is all-or-nothing (but probabilistic) or under the



10



assumption that cooperation can take on a range of values, but always assuming weak selection.



11



I will show that the same result holds in all cases: namely, that the evolution of reciprocity



12



requires that some form of conditional cooperation pre-exists for an independent reason. I



13



will then discuss the major mechanisms that can play such a triggering role and show, through



14



examples, that they do account for the forms that reciprocal cooperation takes in extant species.



15



2



16



To disentangle the various selective pressures acting on reciprocal cooperation, I will first de-



17



velop a general argument (an even more general version of the same argument is exposed in



A general model



7



1



Supporting Information, section 1). Consider an interaction between two individuals, lasting



2



for any length of time. The interaction is made up of a succession of rounds, each consisting



3



of the simultaneous expression of various amounts of cooperation by both partners. Note that



4



cooperation may consist either in expressing a helping action or in refraining from a harming



5



action. In both cases, it entails a personal cost for the actor (at least temporarily) and a benefit



6



for the recipient.



7



Consider a trait z a↵ecting the social strategy played by individuals in an unspecified way



8



(a list of parameters for this model is presented in Table 1). I consider a focal player with trait



9



z• , with a partner with trait z0 . For the sake of simplicity, the e↵ect of genetic relatedness is



10



not considered in the main text (but see SI, section 2). Moreover, because I am looking at the



11



first-order e↵ect of small variations of z, I only measure the direction of selection on z stemming



12



from its unitary e↵ect in a single round, arbitrarily called round 0.



13



In round 0, the two individuals have information about the history of their interaction, i.e.



14



the series of cooperative decisions made by each individual in the past. The direction of selection



15



on z may depend on its e↵ect after various such histories (e.g. z may stipulate to cooperate



16



more after the partner has been generous but less otherwise). Hence, to measure the selection



17



on z we must average its e↵ect on all possible histories. Let us label any given history of the



18



interaction before round 0 as ⌘, chosen from a random vector (a multivariate random variable)



19



of unspecified distribution H, which represents the distribution of all possible histories of an 8



1



interaction before round 0. The amount of cooperation expressed by the focal individual in round 0 after ⌘ is called h0• , and the total amount of cooperation expressed by the focal individual and its partner from round 0 (included) until the end of the interaction are called hT• and hT0 . The focal individual’s fecundity is then assumed to be a linear function of cooperation, given by F• = bhT0



chT• ,



where b and c are respectively the unitary benefit and cost of cooperation. The marginal e↵ect of z on fecundity after history ⌘ is then written as @F• /@z• = b@hT0 /@z•



c@hT• /@z• . From the



chain rule, this yields: @F• @hT @h0 = b 00 • @z• @h• @z•



c



@hT• @h0• @h0• @z•



(1)



2



We now need to consider the fact that the eventual e↵ect of the trait z on the focal’s fecundity



3



depends on the e↵ect of z in many di↵erent contexts, i.e. after many possible histories. Hence,



4



we need to average the above equation over the distribution H of all possible histories before



5



0. For any property x of the interaction, call E[x] the expectation of x over H.



6



Let me now define



⌘ @h0• /@z• as the marginal e↵ect of z on one’s own amount of coop-



7



eration expressed in round 0; hence E[ ] represents the average e↵ect of z on cooperation in



8



round 0. Let me also define ⇢ ⌘ @hT0 /@h0• as the partner’s total responsiveness to the amount



9



of cooperation expressed by the focal in round 0, and



10



⌘ @hT• /@h0• as the focal individual’s



total “responsiveness” to his own amount of cooperation in round 0.



9



From equation (1), averaged over the distribution H of all possible histories, the direction of selection on z is then proportional to a selection gradient S ⌘ E[ (b⇢ S = E[ ] · E[b⇢



c ] + b · Cov( , ⇢)



c )], which becomes:



c · Cov( , )



(2)



1



Equation (2) has three terms with interesting interpretations. The first term, E[ ]·E[b⇢ c ],



2



measures the direction of selection on the expected amount of cooperation (i.e. the e↵ect of



3



having E[ ] > 0), which is positive if the overall e↵ect of increased cooperation is positive.



4



The second and third terms of equation (2), b · Cov( , ⇢)



5



of improving the conditionality of cooperation per se, independently of its expected level. The



6



second term measures the e↵ect of conditionality on the social benefit of cooperation, whereas



7



the third measures the e↵ect of conditionality on its individual cost.



c · Cov( , ), measure the benefit



8



To understand intuitively, assume that z a↵ects the circumstances under which one cooper-



9



ates in round 0 (e.g. one cooperates more with partners who have been highly cooperative in the



10



past, but less with others), but not one’s average cooperativeness (hence E[ ] = 0), and assume



11



further that the individual cost of cooperation is independent of circumstances (Cov( , ) = 0).



12



In this case, z can be favored if Cov( , ⇢) > 0, i.e. if it stipulates to cooperate more ( > 0) at



13



histories after which it turns out that the partner will respond more positively to cooperation



14



(i.e. in circumstances in which ⇢ happens to be large). In other words, z can be favored if



15



it stipulates to cooperate more (less), not only with more (less) generous partners but, more 10



1



precisely, with more (less) responsive partners, because cooperation is more (less) worthwhile



2



with them. In SI, I show that the same principle holds also in a more complex framework



3



in which individuals can choose to allocate their cooperative e↵ort to various partners (i.e.



4



“partner choice” is possible).



5



The bottom line of this general argument is that selection for responsiveness per se is only



6



positive if partners already respond more or less generously to cooperation because, then, each



7



unit of investment spent with them is more or less profitable, and it makes sense to adapt one’s



8



own level of cooperation to theirs. Hence, the evolution of responsiveness depends on the pre-



9



existence of responsiveness. In what follows, we will see that this has important consequences



10



for our understanding of the origin of reciprocal cooperation.



11



3



12



In order to better understand the joint evolution of cooperation and conditionality, I will now



13



look at more specific models in which the mechanistic e↵ects of individuals’ strategies are



14



considered explicitly. The notation that follows is entirely independent of the general argument



15



above (a list of parameters for this second model is presented in Table 2).



Mechanistic models



Consider a pair-wise quantitative social interaction in which each partner i invests a total amount hi into helping the other. I will later consider the fact that hi may be causally deter11



mined by microscopic behavioral traits expressed by each partner in various ways but, for now, I treat this point at a general level. After an interaction in which a focal individual cooperates a total amount h• and the partner a total amount h0 , I assume that the social payo↵ gained by the focal individual is P (h• , h0 ) = ah• + bh0



c (h• )2



(3)



1



In this equation, ah• represents the “automatic” individual benefit of helping which accrues



2



to the helper owing to common interest with the helpee, bh0 represents the social benefit



3



of receiving help, and c (h• )2 is the cost of helping, which increases more than linearly with



4



investment, thereby leading to an optimal intermediate level of investment.



5



3.1



Microscopic traits



Based on the framework described above, I will consider two di↵erent models of interaction, in which the amount of helping expressed by each partner is determined by microscopic behavioral traits. I present only the first of these models in the main text, the other model is presented only in the SI (section 6). For now, in order to remain general, I consider that each individual is characterized by a vector ⌧ = {⌧ i , i 2 J1, nK} of n microscopic traits. Hence, the total amount of helping o↵ered by a focal player in an interaction with a partner is h(⌧ • , ⌧ 0 ), where ⌧ • and



⌧ 0 represent the vector of microscopic traits of the focal individual and the partner respectively.



12



The focal individual’s fecundity is then F (⌧ • , ⌧ 0 ) = P (h• , h0 )



K(⌧ • )



(4)



1



where P (h• , h0 ) is the social payo↵ as given by equation (3) with h• = h(⌧ • , ⌧ 0 ) and h0 =



2



h(⌧ 0 , ⌧ • ), and K(⌧ ) measures the physiological cost of the strategy ⌧ . This cost is included



3



to take into account the fact that conditional strategies are likely to be more costly than



4



constitutive ones.



5



3.2



6



As the general model has helped clarify (section 2 above), selective pressures in favor of con-



7



ditionality stem from the presence of some variability in partners’ behavior (see McNamara



8



and Leimar, 2010 for a review of this idea). However, introducing such variability in a model



9



can easily make it intractable. A first possibility would be to consider higher-order e↵ects of



10



genetic variance and thus abandon the weak selection assumption, but this would complicate



11



dramatically the analysis and require the extensive use of simulations (e.g. as in McNamara



12



et al., 2008). This would not allow clear disentanglement of the selective forces at work.



Introducing variability in a simple way



13



Therefore, in order to capture the e↵ect of variability in the simplest possible way, I consider



14



the e↵ect of phenotypic, rather than genotypic, variance in the expression of microscopic traits.



15



I consider the fact that, for unspecified reasons, one’s partner may vary in the expression of 13



1



underlying genetic traits, throughout the course of an interaction. The biological idea behind



2



this approach is that each individual is characterized by a non-heritable state variable repre-



3



senting, for instance, the payo↵ received from cooperating (see Leimar, 1997; Andr´e, 2010) and



4



responds plastically, in social behavior, to the value of this state variable. Hence, the variability



5



of the state variable yields variability in social behavior. However, to keep things as simple as



6



possible, I do not consider such a state variable explicitly in the main text (but see SI section 4).



7



I simply assume that, in any given interaction, an individual with genetic value ⌧ consistently



8



expresses a slightly modified vector of traits: ⌧ +



9



vector of values sampled into n independent centered random variables. In this way, the past



10



behavior of the partner contains some information on the partner’s actual level of expression of



11



social traits, information that may be worth responding to.



instead, where



= { i , i 2 J1, nK} is a



12



In principle, however, when deriving the fitness of an individual, the fact that the individ-



13



ual’s own phenotypic traits may stochastically vary around his genetic value should also be



14



considered. As a result, selection could favor responding to a partner because its behavior indi-



15



rectly conveys some information on the expression of one’s own phenotypic traits. This would



16



be an odd, artifactual consequence of the model. For this reason, in the derivation of a focal



17



individual’s fitness I assume that individuals have the ability to perfectly control the expres-



18



sion of their own social strategy, and I only consider the e↵ect of a variability of the partner’s



19



behavior. The rationale behind this assumption is, again, in line with the idea that individuals



14



1



are characterized by an underlying state variable. If behavioral variability is the consequence



2



of the variability of such a state variable, then the focal individual will respond directly to his



3



state variable, and not to a partner’s behavior as an indirect source of information on it.



4



As a complementary analysis, however, in the SI (section 4), I develop an explicit model



5



in which individuals are characterized by an underlying state variable and can both respond



6



plastically to this variable and/or respond to their partner’s behavior. This more complex



7



model yields the same results as the simple model presented here, which allows a better insight



8



into the selective pressures at work.



9



With such phenotypic variance in the partner’s behavior, the focal individual’s fecundity is



10



now F (⌧ • , ⌧ 0 +



11



order in each



12



phenotypic deviations, the focal individual’s expected fecundity F˜ (⌧ • , ⌧ 0 ) is given by



i 0.



0 ).



Assuming that the noise is small, this expression can be written to second



Writing E[·] for the expectation of a random variable over the distribution of



F˜ (⌧ • , ⌧ 0 ) = E[F (⌧ • , ⌧ 0 + F (⌧ • , ⌧ 0 ) +



X i



2 i



2



0 )]



@ 2 F (⌧ • , ⌧ 0 ) @⌧0i



2



= +



X



(5) o(



2 i)



i



2



13



where @ 2 F (⌧ • , ⌧ 0 )/@⌧0i is the partial derivative of the focal individual’s fitness function with



14



respect to the ith microscopic trait of the partner, evaluated at the expected value of all



15



microscopic traits, and



2 i



represents the variance due to noise in the expression of the ith 15



1



microscopic trait of the partner. To first order in genetic variance, the linkage disequilibrium



2



between microscopic traits can be neglected, as it yields second order e↵ects. The e↵ect of genetic relatedness also needs to be considered. In this regard, and to remain as simple as possible, the model assumes that competition is homogeneous in the global population (i.e. there is no di↵erence in amounts of competition with kin and with non-kin), and that relatedness between social partners is generated by an unspecified assortment process. Hence, the direction of selection on each microscopic trait ⌧ i is simply given by the sign of Si =



@ F˜ (⌧ • , ⌧ 0 ) @ F˜ (⌧ • , ⌧ 0 ) + R @⌧•i @⌧0i



(6)



3



where R is the genetic relatedness between social partners as measured on neutral loci (Rousset,



4



2004).



5



3.3



6



The above model is quite general and could apply to many forms of social interaction between



7



two partners. I now specify the nature of the microscopic traits, and the way they control



8



the behavior of players in social interactions. Here, I describe one model adapted from Andr´e



9



(2014). I present an alternative model in the SI (section 6), with essentially identical results.



Microscopic models



Individuals are haploid and characterized by two heritable microscopic traits: their cooperativeness



and their degree of conditionality ⇢. Conditional abilities carry a physiological 16



cost k ⇥ ⇢. Cooperation in each round is 0 or 1, probabilistically (see SI section 6 for a di↵erent assumption). Consider an interaction between a focal individual with traits ( • , ⇢• ) and a partner with traits ( 0 , ⇢0 ). After the partner has cooperated in the preceding round, the focal individual has a probability



•



of cooperating. After the partner has defected in the preceding



round, the focal has a probability



• (1



⇢• ) of cooperating. Hence, each individual’s probability



of cooperating in a given round can be calculated, round after round, by recurrence. Assuming that both partners always cooperate in the first round, and assuming that the interaction lasts for an infinite length of time, such that the initial non-stationary rounds can be neglected, it can be shown that the total amount of helping o↵ered by the focal individual is proportional to h( • , ⇢• ,



0 , ⇢0 )



=



• [1



⇢• (1 1



0 (1



⇢0 ))]



(7)



• 0 ⇢• ⇢0



1



which is valid provided cooperativeness remains lower than or equal to 1 (i.e.



2



conditionality remains strictly lower than 1 (i.e. ⇢ 2 [0, 1[).



2 [0, 1]) and



3



In this model, the variances of both variables ( and ⇢) turn out to play essentially the



4



same role (this is not the case in the alternative model presented in SI). Hence, for simplicity,



5



I assume that only



6



selection on both traits is then found by applying equation (6).



is subject to stochastic variability, with variance



17



2



. The direction of



1



4



Results



2



4.1



3



In the absence of phenotypic variability (



4



(k = 0), simple algebra shows that the direction of selection on ⇢ can always be expressed



5



as S⇢ =



6



expression, not shown). Hence, the joint ESS condition on both variables reduces to a single



7



condition. This degeneracy (already observed in di↵erent models by Lehmann and Keller,



8



2006; Andr´e and Day, 2007; Ak¸cay et al., 2009) is a symptom of the fact that, in the absence



9



of behavioral variability in partners, there is no selective pressure acting on conditionality per



10



se (conditionality may, at best, evolve neutrally by genetic drift). Conditionality is selected



11



for only via its e↵ect on the level of cooperation eventually reached. Cooperativeness and



12



conditionality are hence two microscopic traits controlling a single macroscopic outcome, and



13



an infinite number of pairs of traits ( , ⇢) can thus be evolutionarily stable. This can also



14



be observed by plotting the selection gradients acting on



15



For instance, when ⇢ = 0, then the corresponding evolutionarily stable cooperativeness is



16



(a + bR) /2c, which is typically low if genetic relatedness R and common interest a are both



17



low. In contrast, the maximal level of cooperativeness ( = 1) can also be evolutionarily stable



18



if ⇢ is above a certain threshold (calculable, but not shown).



Degeneracy of the ESS condition



(1



) S /(1



2



= 0) and when the cost of conditionality is nil



⇢), where S is the direction of selection on



18



(a cumbersome



and ⇢ as a vector field (Fig. 1a).



1



Things are di↵erent when first-order selective pressures acting specifically on conditionality



2



are taken into account. In Andr´e and Day (2007), we did not consider such selective pressures,



3



and so only second-order e↵ects mattered. Here, I consider the e↵ect of two selective forces



4



acting on conditionality. The first, the cost of conditionality, acts against conditionality. The



5



second, the existence of variability in the partner’s behavior, may act in favor of conditionality.



6



The two are introduced one after the other.



7



4.2



8



With k > 0, selection upon conditionality can now be written S⇢ =



9



where S is the direction of selection on . Hence, selection on ⇢ is always strictly negative



The cost of conditionality k



(1



) S /(1



⇢),



10



when cooperativeness is under positive selection or is evolutionarily stable (i.e. when S



11



Hence, responsiveness cannot be positive at ESS. This can be observed more fully by plotting



12



selection gradients as a vector field (Fig. 1b). In the absence of variability, there is no point in



13



responding to the partner’s behavior, since it is not subject to any uncertainty. Hence, as long



14



as conditionality has a cost, constitutive cooperation is always favored.
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0).



1



4.3



2



Let us now consider the e↵ect of introducing some variability in the partner’s behavior (i.e.



3



2



Phenotypic variability



> 0).



4



4.3.1



Conditionality cannot rise from zero



5



In the initial absence of conditionality (⇢ = 0), selection on ⇢ is always S⇢ =



6



Hence, when the population is initially seeded with pure defectors and cooperation rises (i.e.



7



S



8



This can also be observed by plotting the selection gradients as a vector field (Figs. 1d). Note



9



that ⇢ may rise by selection if the population is initially seeded with a very high



k



(1



)S .



0), selection is always negative on ⇢, i.e. conditionality in cooperation cannot be favored.



, which



10



then needs to decrease by selection (S < 0). In this case, conditionality happens to reduce



11



cooperation, and is favored only for this reason (these kinds of by-product e↵ects are discussed



12



in more detail in the alternative microscopic model, see SI section 6.1).



13



4.3.2



But conditionality has an autocatalytic e↵ect



Things are di↵erent if some conditionality is initially present for an unspecified reason (i.e. if ⇢ > 0, see Fig. 1c and 1d). Mathematically, the direction of selection on ⇢ when ⇢ > 0 can be



20



expressed as: S⇢ =



k



(1 ) S + 1 ⇢



2



⇢ ⇥ Q + o( 2 )



(8)



1



where Q is a cumbersome expression shown in SI (section 3), which is defined (and thus finite)



2



when



3



formal analysis of this expression was performed). Hence, equation (8) shows that, in the course



4



of the evolution of cooperation (i.e. when S



5



only provided some conditional cooperation is present in the first place (i.e. if ⇢ is above



6



a given threshold). A better understanding of evolution can then be achieved by looking at



7



selection gradients (Fig. 1c and 1d). These confirm that conditionality cannot rise from zero.



8



Once ⇢ crosses a threshold, however, it starts to increase by selection, which tends to favor even



9



more conditionality, leading to an evolutionary runaway up to complete reciprocation (⇢ ⇡ 1).



10



To complete the analysis, it is possible to evaluate the selection gradient on ⇢ under the



= 0 and/or ⇢ = 0, and which can be positive and growing with



and ⇢ (although no



0), selection can be positive on conditionality



11



assumption that



is at its evolutionarily stable value (i.e. S = 0), as a way to determine



12



the direction of selection on conditionality per se. The minimal value of ⇢ that is necessary for



13



selection to favor even more conditionality can then be plotted (Fig. 2). This threshold increases



14



with the cost of conditionality (k) and decreases with the amount of phenotypic variability ( 2 ).



15



Note that in practice the phenotypic variability of a trait is likely to depend quantitatively on



16



the trait’s mean value, which is not taken into account in the main text (but see SI section



17



6.1.2). 21



1



4.3.3



Interpretation



2



In itself, cooperation, even in the presence of variability, does not select for conditionality, as



3



there is no reason why it should be adaptive to cooperate more with more cooperative partners.



4



Conditionality in any investment is beneficial if it allows to adapt the amount invested to



5



the expected return on investment. Hence, cooperating more with more cooperative partners is



6



beneficial only if each unit of cooperation brings a larger return on investment with them, which



7



is the case only if they already express their cooperation as a response to one’s own. In this



8



case, and only in this case, it may be worth cooperating more with more cooperative partners,



9



because each unit of cooperation invested with them is more profitable. Consequently, (1)



10



conditional cooperation cannot evolve from scratch, but (2) if a slight amount of conditionality



11



arises for some other reason (see below), then a larger amount of conditional cooperation can be



12



favored, as partners’ cooperation is now partially expressed as a response to one’s own, which



13



then increases the selective pressure favoring even more responsiveness, etc. Consequently, even



14



a very slight initial amount of conditionality can be enough to trigger runaway evolution toward



15



full-fledged reciprocity (⇢ ⇡ 1).



16



To understand how reciprocation can evolve from scratch, however, we need to explain how



17



the initial degree of conditionality can arise. Various biological mechanisms can play a role



18



here. They are presented in the discussion. Here I o↵er a formal illustration of one possibility.
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1



4.3.4



The role of synergy



Conditionality can evolve from scratch (i.e. in the initial absence of conditionality) if it is beneficial in itself to cooperate more when one’s partner also cooperates more, which can be formalized as a form of synergy. This mechanism can be introduced into the above model by slightly modifying the payo↵ function (eq. (3)) to be P (h• , h0 ) = ah• + bh0



c (h• )2 + dh• h0



(9)



2



In this case, (i) both individuals may receive a benefit from helping a little (because of common



3



interests and/or genetic relatedness), and (ii) owing to the synergy term dh• h0 , they also



4



receive an immediate benefit from adapting their level of helping to that of their partner.



5



These two features are sufficient to trigger an initial rise in reciprocation, which can then lead



6



to an evolutionary amplification (see SI section 5 for mathematical details), which can also be



7



observed by plotting the direction of selection as vector plots (Fig. 3). Note that Ak¸cay et al.



8



(2009) have already observed the role of synergy in the evolution of reciprocity. In the present



9



analysis, however, we see more precisely that (i) synergy plays the role of a trigger needed only



10



for the initial rise of some conditionality, and that (ii) the general requirement for the evolution



11



of reciprocity is some responsiveness that pre-exists for reasons independent of reciprocity itself



12



(and synergy is only one way to fulfill this requirement).
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1



5



Discussion



2



Reciprocity in a broad sense is characterized by individuals actively making it beneficial for



3



their partners to cooperate by responding positively to cooperation (or responding negatively



4



to defection). This makes it a particularly powerful generator of mutual benefits, but also has



5



the consequence that it entails a strong element of circularity, which renders its evolution prob-



6



lematic. For this reason, it is particularly important to understand how –through what steps



7



and under what constraints– reciprocity can evolve. This may o↵er a hope of understanding



8



both the cause of the relative rarity of reciprocity in extant species, and also help make sense



9



of the instances in which it does occur.



10



5.1



Three conditions for the evolution of reciprocity



11



Reciprocity, even in a broad sense, always entails at least two essential ingredients: (i) the



12



existence of a cooperative trait by which individuals provide benefits to others, and (ii) an ability



13



to express this trait conditionally. In this paper, I have attempted to model the joint evolution of



14



these two ingredients in the simple case of pairwise direct reciprocity (two individuals cooperate



15



back and forth with each other; but see SI section 1 for a more general model). This analysis



16



was performed under two di↵erent microscopic models of interactions, in which cooperation is



17



either discrete or quantitative. The results are essentially similar in both cases. The models
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1



show that the evolutionary emergence of reciprocity entails three necessary conditions.



2



5.1.1



3



The first condition is the least interesting and should be trivial (even though it is surprisingly



4



neglected in many models, but see Mcnamara et al., 2010): there must be some variability



5



in behavior. Conditional abilities in any domain can be selected for only provided there is



6



some information worth responding to. It may be worth responding to some information about



7



partners’ cooperation only provided there is some variation in this trait. For this reason,



8



the models developed in this paper assume the existence of some background variability in



9



individuals’ willingness to cooperate.



Behavioral variability



10



5.1.2



Pre-existing cooperation



11



The second condition is that some cooperation pre-evolves for reasons independent of reci-



12



procity, for instance because of the existence of genetic relatedness among partners, or because



13



cooperation immediately benefits the cooperator due to common interests (see also West et al.,



14



2011 section 5.3). This constitutes a significant constraint regarding the situations in which



15



reciprocal cooperation can rise. Whereas reciprocity allows cooperation to be adaptive even



16



in the absence of kin selection or common interests, its initial rise requires one of these two



17



mechanisms. However, this prerequisite is not sufficient for reciprocity to evolve. 25



1



5.1.3



Pre-existing conditionality



2



The third condition is highly constraining, and is the least intuitive: selection can favor the



3



ability to make cooperation conditional only if the cooperation expressed by others is already



4



conditional. In other words, reciprocity can only increase due to selection if some form of reci-



5



procity is already present in the first place. This can also be understood intuitively. If partners



6



simply cooperate more or less generously independently of one’s own level of cooperation, then



7



there is no reason to adapt one’s level of cooperation to theirs, i.e. one should simply also



8



cooperate unconditionally at the individually optimal level. If, on the other hand, partners



9



respond more or less generously to one’s cooperation, then each unit of investment spent with



10



them is correspondingly more or less profitable, and it makes sense to adapt one’s own level of



11



cooperation to theirs. Hence, to put it simply, the conditionality of an individual’s cooperation



12



is made adaptive by the conditionality of others’ cooperation.



13



This has two consequences, one negative and one positive. First, it constitutes a constraint on



14



the situations in which reciprocal cooperation can evolve. Second, it generates a form of positive



15



evolutionary feedback: an initially slight amount of pre-existing conditionality can select for



16



a stronger form of conditionality, and hence for more cooperation, resulting in evolutionary



17



amplification. Hence, reciprocal cooperation can be selected for, but it cannot be selected for



18



from scratch. To trigger the process, some form of conditional cooperation must already be



26



1



present in the first place, and it must be present for reasons that have nothing to do with



2



its (future) role in triggering full-fledged reciprocity. The emergence of reciprocity is thus



3



contingent on lucky initial conditions.



4



Note that, even though most of the models developed in this paper are models of so-called



5



“partner control” (two individuals exchange helping back and forth; but see SI section 1) their



6



results do also shed light on interactions entailing partner choice (No¨e et al., 1991). Indeed,



7



partner control and partner choice only di↵er with regard to the precise adaptive reason for



8



responding to one’s partner. In partner control, one shall invest more with more responsive



9



partners because one has other non-social activities that one can also invest into, and that



10



become comparatively less interesting when the partner is more responsive. In partner choice,



11



on the other hand, one shall invest more with more responsive partners because one has other



12



social activities (i.e. other partners) that become comparatively less interesting. Yet, the same



13



principle applies in both cases. Cooperating more with more cooperative partners (including by



14



“choosing” them) is adaptive provided their cooperation is expressed as a return on one’s own,



15



which implies that an initial form of responsiveness is already present for independent reasons.



16



In what follows, I will discuss the major mechanisms that can play a triggering role as pre-



17



existing forms of responsiveness, and I will show, through examples, that they do account for



18



some instances of reciprocal cooperation observed in extant species.
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1



5.2



Help-to-help



2



The first possibility is that cooperation initially provokes a positive response in others because



3



it makes it easier, or simply possible, for them to cooperate. This can be understood through



4



(partly imaginary) examples. Consider vampire bats exchanging blood meals or birds helping



5



each other to mob predators, and assume that some helping is initially favored owing to common



6



interest or kin selection. In either case, helping has the peculiar property that it increases



7



the probability of survival. Consequently, for a purely contingent (i.e. non-adaptive) reason,



8



helping a partner increases the probability that she will be in a position to help later on,



9



because she is simply less likely to be dead (Kokko and Johnstone, 2001 and Eshel and Shaked,



10



2001 have considered this e↵ect). The key point brought out by the present models is that



11



such a contingent form of “responsiveness” can eventually select for an adaptive one. Because



12



individuals “respond” to help by surviving, it is now worth giving more help to those who are



13



themselves more helpful, because helping them is more beneficial. Individuals may thus evolve



14



the ability to partly condition their helping to others’ past helping. A genuinely conditional



15



cooperation can then really evolve, but it requires the pre-existence of a purely contingent form



16



of conditionality, which plays the role of an evolutionary trigger.



17



More generally, any interaction in which helping makes it less costly, easier, or simply pos-



18



sible for others to help, i.e. in which individuals “help each other to help,” entails such an
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1



initial trigger. This principle can apply when helping a↵ects survival as in the above examples



2



(Wilkinson, 1988; Olendorf et al., 2004; Krams et al., 2008; and see Raihani and Bshary, 2011



3



for a detailed discussion), but also when it a↵ects the growth of one’s partner, making future



4



help more efficient (which could play a role in the establishment of mutualisms such as the



5



plant-mycorrhize interaction; Leimar and Connor, 2003), or when it makes the other’s helping



6



less risky (as in predator inspection, Milinski, 1987; and see also Raihani and Bshary, 2011 for



7



discussion).



8



5.3



9



A second possibility is that individuals benefit more from helping cooperative partners than



10



others. A possible example is nuptial gifts, in which males o↵er resources to females “in exchange



11



for” copulation. One possible scenario for the origin of nuptial gifts relies on the fact that males



12



do benefit directly from helping females, but only if they have copulated with them (because this



13



increases their probability of producing o↵spring who survive). This selects for a conditional



14



ability in males, who should only give away their gift if copulation takes place. Again, following



15



the general principle put forward in the present models, conditionality on one side selects for



16



conditionality on the other. Conditionality in males selects for conditionality in females, who



17



should now prefer to copulate with males who o↵er larger gifts, thereby increasing the selective



18



pressure on the size of male gifts, etc. Again, conditional cooperation pre-exists for reasons



Synergy in benefits
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1



independent of reciprocity, but may eventually allow the evolution of true conditionality on



2



both sides.



3



5.4



4



In some cases, spatio-temporal constraints make it simpler, more practical, or even compulsory,



5



to cooperate in a symmetric fashion. In this case, cooperating with a partner does increase



6



the probability that the partner will also cooperate, a simple form of “responsiveness” that



7



can also play the role of an evolutionary trigger. An example in which this mechanism may



8



have played a role is allogrooming (e.g. as observed in impalas by Hart and Hart, 1992). The



9



strong physical symmetry of grooming entails that grooming a partner (say, for an immediate



10



benefit) makes grooming easier for the partner and hence more likely, which is a simple form



11



of “responsiveness”. Eventually, this contingent form of responsiveness can then select for an



12



adaptive one, as it creates a selective pressure to give priority to grooming those who are



13



also in a “grooming mood” because the benefit of grooming is larger with them. Hence, the



14



pre-existence of some cooperation together with a spatial constraint can eventually yield the



15



evolution of reciprocation.



Spatio-temporal constraints
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1



5.5



Collective action



2



Another mechanism can force helping to be “exchanged” in a symmetric fashion. It occurs when



3



the interaction is actually not an exchange but the production of a common good. In this case,



4



by necessity, an individual can only receive a benefit from someone when also providing a benefit



5



to them (these are the situations that scholars typically have in mind in the partner choice



6



literature). Like in the case of spatio-temporal constraints, the pre-existing “conditionality” is



7



not an actual behavioral switch, but rather the simple fact that interacting with a partner in



8



one direction forces automatically the interaction to take place also in the other direction.



9



A simple illustrative example is o↵ered by the interaction between cleaner fishes and their



10



clients (Bshary and Grutter, 2006). The same single action (the cleaner eats the client’s para-



11



sites) is a benefit that flows both from cleaner to client and from client to cleaner. In this case,



12



clients have an immediate benefit in choosing to “help” good cleaners, which in turn makes it



13



beneficial for cleaners to be more helpful.



14



More importantly, especially in the human case, this principle applies to any collective action



15



in which several individuals produce a single benefit that then needs to be shared. In this case,



16



as has been suggested several times (Sperber and Baumard, 2012; Tomasello et al., 2012),



17



individuals directly gain from conditionally helping the most helpful partners, because the



18



collective benefit will be larger with them, which can lead to a rise in both cooperation and
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1



choosiness (see e.g. Mcnamara et al., 2008).



2



Again, following the general logic of this paper, even though “responsiveness” is initially



3



a mere consequence of the ecology of collective action, it eventually triggers the evolution of



4



genuine conditionality. First, it selects for a conditional ability to give priority to helping the



5



most helpful partners. Second, this new conditionality selects for a further conditionality on



6



the other side: in order to be chosen for cooperative ventures, individuals should now pay



7



attention to the investment made by their partner in a collective action, and then actively



8



share the collective benefit accordingly, so that their partner’s eventual return on investment is



9



satisfactory (Baumard et al., 2013). Hence, cooperation can eventually become conditional on



10



all sides.



11



5.6



12



The last possibility is significantly di↵erent from the others. It entails the fact that individuals



13



can often recognize their kin by using indirectly the kin recognition abilities of others. Indeed,



14



when some individuals have the ability to identify kin (e.g. parents recognize their o↵spring),



15



then receiving help from them can be used as an indirect indication that they are close kin



16



(human beings are known for instance to recognize their younger siblings in such an indirect



17



way; Lieberman et al., 2007). The interesting feature of such a strategy is that helping itself



Helping as a cue for indirect kin recognition
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1



is a kin recognition criterion, and that individuals thus respond positively to helping for this



2



very reason. Hence, secondarily, these mechanisms can be activated by non-kin to provoke the



3



same beneficial response, potentially leading to reciprocal interactions. A likely instance of this



4



mechanism is primate grooming (de Waal and Luttrell, 1988; Barrett and Henzi, 2001; Schino



5



and Nazionale, 2007; and see Raihani and Bshary, 2011 for discussion). Grooming is known



6



to provoke a relaxing physiological response that could have evolved initially in the context



7



of kin relationships (because being groomed by someone is generally an indication that she is



8



one’s mother). This response eventually has positive e↵ects for the groomer, which makes it



9



adaptive to groom even non-kin to provoke the same response (e.g. being tolerated at food



10



sites by the groomee). Again, once in place, this can then select for even more conditionality,



11



such as grooming specifically those who respond most positively to grooming, possibly leading



12



to genuine reciprocal exchanges.



13



Note that this last mechanism is related to, but also significantly di↵erent from the proposal



14



made by Axelrod and Hamilton (1981) that helping could be directly a kin recognition criterion



15



(helpers being more likely to be related to other helpers), which would also facilitate the evolu-



16



tion of reciprocity. However, Axelrod and Hamilton (1981)’s proposal entails the maintenance



17



of genetic polymorphism on helping itself (Rousset and Roze, 2007; and see section 7 of SI for



18



a brief discussion). This constraining condition is relaxed if, as I suggest here, helping is a



19



secondary consequence of other heuristics of kin recognition.
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5.7



Conclusion



2



The emergence of reciprocal cooperation requires that some cooperation and, what is more, some



3



conditional cooperation pre-exists for independent reasons, which has no general reason to be



4



the case. Hence, reciprocal cooperation will not evolve each time constitutive cooperation is



5



selected for. This helps make sense of a peculiar feature of the instances of reciprocal cooperation



6



observed in extant species: in all of them cooperation may have been conditional in the first



7



place for reasons independent of reciprocity. This occurs for instance when helping in one



8



direction makes it easier to help in the other direction (because of a spatial constraint), or



9



when helping consists in a collective action in which a common good is produced and then



10



shared. In itself, this result still leaves unexplained, however, the extraordinary development



11



of reciprocal cooperation, in all sorts of contexts, in the human species. Resolving this puzzle



12



will be the object of a further study. It will likely require taking into account the cognitive



13



mechanisms evolved in humans to manage reciprocity, and their ability to function in a general



14



manner, beyond the domains for which they have initially been selected.
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Figure 1.
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plots showing the direction of selection on



9



vectors in red represent the evolutionary trajectory of a population seeded with ⇤ 0



Direction of selection on cooperativeness and conditionality. Stream and ⇢ in the mechanistic model of main text. The



10



⇢ = 0.



11



In (a) conditionality has no cost (k = 0) and phenotypic variability is absent (



12



(b) conditionality is costly (k = 0.1) but phenotypic variability is absent (



13



phenotypic variability is present (



14



phenotypic variability and a cost of conditionality are present (k = 0.1 and



15



parameters are a = 1, b = 10, c = 2 and R = 0.



= 0 and



is the evolutionarily stable cooperativeness in the absence of conditionality (⇢ = 0).



2



2



2



= 0). In



= 0). In (c)



= 0.5) but conditionality has no cost (k = 0). In (d) both
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2



= 0.5). Other



1



Figure 2. Selection for conditionality. Threshold value of conditionality above which



2



selection starts favoring larger conditional abilities in the mechanistic model of main text when is evolutionarily stable, shown as a function of the amount of phenotypic variability



3



2



and



4



for three values of the cost of conditionality: k = 1 (thick curve), k = 0.1 (thin curve) and



5



k = 0 (dashed curve). Other parameters are as in Figure 1.



6



Figure 3. Direction of selection with synergy. Stream plots showing the direction of



7



selection on cooperativeness



8



the presence of synergy (d = 1). Like in Figure 1, the vectors in red represent the evolutionary



9



trajectory of a population seeded with



and conditionality ⇢ in the mechanistic model of main text, in



= 0 and ⇢ = 0, and



⇤ 0



is the evolutionarily stable



10



cooperativeness in the absence of conditionality (⇢ = 0). Constant parameters are b = 10, c = 2,



11



k = 0.1, d = 1 and R = 0 (except in panel d). In (a) phenotypic variability is present (



12



and cooperation has an automatic benefit (a = 1). In (b) cooperation has an automatic benefit



13



(a = 1) but phenotypic variability is absent (



14



(



15



is present (



16



is positive (R = 0.1). In the presence of a sufficient amount of phenotypic variability, and in



17



the presence of either common interest (a > 0) or genetic relatedness (R > 0), unconditional



18



cooperation first rises from 0 (because of a and/or R), then favoring conditionality (because of



2



2



2



= 0.5),



= 0). In (c) phenotypic variability is present



= 0.5) but cooperation has no automatic benefit (a = 0). In (d) phenotypic variability 2



= 0.5), cooperation has no automatic benefit (a = 0), but genetic relatedness
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1



d), which then paves the way for the runaway increase of conditional cooperation.



Table 1: Main parameters of the general model (section 2) zi



Trait value of individual i (i = • is the focal individual and i = 0 his partner)



⌘



A given history of the interaction before round 0



H



Distribution of all possible histories before 0



h0i



Helping level of individual i in round 0



hTi



Total helping expressed by individual i from round 0 until the end of the interaction



Fi



Fecundity of individual i



b



Linear benefit of receiving help



c



Linear cost of providing help Marginal e↵ect of zi on individual i’s own amount of help in round 0



⇢



Responsiveness of i’s partner to the amount of help expressed by i in round 0 Responsiveness of i to his own amount of help in round 0



45



Table 2: Main parameters of the mechanistic model (section 3) hi



Total helping expressed by individual i



a



Linear benefit of providing help (due to a common interest between partners)



b



Linear benefit of receiving help



c



Coefficient of the quadratic cost of providing help



⌧i



Vector of microscopic traits of individual i



2 z



Phenotypic variance in the expression of trait z



F (⌧ i , ⌧ j )



Fecundity of an individual expressing ⌧ i when his partner expresses ⌧ j



F˜ (⌧ i , ⌧ j )



Expected fecundity of an individual with genetic value ⌧ i with a partner with ⌧ j



R



Average genetic relatedness between partners



Sz



Measure of the gradient of selection on a trait z



i



Cooperativeness of individual i



⇢i



Degree of conditionality of individual i



k



Linear cost of conditional abilities
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1. An even more general model



1



2



Here, I describe the general argument developed in the main text (section 2) into an even



3



more general form that includes also the e↵ect of reputation and the (implicit) e↵ect of partner



4



choice. I show that the results are identical in essence as in the simpler version.



5



Consider a wright-fisher population of individuals entering into pairwise social interactions.



6



At each time step, each individual encounters a random partner chosen from the population,



7



and both have to decide upon a given level of cooperation. Their decision may, or may not,



8



be influenced by information about the past behavior of the partner, which can include, here,



9



both information on her past behavior with oneself (at a previous encounter) or with other



10



individuals.



11



As in the main text, I consider a trait z a↵ecting the social strategy played by individuals



12



in an unspecified way. Here I consider a given time step, arbitrarily called 0, and a focal player



13



with trait z• , paired with a partner with trait z0 at this time step. For the sake of simplicity,



14



the e↵ect of genetic relatedness is not considered in this version of the model. Like in the main
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1



text, because I am looking at the first-order e↵ect of small variations of z, I only measure the



2



direction of selection on z stemming from its unitary e↵ect in time step 0.



3



When they meet, the two individuals have information about their respective history, i.e. the



4



series of cooperative decisions they have each made in the past, either with other partners, or



5



with the same at previous encounters. Consider first that the two individuals meet after a given



6



(unspecified) history called ⌘. The amount of cooperation expressed by the focal individual and



7



his partner in time 0 (after ⌘) are respectively called h0• and h00 .



8



After time 0, the focal individual will then meet further partners (including probably the same



9



partner at a later encounter), and their respective behavior may be a↵ected by the cooperative



10



decision the focal will have made at time 0, which will then be part of his history. Let me



11



call hT0 the total amount of cooperation o↵ered by this very partner to the focal, from time 0



12



(included) until the end of the generation (at which stage all individuals reproduce and die). Let



13



me also call hT! the total amount of cooperation o↵ered by other individuals (third parties) to



14



the focal, from time 0 (included) until the end of the generation. And let me finally call hT• the



15



total amount of cooperation o↵ered by the focal to any partner, from time 0 (included) until the



16



end of the generation. The focal individual’s fecundity is then assumed to be a linear function



17



of cooperation, given by F• = b hT0 + hT!



18



benefit and cost of cooperation.



chT• , where b and c are, respectively, the unitary



19



Here, in contrast with the simpler model of the main text, we want to consider the fact that,



20



with each available unit of time and resources, an individual can either cooperate with a given



21



partner or with another. Said di↵erently, we aim to consider the fact that cooperating with a
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3



1



partner entails to give up some possibility of cooperation with another (because the time and



2



energy invested into cooperation is limited). In fact, it turns out that this principle is already



3



implicitly present into the cost of cooperation, and does not alter the analysis. As in all models



4



(even though this is not always realized), the cost of cooperation c is an opportunity cost, i.e. it



5



is equal to the alternative fitness benefits that the focal individual needs to give up in order to



6



perform each unit of cooperation. In most models (i.e. partner control models), the opportunity



7



cost of cooperating with a given partner simply depends on the non-social activities that the



8



individual could have performed instead. In contrast, in partner choice models this cost also



9



depends on the benefits of other social activities that the individual could have performed instead



10



(i.e. by investing a given amount of time and energy into cooperating with a given partner, the



11



focal individual necessarily gives up some potential benefits he could have gained if he had



12



invested the same time and energy with other partners). The major di↵erence between partner



13



control and partner choice models is then that, with partner choice, the opportunity cost of



14



cooperating with a given partner shall then itself vary in function of the amount of cooperation



15



expressed by other potential partners, whereas with partner control this cost is a fixed constant.



16



However, in the present case, this di↵erence has no e↵ect because we are interested only in the



17



marginal e↵ect of z, assuming everything else is maintained constant. Hence, the possibility of



18



partner choice does not a↵ect significantly the expression of the direction of selection upon z.



19



20



The marginal e↵ect of z on fecundity after history ⌘ is then written as @F• /@z• = b @hT0 /@z• + @hT! /@z• c@hT• /@z• .



4
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Let me then define



⌘ @h0• /@z• as the marginal e↵ect of z on one’s own amount of cooperation



2



expressed in time 0. From the chain rule, the marginal e↵ect of z on fecundity after history ⌘



3



becomes:



 @F• @hT @hT = b 00 + b !0 @z• @h• @h•



c



@hT• @h0•



(1)



4



Let me now define ⇢0 ⌘ @hT0 /@h0• as the partner’s total responsiveness to the amount of



5



cooperation o↵ered by the focal in round 0, and ⇢! ⌘ @hT! /@h0• as the total responsiveness of



6



third party individuals to the amount of cooperation o↵ered by the focal in round 0, and let me



7



also define



8



cooperation in round 0.



⌘ @hT• /@h0• as the focal individual’s total “responsiveness” to his own amount of



9



We now consider the fact they the eventual e↵ect of the trait z on the focal’s fecundity



10



depends on the e↵ect of z after many possible histories, and not only after a single history



11



⌘. Hence, we need to average the above equation over all possible histories before 0. For any



12



property x of the interaction, call E[x] the expectation of x over all these histories .



13



14



From equation (1), averaged over the distribution of all possible histories, the direction of selection on z is then proportional to S = E[ (b⇢0 + b⇢! S = E[ ] · E[b (⇢0 + ⇢! )



15



c )], which becomes:



c ] + b · Cov( , ⇢0 ) + b · Cov( , ⇢! )



c · Cov( , )



(2)



Here, equation (3) has four terms with interesting interpretations (rather than three in the



16



main text). The first term is similar to the main text: E[ ] · E[b (⇢0 + ⇢! )



17



direction of selection on the expected amount of cooperation (i.e. the e↵ect of having E[ ] > 0),



18



which is positive if the overall e↵ect of increased cooperation is positive. The three other



c ] measures the
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5



1



terms of equation (3) measure the benefit of improving the conditionality of cooperation per



2



se, independently of its expected level. The second term, b · Cov( , ⇢0 ), measures the e↵ect of



3



conditionality on the benefit received in the future from this specific partner, the third term,



4



b · Cov( , ⇢! ), measures the e↵ect of conditionality on the social benefit received in the future



5



from third parties, and the fourth term, c · Cov( , ), measures the e↵ect of conditionality on



6



the individual cost of cooperation.



7



To understand intuitively, assume that z a↵ects the circumstances under which one cooperates



8



in round 0 (e.g. one cooperates more with partners who have been highly cooperative in the



9



past, but less with others), but not one’s average cooperativeness (hence E[ ] = 0), and assume



10



further that the individual cost of cooperation is independent of circumstances (Cov( , ) = 0).



11



In this case, z can be favored under two (non exclusive) conditions.



12



(1) Cov( , ⇢0 ) > 0. This first condition is similar to the main text. Here, the trait z must



13



stipulate to cooperate more ( > 0) at histories after which it turns out that the partner will



14



respond more positively to cooperation (i.e. in circumstances in which ⇢0 happens to be large).



15



In other words, z can be favored it it stipulates to cooperate more with more responsive partners.



16



(2) Cov( , ⇢! ) > 0. This second condition is absent in the main text. Here, the trait z must



17



stipulate to cooperate more at histories after which it turns out that others (third parties) will



18



respond more positively to cooperation. In other words, z can be favored it it stipulates to



19



cooperate more in situations in which third-parties will turn out to respond more favorably to



20



cooperation (or less negatively to defection). This is typically the case in so-called “standing”



21



strategies, in which third-parties will only respond unfavorably to defection if it takes place in



6
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1



front of a “good standing” partner, which makes it indeed adaptive to cooperate only with such



2



partners (Leimar and Hammerstein, 2001).



3



Like in the main text, the bottom line of this general analysis is that selection for respon-



4



siveness is only positive if other individuals already responds to cooperation. If others already



5



respond conditionally to cooperation then it is worthwhile to adapt one’s own level of coop-



6



eration to their future response, otherwise one should simply cooperate unconditionally at the



7



individually optimal level.



2. Inclusive fitness in the general approach



8



9



When interacting individuals are genetically related, the direction of selection on z needs to



10



be partitioned into two components: the direct and indirect e↵ects of z. For simplicity, indirect



11



e↵ects are only computed in the relatively simple model of the main text (section 2), and not in



12



the more general approach above.



13



The direct e↵ect of z is given in the main text (eq. (2)) as: Sd = E[ ] · E[b⇢



c ] + b · Cov( , ⇢)



c · Cov( , )



(3)



⌘ @h0• /@z• is the marginal e↵ect of z on one’s own amount of help expressed in round 0



14



where



15



and hence E[ ] represents the average e↵ect of z on cooperation in round 0, ⇢ ⌘ @hT0 /h0• is the



16



total responsiveness of one’s partner to one’s amount of help in round 0, and



17



total responsiveness of oneself to h0• . In the same way, the indirect e↵ect of z is given by Si = E[ ] · E[b



c⇢] + b · Cov( , )



c · Cov( , ⇢)



⌘ @hT• /h0• is the



(4)
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1



To first order, and assuming no kin competition, the direction of selection on z is then propor-



2



tional to Sd + RSi where R is the genetic relatedness between partners measured on neutral



3



loci.



4



2.1. Interpretation. Here I focus on the indirect e↵ect of z. It obeys the same principle as the



5



direct e↵ect, with a significant di↵erence. Social benefits and individual costs are reversed as



6



compared to the direct e↵ect. In result, the indirect benefit of improved conditionality arises via



7



, i.e. improved conditionality is beneficial if it yields more cooperation ( > 0) in circumstances



8



in which it turns out that oneself responds most positively to one’s own cooperation ( is large),



9



because this will then indirectly benefit one’s partner. Biologically this can occur, very indirectly,



10



if one cooperates more ( > 0) in circumstances in which it turns out that one’s partner responds



11



most positively to cooperation (⇢ is large), eventually triggering a positive response of oneself



12



( is large).



3. Direction of selection in the microscopic model of main text



13



14



15



16



2,



To the first order in variance



the direction of selection on ⇢ is given by equation (8) of



main text: (1 ) S + 1 ⇢



S⇢ =



k



[(1



⇢)(b + a ⇢) 1 + R



2



⇢ ⇥ Q + o(



2



)



with Q=



1 (1



+ ⇢(1



⇢)4 (1



+ ⇢)3



⇢)(a + b ⇢)



2R⇢(1



)



R ⇢2 (2



3 ) (5)



2c (1



⇢)(1 + 2 ⇢



R⇢(1



(2



⇢(3



4 + ⇢(2



3 )))))]
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One sees that ⇢⇥Q = 0 when



= 0 or ⇢ = 0. Hence, selection can be positive on conditionality



2



only provided ⇢ is above a given threshold, i.e. provided some conditional cooperation is present



3



in the first place.



4



4. Microscopic model of main text with a state variable



5



4.1. The model. Here, I consider a more complex model in which the source of behavioral



6



variability is explicitly considered. Each individual is characterized by a random state variable



7



which determines the immediate benefit they gain from cooperating. Hence for each individual



8



i, the value of her immediate benefit in a given social encounter is ai , which is sampled from a



9



random variable with mean a and variance



2 a.



10



Individuals are then characterized by three evolving traits (rather than only two in the version



11



of the model exposed in main text). The two first variables are the same as in the main text:



12



is the overall propensity to cooperate, and ⇢ is the ability to condition one’s cooperation on



13



partner’s cooperation. The third variable,



14



one’s own internal state variable and thus on the value of one’s immediate benefit ai .



15



, is the ability to condition one’s cooperation on



Consider an interaction between a focal with strategy ( • , ⇢• , 0)



•)



and immediate benefit



16



a• and his partner with strategy ( 0 , ⇢0 ,



and immediate benefit a0 . After his partner has



17



cooperated in the preceding round the focal has a probability



18



his partner has defected in the preceding round, the focal has a probability



19



to cooperate. Exactly like in the simple version of the model, by recurrence, one can then



20



calculate the probability that each individual cooperates in a given round. Assuming that



• (1



• + • a• )



to cooperate. After



• (1



• + • a• )(1



⇢• )
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1



both partners always cooperate in the first round, and that the interaction lasts for an infinite



2



length of time, one can show that the total amount of helping o↵ered by the focal individual is



3



proportional to



h• = h( • , ⇢• ,



• , a• , 0 , ⇢0 ,



0 , a0 )



=



• (1



1



•



+



⇢• (1 • a• )[1 0 (1 (1 + a ) (1 • • • • 0



+ 0 a0 )(1 ⇢0 ))] + 0 0 a0 )⇢• ⇢0 0



(6) 4



5



The social payo↵ of the focal individual is then P (h• , h0 ) as given by equation (3) of main text. As in equation (4) of main text, the fecundity of the focal is then given by



F ( • , ⇢• ,



• , a• , 0 , ⇢0 ,



0 , a0 )



= P (h• , h0 )



k⇢ ⇢•



k



•



(7)



6



where k⇢ and k measure, respectively, the linear costs of conditionality with respect to partner’s



7



behavior and with respect to one’s own state variable. Random variation is then introduced with regard to the immediate benefit of cooperation of each individual (a• and a0 ), which both vary around a mean value equal to a. As in equation (5) of main text, the expected fecundity of the focal individual then writes: F˜ ( • , ⇢• , F ( • , ⇢• ,



• , 0 , ⇢0 ,



0)



• , a, 0 , ⇢0 ,



= 0 , a)



+



2 a



2



✓



@F 2 @F 2 + @a• 2 @a0 2



◆



(8) + o(



2 a)



8



where @F 2 /@ai 2 is the partial derivative of the fitness function of the focal individual with respect



9



to the realized value ai of the immediate benefit of individual i (focal or partner), evaluated at



10



the expected value a of the immediate benefit. The direction of selection on each evolving trait



10
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1



is then obtained as in the models presented in the main text, by deriving the above fecundity



2



function with respect to each variable (see eq. (6) of main text).



3



4.2. Results. The most important result here is that the direction of selection on ⇢ in the initial



4



absence of reciprocity (⇢ = 0) is given by



S⇢ =



k⇢



(1



(1



(1



a))) S



5



Hence, as in the simple version of the model, reciprocity cannot be favored when reciprocity is



6



initially absent. A better view on results can be obtained by plotting the direction of selection



7



on each trait as vector fields (Fig. 1).



5. The effect of synergy in the microscopic model of main text



8



9



In the initial absence of conditionality (⇢ = 0), the direction of selection on cooperativeness is



10



S = a + bR + (d(1 + R)



11



as S⇢ =



12



stable value



13



conditionality can rise from zero if (i) the cost of conditionality k is low, (ii) the synergistic



14



parameter d is large, (iii) the phenotypic variability



15



reached owing to other-independent benefits (a and R) is large.



k



(1 ⇤



2c), and the direction of selection on conditionality can be expressed



)S + d



2



= (a + bR)/(2c



. In particular, when cooperativeness reaches its evolutionarily d



dR), selection on ⇢ then becomes



2



k+d



2 ⇤.



Hence,



is large, and (iv) the cooperativeness



⇤
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6. Alternative microscopic models



1



2



Here, I present two alternative microscopic models aimed at testing the robustness of the



3



results obtained in the main text. In these models, modified from Andr´e and Day (2007),



4



individuals are characterized by two heritable microscopic traits: their constitutive amount of



5



helping µ in each round, and their quantitative responsiveness



6



of helping. Conditional abilities carry a physiological cost k ⇥ . Cooperation is quantitative and



7



can take, in each round, any arbitrarily large value. In an interaction between a focal individual



8



with traits (µ• ,



9



µ• , the second investment µ• +



•)



and a partner with traits (µ0 , • µ0 ,



the third µ• +



0 ),



to their partner’s past amount



the focal individual’s first investment is



• (µ0



+



0 µ• ),



etc. Eventually, if



• 0



< 1,



10



the investments of the focal individual and the partner asymptotically converge toward stable



11



values.



12



The first of these models, called model SI1 , assumes that the interaction always lasts for an



13



infinite length of time. Hence, the total amount of helping o↵ered by the focal individual is



14



proportional to its stationary value, given by



h (µ• , 15



which is valid with



• , µ0 ,



0)



=



µ• + 1



• µ0



(9)



• 0



2 [0, 1[ and µ 2 [0, +1[.



16



The second model, called SI2 , is an extension of the former, relaxing the assumption that the



17



interaction lasts for an infinite length of time. In this model, the probability of stop between two



18



rounds, q, can take any value between 0 and 1. In this case, the total amount of helping invested



19



by the focal must be calculated by summing each of these investments, round by round, weighed



12
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by the probability for the corresponding round to actually be reached (given by (1



2



the nth round).



3



4



8n 2 J1, +1J, the cooperative investment of the focal player in the round number 2n



denoted hs•,2n



1,



=



n X1



(



• 0)



i=0



1



i



(µ• +



+ µ• (



Simple algebra then shows that, 8n 2 J1, +1J hs•,2n



7



for



1,



• µ0 )



and the cooperative investment of the focal player in round 2n is



hs•,2n = hs•,2n



6



1



is given by



hs•,2n 1 5



q)n



1



[(



=



0 •)



n



1] (



• 0)



• µ0



1



0 •



n



+ µ• )



The total cooperative investment of the focal player summed over the entire expected inter0)



=



hs•,i (1



q)i



1



9



sum converges, yielding a simple expression for the total amount of helping made by the focal



i=1



. Provided



p



action is then the sum h (µ• ,



10



• , µ0 ,



P+1



8



• 0 (1



q) < 1, this



individual: h (µ• ,



• , µ0 ,



0)



=



(1 h q 1



q) (1



• µ0



q)



+ µ•



2



• 0



i



(10)



2 [0, 1[ and µ 2 [0, +1[. We can verify that it becomes equivalent to



11



Model SI2 is valid with



12



model SI1 (eq. (9)) as q tends toward 0 because the expected duration of the interaction then



13



tends toward infinity.
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13



In the two models, both traits are assumed to be subject to phenotypic variability with 2 µ



and



2



2



variance



respectively. The direction of selection on both traits is then found by



3



applying equation (6) of main text.



4



6.1. Results. Here, I first consider the case in which responsiveness is initially absent ( = 0). I



5



also assume that, as a result, the variance of responsiveness is also absent (i.e.



6



SI1 , the direction of selection on cooperativeness µ and responsiveness



7



given by the signs of Sµ = a + bR



= 0). In model



are then respectively



2cµ



8



S =



9



k + µSµ



In model SI2 , the same selection gradients are given respectively by Sµ =



(a + bR) q q2



2cµ



S =



k + µ(1



q)Sµ



10



11



In both models, this shows three things.



12



First, unconditional cooperation can rise above zero only provided helping is directly bene-



13



ficial due to common interest between actor and receiver (a > 0) and/or provided the genetic



14



relatedness is positive (R > 0).



15



16



Second, when µ reaches its evolutionarily stable value (i.e. when Sµ = 0), the direction of selection on



cannot be strictly positive. Hence, like in the model of main text, responsiveness



14
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can be favored for its own sake only provided some responsive cooperation is already present in



2



the first place.



3



Third, apart from the cost of responsiveness



k, the direction of selection on



is of the same



4



sign as the direction of selection on µ (see also Lehmann and Keller, 2006). Hence, in contrast



5



with the model of main text, here responsiveness can be selected for as a by-product of selection



6



for constitutive cooperation simply because it participates in increasing cooperation at all. This



7



is because, in these two models, responsiveness is a way to increase the individual’s constitutive



8



amount of cooperation, as in Lehmann and Keller (2006) and Ak¸cay et al. (2009). However,



9



in contrast with these two papers, in the present models, cooperation can be achieved either



10



constitutively or conditionally, which results in more complex evolutionary dynamics. These



11



dynamics are described into more detail in what follows in model SI1 only.



12



6.1.1. Evolutionary dynamics in the absence of phenotypic variability. In model SI1 , in the ab-



13



sence of phenotypic variability but when responsiveness is costly (k > 0), evolutionary dynamics



14



have two distinct phases (Fig. 2). First,



15



(constitutive cooperation) because they both yield more cooperation in general (the “byproduct



16



e↵ect”). Second, constitutive cooperation (µ) takes over because it is cheaper, and eventually



17



ends up completely replacing the responsive form of cooperation. Consequently, the amount



18



of cooperation players express has a transient dynamics, first rising to very high levels because



19



partner’s responsiveness makes a high level of cooperation worthwhile, then decreasing back



20



to the low levels favored only by common interests and/or genetic relatedness (Fig. 2). Note



(conditional cooperation) rises together with µ
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1



that the same mechanism probably explains the transient dynamics observed by Doebeli and



2



Knowlton (1995) in their simulations.



3



6.1.2. Evolutionary dynamics with phenotypic variability. In the presence of phenotypic vari-



4



ability, the byproduct e↵ect can have long-term consequences. Here again, responsiveness can



5



increase initially as a byproduct of selection for constitutive cooperation, but in this case the



6



presence of some responsiveness with phenotypic variability can then make it worth responding



7



to the partner’s variability. Hence, responsiveness can become adaptive in itself and remain



8



evolutionarily stable. However, this process depends quantitatively on the precise nature of



9



phenotypic variability, as shown below. In model SI1 , the general expression of the direction of selection on



10



can be calculated but is



11



very cumbersome. One can gain a better understanding by calculating the direction of selection



12



on



when µ has reached its evolutionarily stable value, which gives: S⇤ ⇡



13



15



2 2c µ



1+R 2 )3



(1



2



+



2



Q



(11)



with Q =



14



k



(a + aR + b(R + )) a (1 + R ) 1 + R



2



+ b( 1 + (2 + R(2 + ( 2 + ( 1 + R + 3 )))))



2c(1 + R )2 ( 1 +



2 )3



which can be strictly positive. Equation (11) has three terms. (1) Responsiveness is counter-selected owing to its physiolog-



16



ical cost



k. (2) Responsiveness is also counter-selected owing to the variance in µ. This can



17



be understood intuitively: when µ is variable there is no gain in cooperating more (less) with



16
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more (less) cooperative partners because their high (low) cooperation is constitutive anyway.



2



Hence, partners’s variability is “misleading” and it is maladaptive to respond to it. (3) The only



3



potential benefit of responsiveness arises in the third term of equation (11), via the existence of



4



a variance in responsiveness itself (



5



owing to the existence of a variance of responsiveness itself, and cannot occur (i) in the absence



6



of variance at all or (ii) when only constitutive cooperation is variable.



2Q



). Hence, selection for responsiveness is possible only



7



In real life situations, variances are likely to depend quantitatively on the mean value of each



8



trait. I thus modified model SI1 , assuming that variances are proportional to the square of



9



the mean trait values, i.e.



2 x



= ✏x x2 , where x represents any trait and ✏x is a proportionality



10



parameter. Under this assumption, I then plotted numerically the minimal amount of respon-



11



siveness



12



evolutionarily stable (Fig. 3). Even when conditionality has no cost (k = 0), selection in favor



13



of conditionality is hard to achieve and requires the variance of responsiveness to be large in



14



front of the variance in constitutive cooperation.



which must be present for the direction of selection on



to be positive when µ is



15



Biologically, anyway, the byproduct e↵ect is unlikely to be general, as there is no reason why



16



conditional cooperation should evolve when constitutive cooperation is favored. First of all, a



17



complex conditional strategy wherein individuals respond to a feature F of their environment



18



is generally unlikely to evolve “for free” under a selective pressure favoring a simple constitutive



19



strategy. Second, if this were to occur by chance, the likelihood that the feature F would be



20



precisely the degree of cooperation expressed by others is extremely small in the absence of a



21



selective pressure specifically favoring this conditionality.
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7. Discussion on strong selection



1



2



The models presented in this paper are weak selection models that neglect second-order



3



e↵ects. This is important because second-order e↵ects are known to facilitate the evolution of



4



reciprocity in two ways. The first has been verbally suggested by Axelrod and Hamilton (1981)



5



in their seminal paper. In a polymorphic population under strong selection, cooperation could



6



initially play the role of a kin recognition device (individuals cooperate preferentially with other



7



cooperators because they are more likely to be kin), which could then eventually yield full-



8



fledged reciprocity. Even though this mechanism has never been formalized, it would probably



9



entail strong limitations, in particular (i) the absence of other, more reliable, mechanisms for



10



kin recognition, and (ii) the extrinsic maintenance of genetic polymorphism on helping itself



11



(Rousset and Roze, 2007).



12



The second e↵ect of strong selection, playing a role in many models, entails the second-order



13



benefit that rare reciprocator mutants receive when they encounter each other (see Fudenberg



14



and Maskin, 1990; Binmore and Samuelson, 1992; Nowak and Sigmund, 1992; Andr´e and Day,



15



2007). In the present framework this e↵ect could potentially have two consequences. First, a



16



moderate amount of constitutive cooperation could evolve for reasons independent of reciprocity,



17



and then some conditional mutants able to cooperate even more with each other would be



18



favored by second-order forces (as in Andr´e and Day, 2007). Second, some conditionality could



19



be present in the first place for an independent reason, and then cooperation could emerge



20



owing to second-order benefits. Hence, in principle, even though they have not been considered



21



here, second-order e↵ects could potentially facilitate the emergence of reciprocity in the present



18
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models. However, in all cases, this would require a second-order benefit to overcome first-order



2



costs (if only the cost of carrying a more efficient conditional ability). I believe that this makes



3



these evolutionary scenarios relatively unlikely biologically and that the weak-selection scenarios,



4



in which reciprocal cooperation evolves for first-order benefits, are likely to be more general.



5
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8. Captions of supporting information’s figures



8



Figure 1. Direction of selection with a state variable. Stream plots showing the direction of



9



selection in the microscopic model of main text, with an explicit state variable (section 4 above).



10



(a) Direction of selection on cooperativeness , and conditionality



11



state variable, in the absence of conditionality upon partner’s cooperation (⇢ = 0). (b) Direc-



12



tion of selection on cooperativeness , and conditionality ⇢ upon partner’s cooperation, when



13



conditionality upon internal state variable is



14



R = 0,



2 a



upon one’s own internal



= 0.9. Parameters are a = 1, b = 10, c = 2,



= 0.5, k⇢ = 0.1, and k = 0.01.



15



16



Figure 2. Evolution of cooperation and responsiveness. Numerical simulations showing the evo-



17



lution of constitutive cooperation µ (dashed curve), responsiveness



18



cooperation level h (thick curve) in model SI1 in the absence of phenotypic variability. Parame-



19



ters are chosen to highlight the temporary rise of responsiveness and cooperation: a = 5, b = 20,



20



c = 2, R = 0, k = 1, and ✏µ = ✏ = 0.



(thin curve), and overall



20
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Figure 3. Selection for responsiveness. Threshold value of



above which selection starts favor-



2



ing larger responsiveness when µ is evolutionarily stable (model SI1 ), shown in function of the



3



amount of phenotypic variability in responsiveness ✏ and for three values of the cost of condi-



4



tionality: k = 1 (thick curve), k = 0.1 (thin curve) and k = 0 (dashed curve). Other parameters



5



are a = 1, b = 10, c = 2, R = 0, and ✏µ = 1.
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