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Tracking what others did and matching other’s expected actions is seen
across a range of biological systems. As reciprocal matching rewards
and reinforces cooperators and punishes and discourages non-cooperators,
reciprocal matching can help communal living. The strength of reciprocity
as a social strategy also comes from its success in protecting the individual
against the risk of exploitation by punishing defectors. Although often
overlooked, this feature carries a strong weight when exploitation risk
is high. Here, we use evolutionary agent-based simulations to examine
how reciprocal matching evolves across competitive socio-ecologies with
a high risk of exploitation and cooperative socio-ecologies with a lower
risk of exploitation. Results show that reciprocal matching as a social
strategy for communal living evolves more readily in more competitive
socio-ecologies where the risk of exploitation is high. Results also hold
in standard Prisoner’s Dilemmas with its equilibrium in single strategies
(i.e. unconditional non-cooperation), for specific forms of reciprocity (i.e.
tit-for-tat) and the likelihood of repeated interactions. Because reciprocal
matching requires some capacity for social perception and memory, these
findings suggest that such capacities for social cognition likewise serve
to protect against exploitation and evolved in more competitive socio-
ecologies as well.

1. Introduction

Reciprocity in social interactions is seen in a broad range of social species and
biological systems [1-9]. Matching what others did or are most likely to do is
common during cooperative interactions like gift exchange and food sharing
[10-12], and observed during conflict—an eye for an eye, a tooth for a tooth
[13-15]. Sometimes intentional and strategic, for example, to secure agreement
and to avoid losing conflict [16], reciprocal matching often appears automatic
and outside of the individual’s control. Indeed, reciprocal interactions are
supported by interpersonal synchronizations in the release of hormones like
oxytocin [17-19], heart rate [20,21] and facial expressions [22,23]. Further-
more, as a social strategy for communal living, reciprocal matching often
outperforms alternative strategies for cooperation, especially unconditional
strategies that do not consider partner interaction histories and reputations
[10,24-26].

Reciprocal matching is seen across a range of animal species and for a
variety of tasks (table 1). Behavioural matching of cooperation is documented,
for example, in hermaphrodite worms [27,28], in several fishes [29-31] and
birds [32-34] and in a range of mammalian species [11,35-50]. It happens
during joint predator inspection [29], sentineling and giving support during
third-party aggression [31,36,43], digging joint shelter [30], food provisioning
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[31,35,38,39,45,47,48], alliance formation and movement [34,37], (allo)grooming [42-44] and, in humans, financial exchange n

[11,48-50] (for reviews see [51-56]). At the same time, while these manifestations of reciprocal matching might be more relevant
in specific socio-ecologies, where and how reciprocal matching evolved remains unspecified. Prevailing theory and research in
the biobehavioural sciences proceed by assuming that altruistic behaviour can be favoured by natural selection if the fitness
effects of the actor and receiver are somehow positively correlated [9]. Such correlation can come about by an above-random
chance that helping someone increases the likelihood of receiving help back [57-59], and that not helping increases the
likelihood of not receiving help back—through reciprocal matching partners reward cooperation and punish non-cooperation
with defection [24,60].

Past research often examined the evolution of reciprocal matching in the standard Prisoner’s Dilemma. As this provides
a context in which the benefits of rewarding cooperation and punishing defection cannot be easily distinguished [61], we
presently poorly understand the value of reciprocity across socio-ecologies that vary in terms of the relative importance of
rewarding cooperation or punishing defection. Here, we address this open issue with game-theoretic analyses of socio-ecologies
and evolutionary agent-based simulations. We show that reciprocal matching emerges especially when socio-ecologies involve
higher risk of exploitation (i.e. situations where an agent defects when partner cooperates). Our findings suggest that even
simple forms of social memory and perception gain in relevance in more competitive socio-ecologies [62].

(a) When Rousseau meets Hobbes

Social interactions often confront individuals with a choice between cooperating and not cooperating. When cooperating
is individually costly yet benefitting others, unconditional cooperation can be individually risky, as it can be exploited by
free-riders. In the standard Prisoner’s Dilemma, for example, non-cooperation (as an alternative to cooperation) serves the
individual’s interests to gain competitive advantage and to punish other’s defection [24,25,61,63,64]. When interactions repeat,
however, reciprocal strategies are more likely to evolve because they reward past cooperation, and punish past non-cooperation
[24,58,65] (but see [66]).

What often goes unnoticed is that reciprocity —cooperate when the other cooperated, otherwise refrain from cooperating—
cannot only be relevant in situations that rewards cooperation and deters non-cooperation, but also in situations where the
risks of exploitation and the deterrence of non-cooperation become more prominent. Such risk of exploitation depends, in
turn, on the socio-ecology within which interactions take place [67]. For example, in the peaceful state of nature proposed by
the philosopher Jean-Jacques Rousseau, individuals are most likely to interact with those for whom reciprocal helping is in
their best interest [9,59,68,69]. Conversely, in the war-like state of nature hypothesized by Thomas Hobbes [70-72], individuals
more likely encounter partners for whom exploiting cooperators is in their best interest (viz. anti-reciprocity [73]). Compared
with Rousseauian ecologies, the need to track others’ reputations and to punish defection is comparatively high in Hobbesian
ecologies. This means that adaptive strategies for cooperation and conflict based on (in)direct reciprocity may be more (or less)
relevant across different socio-ecologies that vary on their need to reinforce cooperation or to punish defection.

To examine these possibilities, we modelled socio-ecologies in terms of the games individuals most likely play when
interacting. With its simple and standardized models of interaction strategies and their payoff consequences [74-77], game
theory offers a range of models that can capture distinct properties of socio-ecologies and in particular how interacting
individuals’ interests are related and affected by their individual decisions to cooperate or not [78]. The game of Stag Hunt, for
example, models the Rousseauian peaceful state of nature [71]. Unlike the Prisoner’s Dilemma, where defection is the strictly
dominant strategy because it yields a higher payoff regardless of the opponent’s choice (figure 1a), Stag Hunt has two pure
equilibria—cooperate when the other cooperates and defect when the other defects—and a mixed-strategy equilibrium, and
interacting individuals can gain some individual resources by non-cooperating but gain more through mutual cooperation
(figure 1b). Because exploiting other’s cooperation brings no personal advantage, the risk of exploitation—and the need to
protect (i.e. deter non-cooperation)—is low [68,79-81]. This is different in the game of Chicken, which models the Hobbesian
war-like socio-ecology (figure 1c). In the game of Chicken, and similar games like Hawk Dove and Snowdrift, there is an
equilibrium in mixed strategies and two pure equilibria (compete when the other cooperates, cooperate when the other
competes). Interacting individuals can safely gain some resources from reciprocal cooperation, but each of them would be better
off by exploiting the other party’s cooperation through non-cooperation (anti-reciprocity [82,83]). Accordingly, in the game of
Chicken, the risk of exploitation is comparatively high.

To study the evolution of adaptive strategies across socio-ecologies that differ in competitiveness we varied the prevalence
of types in a population of fixed size. We have two types of agents, Rousseauian and Hobbesian, each defined by the individ-
ual’s payoffs from the possible combinations of actions they and their partner take (CC, CD, DC, DD), where C stands for
cooperation and D for defection. A Rousseauian type earns most from mutual cooperation (CC or reward payoff R), followed by
unilateral defection (DC or temptation payoff T), mutual defection (DD or punishment payoff P) and by unilateral cooperation
(CD, or sucker payoff S). A Hobbesian type earns the most from unilateral defection, followed by mutual cooperation, unilateral
cooperation and mutual defection. Types can randomly meet with other types. When a Rousseauian meets a Rousseauian,
they are in Stag Hunt (figure 1b) and when a Hobbesian meets another Hobbesian, they interact in Chicken (figure 1c). In our
set-up, however, Rousseauians can also meet Hobbesians. If this happens, they interact in a game of Attack-Defend (figure
1d). Here, for Rousseauians playing D protects against exploitation by the Hobbesian partner playing D too, akin to a defend-
attack interaction. Playing D is costly, however, when the Hobbesian partner played C. Differently put, the attack—defend game
played when Rousseauians meet Hobbesians has a unique equilibrium in mixed-strategies [84,85]. Anti-reciprocity —compete
when the other cooperates, otherwise cooperate—is in the best interest of the Hobbesian player (as in the game of Chicken)
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Table 1. Behavioural manifestations of reciprocal matching across animal species and tasks. Examples show how interacting individuals take their partner’s history of E
cooperation into account when cooperating themselves. Listed examples could exclude alternative mechanisms like kin-selection, co-action or mutualism. The listing
reveals that reciprocal matching can happen but remains agnostic to the prevalence or robustness of behavioural reciprocity as a social strategy within or across animal
species and socio-ecologies.

species behavioural manifestation of direct reciprocity
non-vertebrates
hermaphrodite worms egg-laying: in isolated dyads of hermaphroditic polychaete worms (Ophryotrocha diadema), individuals engage in iterated
exchanges of eggs for sperm (eggs are a costly donation relative to sperm); if a partner donates eggs and the other fertilizes
them, the latter is likely to donate eggs a couple of days later [27,28]
vertebrates
fishes
guppies predator inspection: female guppies (Poecilia reticulata) disproportionately engaged in predator inspection with others with
whom they cooperated before [29]
cichlids shelter digging: cichlids (Neolamprologus pulcher) in dyads dig out a joint shelter; digging efforts increased when a social partner
had helped to dig out the common shelter in a previous time period [30]
teleost fishes foraging/sentineling: pairs of coral reef rabbitfishes (f. Siganidae) create a balanced distribution of foraging activity by
alternating in taking an upright vigilance position allowing the partner to forage in small crevices in the reef substratum [31]
birds
great tits alloparenting: great tit (Parus major) parents raising chicks together alternated visits to the nest more than would be expected by
chance, speeding up their feeding rate after their partner had visited the chicks and slowing down again once they had visited
inturn [32]
ravens memory for fair treatment: ravens (Corvus corax) in an exchange paradigm could exchange a low-quality for a high-quality food
item and remember who, on a previous occasion, was a reliable 'fair' experimenter and who would not reliably exchange (the
'unfair' experimenter)—ravens chose to interact with the former [33]
ibis V-flight formation: the time an individual is leading a formation of juvenile orthern bald ibis (Geronticus eremita) is correlated
with the time the individual profits from flying in the wake of another bird; birds match the time they spend in the wake of each
other by frequent pairwise switches of the leading position [34]
mammals
bats food sharing: common vampire bats (Desmodus rotundus) sharing blood with non-kin expands the number of possible donors
beyond kin and promotes reciprocal help [35]
ring-tailed Coati support during aggression: ring-tailed coati (Nasua nasua), a social carnivore, reciprocally support each other in consecutive

aggressive conflicts independent of spatial association and subunit membership [36]

bottlenose dolphins alliance formation: male bottlenose dolphins (Tursiops truncatus) in pairs or trios of unrelated males cooperate to herd individual
females; behavioural data combined with sound playback experiments show that males form a first-person social concept of
cooperative team membership [37]

Norway rats food provisioning: Norway rats (Rattus norvegicus) encountered four different partners that were either helpful or not, on four
consecutive days; on the fifth day, the focal subject was paired with one of the previous four partners and given the opportunity
to provide it with food; the focal rats returned received help by matching the quantity of help their partner had previously
provided [38,39]

capybara token exchange: four capybaras (Hydrochoerus hydrochaeris) chose between a prosocial token that rewarded themselves and a
recipient, a selfish token that only rewarded themselves, and a null token that provided no reward to anyone; results indicated
direct reciprocity, with capybaras being more likely to be prosocial towards a prosocial recipient [40]

reindeer allonursing: semi-domesticated reindeer (Rangifer tarandus) mothers increased allonursing as a function of help received from
their partner and the overall number of help received [41]

meerkats grooming: In groups of the cooperatively breeding meerkat (Suricata suricatta), groomees returned grooming of the groomer
within the grooming bout more frequently [42]

dwarf mongooses grooming/sentineling: in wild dwarf mongooses (Helogale parvula), group members who contributed more to sentinel
behaviour received more grooming later that day [43]

vervet monkeys grooming for tolerance: low-status vervet monkeys (Chlorocebus pygerythrus) trade grooming for short-term tolerance by
dominant conspecifics [44]

orangutans token-exchange: two orangutans (Pongo pygmaeus abelii) could exchange a token for food with the experimenter, but only after
first obtaining the token from the other orang-utan; towards the end of the study, orang-utans reciprocally exchanged (mainly
partner-valuable) tokens both between and within trials [45]

(Continued.)
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Table 1. (Continued.)

species behavioural manifestation of direct reciprocity

Guinea baboons gift exchange: guinea baboons (Papio papio) can use direct reciprocity and partner choice to develop and maintain high levels of
cooperation in a prosocial choice task [46]

chimpanzees helping to food provision: chimpanzees (Pan troglodytes) could help a partner to obtain a tool for accessing a reward;
chimpanzees showed a higher tendency to help when interacting with a helpful compared with an unhelpful partner only in
the first half the experiment [47,48]

humans gift exchange: in economic games of trust, humans (Homo sapiens) in the role of investors donated more to a recipient, who in
turn returned more than what each should give from a strict payoff maximization perspective (i.e. zero) [11,49,50]

and reciprocity —compete when the other competes, otherwise cooperate—is the Rousseauian’s best interest (as in Stag Hunt)
[58,86].

(b) Modelling the competitiveness of socio-ecologies

Socio-ecologies that include Hobbesian types are more competitive—risk of exploitation increases—than those that include
Rousseauians only. If reciprocity is mostly effective in socio-ecologies where it rewards cooperators and punishes non-cooper-
ators, we would see reciprocity outperform unconditional cooperation and defection in Rousseauian socio-ecologies, where
interactions take place in Stag Hunt. If reciprocity is particularly prominent in socio-ecologies where the risk of exploitation is
high, we would see it outperforms unconditional strategies, especially in more competitive socio-ecologies, where interactions
take place in Chicken games. To examine these possibilities, we scaled the competitiveness of the socio-ecology by creating five
populations (figure 2): Rousseauian only (100% Rousseauian), Rousseauian majority (75% Rousseauian, 25% Hobbesian), equal
proportion (50% Rousseauian, 50% Hobbesian), Hobbesian majority (25% Rousseauian, 75% Hobbesian), Hobbesian only (100%
Hobbesian). Accordingly, a Rousseauian-only system is characterized by cooperative social interactions (Stag Hunt only; figure
2a), while a Hobbesian-only socio-ecological system is characterized by competitive social interactions (Chicken only; figure 2b).
Mixed populations are taking an intermediate position in terms of the competitiveness and include attack—defend interactions
whenever Hobbesians meet Rousseauians (figure 2c—e).

2. Results and methods

(a) Interaction strategies and payoffs

Assuming that agents do not learn about their partner’s strategy and past behaviour, the three games in our analysis—Stag
Hunt, Chicken and Attack-Defend —all share the same mixed-strategy Nash equilibrium (0.5, 0.5), meaning that if one player
randomizes between cooperation and non-cooperation with equal probability, then there is no strategy that can outperform
randomization. Yet with information about the partner, random mixing may be inferior to alternative ‘reactive’ strategies that
are defined by (i) what an agent does in the initial round, (ii) what an agent does when the partner cooperated before, and (iii)
what an agent does when the partner defected before. For our analysis, we thus have three unconditional and two conditional
strategies (table 2).

Because all three games we use have similar structures, we use the same notation for the payoffs as above, although the
actual payoff values differ in each game. We denote the payoff of mutual cooperation with R, mutual defection with P, the
payoff of defection against cooperation with T and the payoff of cooperation against defection with S. We can then calculate
the payoff for each of our five strategies against each other strategy (see table 3). For the repeated supergame, we assume that
agents play the first round with probability 1 and for the rest, they continue to interact with probability J, such that games
continue for an average of 1/(1-6) rounds. Parameter § can be a prominent factor for the evolution of cognitively sophisticated
strategies, such as match and mismatch [24].

We note that in all three games, each type’s own payoff remains consistent across the games they participate in. Thus, while
payoffs do not vary between partners, the composition of partner distribution (and therefore the type of games agents are
embedded in) differs under distinct ecological conditions (i.e. population compositions). For a full breakdown of this analysis,
see §2 in electronic supplementary material.

In our model, a Rousseauian type earns 2 (CC), 0 (CD), 1 (DD) or 1 (CD) and Hobbesian player earns 1 (CC), 1 (CD), 2
(DC) or 0 (DD). Here, choosing C earns the Rousseauian 2 or 0 when the Hobbesian partner, respectively, plays C (and earns
1) or D (and earns 2). Choosing D, in contrast, earns the Rousseauian player 1 both when the Hobbesian partner plays C (and
earns 1 also), or D (and earns 0). Assuming these payoffs, we can derive the payoff for Rousseauian and Hobbesian players as
a function of strategy pairing and repetition probability § = 0.6, 0.8 and 0.99 (figure 3) (formal derivations for the full parameter
space are given in §2 of electronic supplementary material). This shows the fitness functionality of different strategy pairings for
Rousseauian and Hobbesian types, with the former generally benefitting more from mutual cooperation and matching and the
latter benefitting more from exploitation (defect when partner cooperates), mismatching (cooperate when partner defects) and
mutual defection.
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Figure 1. Variation in social interactions. The plot shows the incentive structure of different 2 x 2 game models from the perspective of the row player, where
each cell represents the payoff received depending on both players’ choices. In each game, individuals can choose between cooperating (C) or defecting (D). They
model mixed-motive social interactions ((a) Prisoner’s Dilemma), cooperative environments ((b) Stag Hunt; conflict between safety and cooperation), competitive
environments ((c) Chicken; conflict between safety and competition) and their combination ((d) Attack—Defend; asymmetric conflict between competition and safety).
T = temptation payoff, R = reward payoff, S = Sucker payoff, P = punishment payoff.
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Figure 2. Socio-ecological systems. Graphic visualization of the distribution of types across the five populations Ny = 240 agents yielding different levels of
socio-ecological competitiveness (from lowest in Rousseauian only, to highest in Hobbesian only). In a socio-ecological system characterized by Rousseauian types
only (a), agents only interact in Stag Hunt games. In a socio-ecological system characterized by Hobbesian types only (b), agents only interact in Hawk Dove games.
In the remaining socio-ecological systems where Hobbesian types can meet Rousseauian types (c—e), agents can interact in an Attack—Defend game. While in the
Rousseauian majority there is a prevalence of Stag Hunt games (c), in the Hobbesian majority there is a prevalence of Hawk Dove games (e).
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Figure 3. Repeated game payoffs for Rousseauian (blue) and Hobbesian (red) players under various strategy combinations and for different probabilities of repetition
(a,b:6=0.6; ¢,d: 6 =0.8; e,f: 6 = 0.99). Each value (y-axis) represents the expected payoff of a strategy (x-axis) against another strategy (colour) in the repeated game
when there are no mistakes.

Table 2. List of strategies considered in the simulations. Note: matcher strategy is similar to the common tit-for-tat strategy. The only difference is that tit-for-tat starts
with cooperation.

strategy behaviour

random starts with either cooperation or defection with equal probability, and randomly chooses to cooperate or defect in all rounds
o p L startswnhacooperatlo R andalways - operates . regardless o thepartn R
e e alwaysdefectsregardl N partners L
matcher starts with either cooperation or defection with equal probability, and cooperates in the following round if the partner cooperates, and

defects in the following round if the partner defects

mismatcher starts with either cooperation or defection with equal probability, and defects in the following round if the partner cooperates and
cooperates in the following round if the partner defects

Table 3. General form of the repeated game payoff for the strategies where R denotes the payoff for mutual cooperation, P denotes the payoff for mutual defection, T
denotes the payoff for defection when the partner cooperates, and S denotes the payoff for cooperation when the partner defects in the stage game.
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(b) Simulations

To handle the complexity of our setup, multiple fixed socio-ecologies involving multiple types and strategies for each type,
and account for randomness such as mistakes and mutation, we take a computational approach. We used simulations to
examine when and to what extent each of the five strategies evolves across the five different socio-ecologies and with different
probabilities of repeated interactions with 0.6 < 6 < 0.99 (results are also robust when using a replicator dynamics approach, see
electronic supplementary material, §2).

At the beginning of each simulation, we generate two fixed-size populations of agents that can interact with each other—one
population for Rousseauians and one population for Hobbesians. Naturally, we have a single population in Rousseauian-only and
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Hobbesian-only conditions. We randomly assign to each agent one of the strategies selected from our set of five with equal [ 7 ]

chances (see §2b), randomly pair them up with another agent and implement the interaction strategy.

Agents play the first round of the game with certainty, and they play each subsequent round with probability 6. To
determine the number of rounds that agents play with each other in our simulations, we used a geometric distribution with the
parameter p =1 — 6 (with 0.6 <6 <0.99, per the above). Agents’ payoffs are accumulated over all rounds of the interaction. At the
end of all interactions in the generation, we compute each agent’s relative payoff in their population as follows:

Xi
N
Yitix;

where x; is the total payoff of agent i from the interactions, N is the number of agents in the population k (Rousseauian or
Hobbesian population) and s is the base fitness parameter, with s € [0,1]. Base fitness determines how strongly the payoffs affect
fitness, and a lower base fitness, represents a higher intensity of selection. When the base fitness is 0, an agent’s probability
of replacing itself in the next generation (in terms of the strategy the agent uses) is directly the relative payoff of the agent
within the population. If the base fitness is 1, each strategy would have an equal chance to be replaced in the next generation
regardless of the payoffs. In other words, a higher base fitness gives a symmetric chance to all strategies. We used a base fitness
of 0.01 (with population N7 = 240), and we ran the simulations with a base fitness of 0.1 as a robustness check (see electronic
supplementary material, figure S12 in §III).

An agent might live a single generation or longer depending on random replacement. At the beginning of the new genera-
tion, all payoffs were set back at 0 and we repeated the process for 1000 generations. Across generations, we kept the percentage
of types in a population constant and replaced strategies using a stochastic reproduction process. We assume that a fraction
of agents die (or learn) in each generation and each one is replaced by another agent (or change strategy after learning),
proportional to the relative payoffs of the agents at the end of the previous generation. We used a replacement rate of 50% and
we further ran the simulations with a replacement rate of 100% as a robustness check (see electronic supplementary material,
figure S13). A higher replacement rate represents a faster speed of the evolutionary process.

In our simulations, we allowed for random mutations in each agent’s strategy with probability u (u = 0.001 with population
Nt = 240; see electronic supplementary material, figure S14 in §III for a robustness check with u = 0.01). In addition, we
considered that agents make mistakes, i.e. they respond with a random action (C or D) instead of responding with the
designated action based on their strategy. The probability of making such a mistake is ¢ = 0.005 (with population N7 = 240; see
electronic supplementary material, figure S15 for a robustness check with a mistake rate of ¢ = 0.05).

We performed 1000 independent simulations for each parameter combination. Results are based on the aggregate of
1000 independent iterations for each parameter combination (examples of individual iterations can be found in electronic
supplementary material, figures S1-56). Simulations were conducted in Python with a custom software implemented on the
High Performance Computing cluster from the Academic Leiden Interdisciplinary Cluster Environment (ALICE) at Leiden
University.

fi= (1-s)+s,

(c) Evolution of strategies when socio-ecologies differ in competitiveness

Results show substantial variation in the relative importance of strategies dependent on whether an individual is in a
fully cooperative or competitive ecology. In the Rousseauian only socio-ecological system, being a cooperator is always
the best strategy for the explored range of continuation probability (0.6 <& <0.99). The benefit of such a strategy increases
when more opportunities for direct reciprocity occur. Adaptive strategies, such as match and mismatch, are not successful
in cooperative environments (figure 4a). By contrast, in a fully competitive environment, the set of adaptive strategies
is dramatically different. First, in such environments, repeated interactions favour defectors over cooperators. Moreover,
mismatching what the partner did in the previous round (anti-reciprocity) is always more successful than any other
strategy (figure 4b).

In a subsequent analysis, we considered the three socio-ecological systems with intermediate competitiveness (Rousseauian
majority, equal size, Hobbesian majority). Whereas a small fraction of competition (25% of Hobbesian types) does not success-
fully disrupt the value of pure cooperation strategies among Rousseauians (bottom panel in figure 5a), the success of pure
cooperation for Rousseauians collapses in favour of more sophisticated matching strategies when Hobbesian types become
more prevalent, and the likelihood of both symmetric (Chicken) and asymmetric (Attack-Defend) competition increases
(bottom panels in figure 5b,c). Accordingly, as the competitiveness of the socio-ecology increases, reciprocal strategies effec-
tively protect Rousseauians against exploitation, especially as the number of repeated interactions increases (bottom panels in
figure 5a—c). At the same time, we see that for Hobbesian types, mismatching (anti-reciprocity) is always performing better
than any other strategy (top panels in figure 5a—c). Results generalize across continuation probabilities (0.6 < 6 < 0.99; figure
5a—c), mutation rates, mistake rates and base fitness and population sizes (N1 = 60, 120, 240) (§III in electronic supplementary
material).

(d) Reciprocal matching in socio-ecologies with varying competitiveness

Earlier work on the evolution of cooperation afforded a strong role to reciprocity [24,25,58,63]. Here, we show that reciprocity is
particularly valuable in competitive socio-ecologies, where it helps to counter exploitation. Earlier work considered one specific
form of reciprocal matching, however, that begins with C and then matches the partner’s previous action (‘tit-for-tat” [84]).

~
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Figure 4. Relative success of strategies in cooperative and competitive environments. The plot shows the average frequency of agents with a certain strategy in
Rousseauian-only (a) and Hobbesian-only (b) populations across continuation probabilities (x-axis). For each continuation probability, each point is the average
frequency of a strategy across 1000 generations and 1000 simulations. A definition of each strategy is presented in table 2.
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Figure 5. Relative success of strategies across mixed environments. The plot shows the average frequency of a strategy across three ecologies: Rousseauian majority
(a), equal distribution (b) and Hobbesian majority (c). The x-axis represents different continuation probabilities. For each continuation probability, each point is the
average frequency across 1000 generations and 1000 simulations.
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Figure 7. Reciprocity and the Prisoner’s Dilemma. The plot shows the success of match strategies across continuation probabilities and population compositions
when matching can be used as a means to defend from aggression (Rousseauians), compared with the success of matching strategies in the standard Prisoner’s
Dilemma game. The blue lines represent the success of matching strategies among Rousseauians in socio-ecological systems characterized by a certain degree of
conflict with Hobbesians. Darker blue lines represent ecologies with a higher prevalence of asymmetric conflict and need to defend from defection, while lighter
blue lines represent a lower prevalence of asymmetric conflict. The red line shows the success of matching strategies in the Prisoner’s Dilemma game (see electronic
supplementary material, (a). The plot shows the average frequency of agents with a certain strategy in different populations across continuation probabilities in the
Prisoner’s Dilemma (b).

However, when we replaced Match that begins with a random choice between cooperate and non-cooperate with tit-for-tat,
which begins with cooperate, we see that also tit-for-tat is likewise successful especially when the fraction of Hobbesian agents
increases (lower panels in figure 6). Tit-for-tat proves to be more successful than matching in Rousseauian-only environments,
suggesting that starting with cooperation can boost the effectiveness of reciprocity across socio-ecologies.

Another possible explanation for the seeming discrepancy between our results and earlier work may be that we excluded
the standard Prisoner’s Dilemma from the set of games agents played. To verify this, we compared the relative success of
match strategies among Rousseauians with the evolution of match strategies in the standard Prisoner’s Dilemma game. When
we computed the same set of simulations and set of strategies in the standard Prisoner’s Dilemma game (PD, payoff matrix
shown in figure 1a), we observed that a match strategy more readily evolves among Rousseauians that have high pressure to
defend from exploitation in competitive environments (i.e. a large faction of Hobbesians), rather than in the Prisoner’s Dilemma

267 §905 40, qdsyeumnolbiobunsindiaposeros |

€£605¢0C



Downloaded from https://royal societypublishing.org/ on 22 July 2025

game (figure 7). Our results thus confirm that reciprocity promotes cooperation, yet that reciprocity evolves more readily in [ 10 |
environments presenting a high need to defend against aggression.

3. Conclusions

The evolution of strategies for competition and cooperation depends on the socio-ecology within which individuals interact.
Variations in socio-ecologies allow for trust or, alternatively, input a need to punish potential defection and through these
variations, strategies that require some cognitive sophistication emerge. Indeed, socio-ecologies in which mutual cooperation is
in the individual’s best interest (i.e. Stag Hunt games) allow for pure cooperation to evolve, whereas socio-ecologies in which
defection best serves personal interests (e.g. Prisoner’s Dilemma games) afford pure competition and reciprocity to evolve.
However, cognitively sophisticated strategies that take the history of play for cooperation or competition into account emerge as
a function of the number of agents that seek to exploit through defection, and matching other’s defection becomes crucial for the
evolution of reciprocity.

Our finding that some socio-ecologies favour more cognitively sophisticated strategies nicely scales with the presence of
multiple equilibria in which fitness depends on the strategy chosen by one’s counterpart, and individuals benefit from an ability
to track what others did and predict what others will do. Indeed, in the type of sequential encounters modelled here, direct
reciprocity requires individual recognition and memory of the outcomes of past interactions with a specific individual. For
indirect reciprocity, individual recognition of social partners as well as a reputation mechanism based on the performance of
social partners is needed. Our results thus suggest that a species’ cognitive sophistication may be a product of evolutionary
pressure to deal with mixtures of competition and cooperation [84], and in particular in socio-ecologies where the temptation to
defect is stronger. Results of these models resonate with recent calls for considering reciprocity across socio-ecologies [62], and
are in line with cross-societal findings in human that show that forms of reciprocity are more prevalent in societies characterized
by internal history of competition [85,87].
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While our results provide reliable evidence that competitive environments promote reciprocal strategies in a controlled
setting, they rely on a subset of relatively simple strategies and assumptions, whereas the literature on game theory has a wide
range of prolific strategies and parameters [24,88]. Future research is needed to extend the present findings to a more diverse set
of strategies (including Generous TitForTat, GrimTrigger, WinStayLoseShift or generalized reciprocity [72,89]) and parameters
(including population structure, or multi-level fitness benefits [24,90]). Whether different kinds of reciprocal strategies are
also more pronounced in more competitive settings should be further investigated in the presence of such an extended set of
strategies.

Social animals experience a wide set of social interactions across ecologies, and across animal species and ecologies, there
is evidence for behavioural reciprocity and matching (per table 1). Whereas some strategies, reciprocity included, might work
well in some ecologies, they are sub-optimal in others. One question for future research thus is how individuals learn to
flexibly adapt their interaction strategies depending on specific socio-ecologies and the concomitant opportunities afforded by
cooperation, alongside the need to protect against possible exploitation.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.
Data accessibility. The simulated data and materials used in this study are available on Dryad [91].
Supplementary material is available online [92].
Declaration of Al use. We have not used Al-assisted technologies in creating this article.
Authors” contributions. A.R.: conceptualization, methodology, project administration, writing—original draft, writing—review and editing; A.S.S.:
methodology, software, writing— review and editing; C.K.W.D.D.: conceptualization, methodology, writing—review and editing.
All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.

Funding. This project has received funding from the European Research Council (ERC) under the European Union's Horizon 2020 research and
innovation programme (AdG agreement no. 785635) to C. K.W.D.D.

Acknowledgements. This work was performed using the ALICE compute resources provided by Leiden University. We thank ALICE team for their
support. We thank Péter Bayer, Sacha C. Engelhardt, Maria Kleshnina, Jorge Pefia, Ivan Romi¢, and the IAST Social Evolution Team meeting
participants for their valuable feedback and constructive comments on earlier versions of this paper.

References

1. Roberts G. 2005 Cooperation through interdependence. Anim. Behav. 70, 901-908. (doi:10.1016/j.anbehav.2005.02.006)

2. Schweinfurth MK, Call J. 2019 Revisiting the possibility of reciprocal help in non-human primates. Neurosci. Biobehav. Rev. 104, 73—86. (doi:10.1016/j.neubiorev.2019.06.026)

3. Hemelrijk CK, Puga-Gonzalez I. 2012 An individual-oriented model on the emergence of support in fights, its reciprocation and exchange. PLoS One 7, €37271. (doi:10.1371/journal.
pone.0037271)

4. Port M, Clough D, Kappeler PM. 2009 Market effects offset the reciprocation of grooming in free-ranging redfronted lemurs, Eulemur fulvus rufus. Anim. Behav. 77, 29-36. (doi:10.
1016/j.anbehav.2008.08.032)

5. Engelhardt SC, Taborsky M. 2024 Reciprocal altruism in Norway rats. £thology 130, e13418. (doi:10.1111/eth.13418)

6.  Engelhardt SC, Taborsky M. 2022 Food-exchanging Norway rats apply the direct reciprocity decision rule rather than copying by imitation. Anim. Behav. 194, 265-274. (doi:10.
1016/j.anbehav.2022.09.005)

7. Fraser ON, Bugnyar T. 2012 Reciprocity of agonistic support in ravens. Anim. Behav. 83, 171-177. (doi:10.1016/j.anbehav.2011.10.023)


http://dx.doi.org/10.1016/j.anbehav.2005.02.006
http://dx.doi.org/10.1016/j.neubiorev.2019.06.026
http://dx.doi.org/10.1371/journal.pone.0037271
http://dx.doi.org/10.1371/journal.pone.0037271
http://dx.doi.org/10.1016/j.anbehav.2008.08.032
http://dx.doi.org/10.1016/j.anbehav.2008.08.032
http://dx.doi.org/10.1111/eth.13418
http://dx.doi.org/10.1016/j.anbehav.2022.09.005
http://dx.doi.org/10.1016/j.anbehav.2022.09.005
http://dx.doi.org/10.1016/j.anbehav.2011.10.023

Downloaded from https://royal societypublishing.org/ on 22 July 2025

20.

21.
22.

23.
24,
25.
26.
27.
28.
29.
30.
3N
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.
43.

44,

45.

46.
47.

48.

49.

Rose MC, Styr B, Schmid TA, Elie JE, Yartsev MM. 2021 Cortical representation of group social communication in bats. Science 374, eaba9584. (doi:10.1126/science.aba9584)
Taborsky M, Cant MA, Komdeur J. 2021 The evolution of social behaviour. Cambridge, UK: Cambridge University Press. (doi:10.1017/9780511894794.006)

LaPorte P, Hilbe C, Nowak MA. 2023 Adaptive dynamics of memory-one strategies in the repeated donation game. PLoS Comput. Biol. 19, e1010987. (doi:10.1371/journal.pcbi.
1010987)

Wedekind C, Milinski M. 2000 Cooperation through image scoring in humans. Science 288, 850-852. (doi:10.1126/science.288.5467.850)

Leimar 0, Bshary R. 2024 Social bond dynamics and the evolution of helping. Proc. Nat! Acad. Sci. USA 121, €2317736121. (doi:10.1073/pnas.2317736121)

Nowak MA. 2006 Five rules for the evolution of cooperation. Science 314, 1560—1563. (doi:10.1126/science.1133755)

Clutton-Brock TH, Parker GA. 1995 Punishment in animal societies. Nature 373, 209-216. (doi:10.1038/373209a0)

Molm LD. 2010 The structure of reciprocity. Soc. Psychol. Q. 73, 119-131. (doi:10.1177/0190272510369079)

De Dreu CKW, Greer LL, Handgraaf MJJ, Shalvi S, Van Kleef GA, Baas M, Ten Velden FS, Van Dijk E, Feith SWW. 2010 The neuropeptide oxytocin regulates parochial altruism in
intergroup conflict among humans. Science 328, 1408—1411. (doi:10.1126/science.1189047)

Feldman R. 2017 The neurobiology of human attachments. Trends Cogn. Sci. 21, 80-99. (doi:10.1016/j.tics.2016.11.007)

McClung JS, Triki Z, Clément F, Bangerter A, Bshary R. 2018 Endogenous oxytocin predicts helping and conversation as a function of group membership. Proc. R. Soc. B 285,
20180939. (doi:10.1098/rspb.2018.0939)

Triki Z, Daughters K, De Dreu CKW. 2022 Oxytocin has ‘tend-and-defend’ functionality in group conflict across social vertebrates. Phil. Trans. R. Soc. B 377, 20210137. (doi:10.1098/
rsth.2021.0137)

Bierikiewicz MMN, Smykovskyi AP, Olugbade T, Janagi S, Camurri A, Bianchi-Berthouze N, Bjorkman M, Bardy BG. 2021 Bridging the gap between emotion and joint action.
Neurosci. Biobehav. Rev. 131, 806—833. (doi:10.1016/j.neubiorev.2021.08.014)

Vicente U, Ara A, Marco-Pallarés J. 2023 Intra- and inter-brain synchrony oscillations underlying social adjustment. Sci. Rep. 13, 11. (doi:10.1038/541598-023-38292-6)

Prochazkova E, Prochazkova L, Giffin MR, Scholte HS, De Dreu CKW, Kret ME. 2018 Pupil mimicry promotes trust through the theory-of-mind network. Proc. Natl Acad. Sci. USA 115,
E7265—E7274. (doi:10.1073/pnas.1803916115)

Prochazkova E, Kret ME. 2017 Connecting minds and sharing emotions through mimicry: a neurocognitive model of emotional contagion. Neurosci. Biobehav. Rev. 80, 99—114. (doi:
10.1016/j.neubiorev.2017.05.013)

van Veelen M, Garcia J, Rand DG, Nowak MA. 2012 Direct reciprocity in structured populations. Proc. Nat! Acad. Sci. USA 109, 9929-9934. (doi:10.1073/pnas.1206694109)

Schmid L, Chatterjee K, Hilbe C, Nowak MA. 2021 A unified framework of direct and indirect reciprocity. Nat. Hum. Behav. 5,1292—-1302. (doi:10.1038/541562-021-01114-8)

Rutte C, Taborsky M. 2008 The influence of social experience on cooperative behaviour of rats (Rattus norvegicus): direct vs generalised reciprocity. Behav. Ecol. Sociobiol. 62, 499—
505. (doi:10.1007/500265-007-0474-3)

Lorenzi MC, Laura P, Claire R, Elise J. 2024 Conditional reciprocity in invertebrates is robust to disturbances. Ethology 130, e13415. (doi:10.1111/eth.13415)

Pefia J, Noldeke G, Puebla 0. 2020 The evolution of egg trading in simultaneous hermaphrodites. Am. Nat. 195, 524-533. (doi:10.1086/707016)

Croft DP, James R, Thomas POR, Hathaway C, Mawdsley D, Laland KN, Krause J. 2006 Social structure and co-operative interactions in a wild population of guppies (Poecilia
reticulata). Behav. Ecol. Sociobiol. 59, 644—650. (doi:10.1007/500265-005-0091-y)

Taborsky M, Riebli T. 2020 Coaction vs. reciprocal cooperation among unrelated individuals in social cichlids. Front. Ecol. Evol. 7. (doi:10.3389/fev0.2019.00515)

Brandl SJ, Bellwood DR. 2015 Coordinated vigilance provides evidence for direct reciprocity in coral reef fishes. Sci. Rep. 5, 14556. (doi:10.1038/srep14556)

Johnstone RA, Manica A, Fayet AL, Stoddard MC, Rodriguez-Gironés MA, Hinde CA. 2014 Reciprocity and conditional cooperation between great tit parents. Behav. Ecol. 25, 216
222. (doi:10.1093/beheco/art109)

Miiller JJA, Massen JJM, Bugnyar T, Osvath M. 2017 Ravens remember the nature of a single reciprocal interaction sequence over 2 days and even after a month. Anim. Behav. 128,
69-78. (doi:10.1016/j.anbehav.2017.04.004)

Voelkl B, Portugal SJ, Unsdld M, Usherwood JR, Wilson AM, Fritz J. 2015 Matching times of leading and following suggest cooperation through direct reciprocity during V-formation
flight in ibis. Proc. Natl Acad. Sci. USA 112, 2115-2120. (doi:10.1073/pnas.1413589112)

Wilkinson GS, Carter GG, Bohn KM, Adams DM. 2016 Non-kin cooperation in bats. Phil. Trans. R. Soc. B 371, 20150095. (doi:10.1098/rsth.2015.0095)

Romero T, Aureli F. 2008 Reciprocity of support in coatis (Nasua nasua). J. Comp. Psychol. 122, 19-25. (doi:10.1037/0735-7036.122.1.19)

King SL, Connor R, Kriitzen M, Allen SJ. 2021 Cooperation-based concept formation in male bottlenose dolphins. Nat. Commun 12, 2373. (doi:10.1038/541467-021-22668-1)
Kettler N, Schweinfurth MK, Taborsky M. 2021 Rats show direct reciprocity when interacting with multiple partners. Sci. Rep. 11, 8. (doi:10.1038/541598-021-82526-4)

Engelhardt SC, Paulsson NI, Taborsky M. 2024 Norway rats recruit cooperation partners based on previous receipt of help while disregarding kinship. iScience 27, 111314. (doi:10.
1016/j.is¢i.2024.111314)

Lalot M, Liévin-Bazin A, Bourgeois A, Saint Jalme M, Bovet D. 2021 Prosociality and reciprocity in capybaras (Hydrochoerus hydrochaeris) in a non-reproductive context. Behav.
Processes 188, 104407. (doi:10.1016/j.beproc.2021.104407)

Engelhardt SC, Weladji RB, Holand @, Reed KH, Nieminen M. 2023 Evidence suggesting that reindeer mothers allonurse according to the direct reciprocity and generalized
reciprocity decision rules. PLoS One 18, €0295497. (doi:10.1371/journal.pone.0295497)

Kutsukake N, Clutton-Brock TH. 2006 Social functions of allogrooming in cooperatively breeding meerkats. Anim. Behav. 72, 1059-1068. (doi:10.1016/j.anbehav.2006.02.016)

Kern JM, Radford AN. 2018 Experimental evidence for delayed contingent cooperation among wild dwarf mongooses. Proc. Nat/ Acad. Sci. USA 115, 6255-6260. (doi:10.1073/pnas.
1801000115)

Borgeaud C, Bshary R. 2015 Wild vervet monkeys trade tolerance and specific coalitionary support for grooming in experimentally induced conflicts. Curr. Biol. 25, 3011-3016. (doi:
10.1016/j.cub.2015.10.016)

Dufour V, Pelé M, Neumann M, Thierry B, Call J. 2009 Calculated reciprocity after all: computation behind token transfers in orang-utans. Biol. Lett. 5, 2008. (doi:10.1098/rsbl.2008.
0644)

Formaux A, Sperber D, Fagot J, Claidiére N. 2023 Guinea baboons are strategic cooperators. Sci. Adv. 9, eadi5282. (doi:10.1126/sciadv.adi5282)

Knofe H, Engelmann JM, Grueneisen S, Herrmann E. 2024 Instrumental helping and short-term reciprocity in chimpanzees and human children. Ethology 130, e13426. (doi:10.
1111/eth.13426)

Jaeqgi AV, Gurven M. 2013 Reciprocity explains food sharing in humans and other primates independent of kin selection and tolerated scrounging: a phylogenetic meta-analysis.
Proc. R. Soc. B 280, 20131615. (doi:10.1098/rsph.2013.1615)

Berg J, Dickhaut J, McCabe K. 1995 Trust, reciprocity, and social history. Games Econ. Behav. 10, 122—142. (doi:10.1006/game.1995.1027)

1605707 1767 8905420 qdsyjeumol Buobunsigndiiaposiefor |


http://dx.doi.org/10.1126/science.aba9584
http://dx.doi.org/10.1017/9780511894794.006
http://dx.doi.org/10.1371/journal.pcbi.1010987
http://dx.doi.org/10.1371/journal.pcbi.1010987
http://dx.doi.org/10.1126/science.288.5467.850
http://dx.doi.org/10.1073/pnas.2317736121
http://dx.doi.org/10.1126/science.1133755
http://dx.doi.org/10.1038/373209a0
http://dx.doi.org/10.1177/0190272510369079
http://dx.doi.org/10.1126/science.1189047
http://dx.doi.org/10.1016/j.tics.2016.11.007
http://dx.doi.org/10.1098/rspb.2018.0939
http://dx.doi.org/10.1098/rstb.2021.0137
http://dx.doi.org/10.1098/rstb.2021.0137
http://dx.doi.org/10.1016/j.neubiorev.2021.08.014
http://dx.doi.org/10.1038/s41598-023-38292-6
http://dx.doi.org/10.1073/pnas.1803916115
http://dx.doi.org/10.1016/j.neubiorev.2017.05.013
http://dx.doi.org/10.1073/pnas.1206694109
http://dx.doi.org/10.1038/s41562-021-01114-8
http://dx.doi.org/10.1007/s00265-007-0474-3
http://dx.doi.org/10.1111/eth.13415
http://dx.doi.org/10.1086/707016
http://dx.doi.org/10.1007/s00265-005-0091-y
http://dx.doi.org/10.3389/fevo.2019.00515
http://dx.doi.org/10.1038/srep14556
http://dx.doi.org/10.1093/beheco/art109
http://dx.doi.org/10.1016/j.anbehav.2017.04.004
http://dx.doi.org/10.1073/pnas.1413589112
http://dx.doi.org/10.1098/rstb.2015.0095
http://dx.doi.org/10.1037/0735-7036.122.1.19
http://dx.doi.org/10.1038/s41467-021-22668-1
http://dx.doi.org/10.1038/s41598-021-82526-4
http://dx.doi.org/10.1016/j.isci.2024.111314
http://dx.doi.org/10.1016/j.isci.2024.111314
http://dx.doi.org/10.1016/j.beproc.2021.104407
http://dx.doi.org/10.1371/journal.pone.0295497
http://dx.doi.org/10.1016/j.anbehav.2006.02.016
http://dx.doi.org/10.1073/pnas.1801000115
http://dx.doi.org/10.1073/pnas.1801000115
http://dx.doi.org/10.1016/j.cub.2015.10.016
http://dx.doi.org/10.1098/rsbl.2008.0644
http://dx.doi.org/10.1098/rsbl.2008.0644
http://dx.doi.org/10.1126/sciadv.adi5282
http://dx.doi.org/10.1111/eth.13426
http://dx.doi.org/10.1111/eth.13426
http://dx.doi.org/10.1098/rspb.2013.1615
http://dx.doi.org/10.1006/game.1995.1027

Downloaded from https://royal societypublishing.org/ on 22 July 2025

50.

51.
52.
53.
54.
55.
56.

57.
58.
59.

60.

61.

62.

63.
64.
65.
66.
67.
68.
69.

70.
7.
72.
73.
74.
75.

76.
7.

78.
79.

80.

81.
82.
83.
84.
85.
86.
87.

88.
89.
90.
9.
92.

King-Casas B, Tomlin D, Anen C, Camerer CF, Quartz SR, Montague PR. 2005 Getting to know you: reputation and trust in a two-person economic exchange. Science 308, 78-83. m

(doi:10.1126/science.1108062)

Bshary R, Bergmiiller R. 2008 Distinguishing four fundamental approaches to the evolution of helping. J. Evol. Biol. 21, 405-420. (doi:10.1111/j.1420-9101.2007.01482.x)
Mesterton-Gibbons M, Dugatkin LA. 1992 Cooperation among unrelated individuals: evolutionary factors. Q. Rev. Biol. 67, 267—281. (doi:10.1086/417658)

Cheney DL. 2011 Extent and limits of cooperation in animals. Proc. Natl Acad. Sci. USA 108, 10902—10909. (doi:10.1073/pnas.1100291108)

Clutton-Brock T. 2009 Cooperation between non-kin in animal societies. Nature 462, 51-57. (doi:10.1038/nature08366)

Schino G, Aureli F. 2010 The relative roles of kinship and reciprocity in explaining primate altruism. Ecol. Lett. 13, 45-50. (doi:10.1111/j.1461-0248.2009.01396.x)

Quifiones AE, van Doorn GS, Pen |, Weissing FJ, Taborsky M. 2016 Negotiation and appeasement can be more effective drivers of sociality than kin selection. Phil. Trans. R. Soc. B 371,
20150089. (doi:10.1098/rsth.2015.0089)

Trivers RL. 1971 The evolution of reciprocal altruism. Q. Rev. Biol. 46, 35-57. (doi:10.1086/406755)

Axelrod R, Hamilton WD. 1981 The evolution of cooperation. Science 211, 1390—1396. (doi:10.1126/science.7466396)

Lehmann L, Keller L. 2006 The evolution of cooperation and altruism--a general framework and a classification of models. J. Evol. Biol. 19, 1365-1376. (doi:10.1111/j.1420-9101.
2006.01119.x)

Cosmides L. 1989 The logic of social exchange: has natural selection shaped how humans reason? Studies with the Wason selection task. Cognition 31, 187-276. (doi:10.1016/
0010-0277(89)90023-1)

De Dreu CKW, Gross J. 2019 Revisiting the form and function of conflict: neurobiological, psychological, and cultural mechanisms for attack and defense within and between groups.
Behav. Brain Sci. 42, X18002170. (doi:10.1017/50140525x18002170)

Romano A, Giardini F, Columbus S, de Kwaadsteniet EW, Kisfalusi D, Triki Z, Snijders C, Hagel K. 2021 Reputation and socio-ecology in humans. Phil. Trans. R. Soc. B 376, 20200295.
(doi:10.1098/rsth.2020.0295)

Nowak MA, Sigmund K. 1998 Evolution of indirect reciprocity by image scoring. Nature 393, 573-577. (doi:10.1038/31225)

Santos FP, Santos FC, Pacheco JM. 2018 Social norm complexity and past reputations in the evolution of cooperation. Nature 555, 242-245. (doi:10.1038/nature25763)

Tkadlec J, Hilbe C, Nowak MA. 2023 Mutation enhances cooperation in direct reciprocity. Proc. Nat! Acad. Sci. USA 120, €2221080120. (doi:10.1073/pnas.2221080120)

Riehl C, Frederickson ME. 2016 Cheating and punishment in cooperative animal societies. Phil. Trans. R. Soc. B 371, 20150090. (doi:10.1098/rsth.2015.0090)

Taborsky M, Frommen JG, Riehl C. 2016 Correlated pay-offs are key to cooperation. Phil. Trans. R. Soc. B 371, 20150084. (doi:10.1098/rsth.2015.0084)

Columbus S, Molho C, Righetti F, Balliet D. 2021 Interdependence and cooperation in daily life. J. Pers. Soc. Psychol. 120, 626—650. (doi:10.1037/pspi0000253)

Barta Z, McNamara JM, Huszér DB, Taborsky M. 2011 Cooperation among non-relatives evolves by state-dependent generalized reciprocity. Proc. R. Soc. B 278, 843—848. (doi:10.
1098/rsph.2010.1634)

Hobbes T. 1651 Leviathan: or the matter, forme, and power of a common-wealth ecclesiasticall and civill. London, UK: Andrew Crooke.

Rousseau JJ. 1761 A discourse upon the origin and foundation of the inequality among mankind. London, UK: R and J Dodsley.

Sarkar A, Wrangham RW. 2023 Evolutionary and neuroendocrine foundations of human aggression. Trends Cogn. Sci. 27, 468—493. (doi:10.1016/j.tics.2023.02.003)

Mcelreath R. 2003 Reputation and the evolution of conflict. J. Theor. Biol. 220, 345-357. (doi:10.1006/jthi.2003.3166)

Thielmann 1, B6hm R, Ott M, Hilbig BE. 2021 Economic games: an introduction and guide for research. Collabra 7, 19004. (doi:10.1525/collabra.19004)

Van Lange PAM, Joireman J, Parks (D, Van Dijk E. 2013 The psychology of social dilemmas: a review. Organ. Behav. Hum. Decis. Process. 120, 125-141. (doi:10.1016/j.0bhdp.2012.
11.003)

Rand DG, Nowak MA. 2013 Human cooperation. Trends Cogn. Sci. 17, 413—425. (doi:10.1016/j.tics.2013.06.003)

Hall K, Smith M, Russell JL, Lambeth SP, Schapiro SJ, Brosnan SF. 2019 Chimpanzees rarely settle on consistent patterns of play in the hawk dove, assurance, and prisoner’s dilemma
games, in a token exchange task. Anim. Behav. Cogn. 6, 48—70. (doi:10.26451/abc.06.01.04.2019)

Thielmann |, Spadaro G, Balliet D. 2020 Personality and prosocial behavior: a theoretical framework and meta-analysis. Psychol. Bull. 146, 30—90. (doi:10.1037/bul0000217)

Duguid S, Wyman E, Bullinger AF, Herfurth-Majstorovic K, Tomasello M. 2014 Coordination strategies of chimpanzees and human children in a stag hunt game. Proc. R. Soc. B 281,
20141973. (doi:10.1098/rsph.2014.1973)

Crowley PH. 2001 Dangerous games and the emergence of social structure: evolving memory-based strategies for the generalized hawk-dove game. Behav. Ecol. 12, 753-760. (doi:
10.1093/beheco/12.6.753)

Glowacki L. 2024 The evolution of peace. Behav. Brain Sci. 47, 1-100. (doi:10.1017/50140525x22002862)

De Dreu CKW, Pliskin R, Rojek-Giffin M, Méder Z, Gross J. 2021 Political games of attack and defence. Phil. Trans. R. Soc. B 376, 20200135. (doi:10.1098/rsth.2020.0135)

Camerer C. 2003 Behavioral game theory. New York, NY: Russell Sage Foundation.

Alexander RD, Bargia G. 1978 Group selection, altruism, and the levels of organization of life. Annu. Rev. Ecol. Syst. 9, 449—474. (doi:10.1146/annurev.es.09.110178.002313)

Falk A, Becker A, Dohmen T, Enke B, Huffman D, Sunde U. 2018 Global evidence on economic preferences. Q. J. Econ. 133, 1645-1692. (doi:10.1093/qje/qjy013)

Wrangham RW. 2018 Two types of aggression in human evolution. Proc. Natl Acad. Sci. USA 115, 245-253. (doi:10.1073/pnas.1713611115)

Cross SE, Uskul AK, Gercek-Swing B, Sunbay Z, Alézkan C, Giinsoy C, Ataca B, Karakitapoglu-Aygiin Z. 2014 Cultural prototypes and dimensions of honor. Pers. Soc. Psychol. Bull. 40,
232-249. (doi:10.1177/0146167213510323)

Rubinstein A. 1986 Finite automata play the repeated prisoner’s dilemma. J. Econ. Theory 39, 83-96. (doi:10.1016/0022-0531(86)90021-9)

van Doorn GS, Taborsky M. 2012 The evolution of generalized reciprocity on social interaction networks. Evolution 66, 651—664. (doi:10.1111/j.1558-5646.2011.01479.x)

Traulsen A, Nowak MA. 2006 Evolution of cooperation by multilevel selection. Proc. Natl Acad. Sci. USA103, 10952—10955. (d0i:%2010.1073/pnas.0602530103)

Romano A, Saral A, Dreu CKW. 2025 Reciprocity evolves more readily in competitive than cooperative socio-ecologies. Dryad Digital Repository. (doi:10.5061/dryad.bcc2fqzrh)
Romano A, Saral AS, De D, Carsten KW. 2025 Supplementary material from: Reciprocity evolves more readily in competitive than cooperative socio-ecologies. Figshare. (doi:10.
6084/m9.figshare.c.7893924)

€L60ST07 <267 §705y 204 qdsy/jewnof/BioBuysyqndiaaposiefos


http://dx.doi.org/10.1126/science.1108062
http://dx.doi.org/10.1111/j.1420-9101.2007.01482.x
http://dx.doi.org/10.1086/417658
http://dx.doi.org/10.1073/pnas.1100291108
http://dx.doi.org/10.1038/nature08366
http://dx.doi.org/10.1111/j.1461-0248.2009.01396.x
http://dx.doi.org/10.1098/rstb.2015.0089
http://dx.doi.org/10.1086/406755
http://dx.doi.org/10.1126/science.7466396
http://dx.doi.org/10.1111/j.1420-9101.2006.01119.x
http://dx.doi.org/10.1111/j.1420-9101.2006.01119.x
http://dx.doi.org/10.1016/0010-0277(89)90023-1
http://dx.doi.org/10.1016/0010-0277(89)90023-1
http://dx.doi.org/10.1017/s0140525x18002170
http://dx.doi.org/10.1098/rstb.2020.0295
http://dx.doi.org/10.1038/31225
http://dx.doi.org/10.1038/nature25763
http://dx.doi.org/10.1073/pnas.2221080120
http://dx.doi.org/10.1098/rstb.2015.0090
http://dx.doi.org/10.1098/rstb.2015.0084
http://dx.doi.org/10.1037/pspi0000253
http://dx.doi.org/10.1098/rspb.2010.1634
http://dx.doi.org/10.1098/rspb.2010.1634
http://dx.doi.org/10.1016/j.tics.2023.02.003
http://dx.doi.org/10.1006/jtbi.2003.3166
http://dx.doi.org/10.1525/collabra.19004
http://dx.doi.org/10.1016/j.obhdp.2012.11.003
http://dx.doi.org/10.1016/j.obhdp.2012.11.003
http://dx.doi.org/10.1016/j.tics.2013.06.003
http://dx.doi.org/10.26451/abc.06.01.04.2019
http://dx.doi.org/10.1037/bul0000217
http://dx.doi.org/10.1098/rspb.2014.1973
http://dx.doi.org/10.1093/beheco/12.6.753
http://dx.doi.org/10.1017/s0140525x22002862
http://dx.doi.org/10.1098/rstb.2020.0135
http://dx.doi.org/10.1146/annurev.es.09.110178.002313
http://dx.doi.org/10.1093/qje/qjy013
http://dx.doi.org/10.1073/pnas.1713611115
http://dx.doi.org/10.1177/0146167213510323
http://dx.doi.org/10.1016/0022-0531(86)90021-9
http://dx.doi.org/10.1111/j.1558-5646.2011.01479.x
http://dx.doi.org/%2010.1073/pnas.0602530103
http://dx.doi.org/10.5061/dryad.bcc2fqzrb
http://dx.doi.org/10.6084/m9.figshare.c.7893924
http://dx.doi.org/10.6084/m9.figshare.c.7893924

	Reciprocity evolves more readily in competitive than cooperative socio-ecologies
	1. Introduction
	(a) When Rousseau meets Hobbes
	(b) Modelling the competitiveness of socio-ecologies

	2. Results and methods
	(a) Interaction strategies and payoffs
	(b) Simulations
	(c) Evolution of strategies when socio-ecologies differ in competitiveness
	(d) Reciprocal matching in socio-ecologies with varying competitiveness

	3. Conclusions


