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Supplementary Information
Evolutionary dynamics
To investigate the selective benefits of collectivism and its influence on cooperation, we consider the following evolutionary dynamics in a finite population of  individuals, interacting through the Collective Risk Dilemma described below (see also Milinski et al., 2008; Santos & Pacheco, 2011). At the beginning of each simulation, the population composed by an equal number of Cooperators and Defector and an equal number of Individualists and Collectivists (see section Fixation Probabilities for details). These traits are assigned randomly and independently from each other, leading to an initial composition of (approximately) 25% individualists who cooperate, 25% individualists who defect, 25% collectivists who cooperate, and 25% collectivists who defect. We allow these frequencies to evolve using the following algorithm, based on a pairwise imitation process (Traulsen et al., 2006)[footnoteRef:1]:  [1:  The MATLAB code used for model implementation is available as a public repository on Zenodo (Colnaghi, 2025).] 

Each iteration of the algorithm, a focal individual is randomly sampled from the population. Then, a “model” individual is randomly sampled either from the whole population (in simulations with a well-mixed population) or from the focal individual’s immediate neighborhood (if the population is structured). The focal and model individuals then play a Collective Risk Dilemma (CRD) with their neighbors (in a structured population) or with other randomly sampled individuals (in a well-mixed population); the payoffs of the focal and model individuals depend on their strategy as well as on the number of cooperators they interact with. In the CRD considered, individuals are assumed to cooperate in order to preserve their endowments (). Cooperation is costly: cooperators must contribute a fraction  () of their endowment for the group to achieve collective success. Collective success is achieved if a least  individuals (out of , ) cooperate. If collective success is achieved (), all individuals in the group keep their endowment; conversely, if collective success is not achieved () individuals lose a fraction  of their endowment. As a result,  can conveniently be interpreted as a parameter controlling the extent to which individuals’ payoffs depend on others’ actions:  represents maximum mutual dependence, whereby sustaining endowments fully depends on others’ cooperation level and reaching collective success;  represents minimum mutual dependence such that individual payoffs do not depend on the cooperation of other individuals[footnoteRef:2]. The payoffs of defectors and cooperators in a group with exactly  cooperators,  and , are calculated as follows: [2:  We note that this interpretation of f is slightly different than the risk factor r considered in the original formulation of the Collective Risk Dilemma (Santos & Pacheco, 2011), which represents the probability of losing the whole endowment when collective success is not achieved.] 


Where  is the Heaviside function, which is equal to  if , and  otherwise. It follows that, in a group with  cooperators, the payoff of defectors is always greater than the payoff of cooperators. Cooperators, however, are more likely to find themselves in a group that reaches the minimum threshold of cooperators. Without loss of generality, throughout the paper we set .
After the payoffs have been calculated, the focal individual has a probability  to update the cultural norm that determines her social preference function (i.e., whether the individual is an Individualist or a Collectivist; see also “Social Preference Function” subsection below) and a probability  to update her strategy (Cooperate or Defect). When an individual updates her strategy, she bases her decision on her social preference function, which depends on the degree of collectivism . Strategic decisions are also subjected to random changes (i.e., mutation) with probability , causing the focal individual to change her strategy regardless of the model individual’s strategy or payoffs. 
Unlike strategic decisions to cooperate or defect, which are based on the social preference function, decisions to adopt a different cultural norm are only based on the payoff difference between focal and model individuals. In both cases, the probability that the focal individual imitates the model’s strategy or behavior follows a Fermi distribution (see “Imitation Probability” subsection below). 

Fixation Probabilities
As we do not consider mutations in cultural norms, each simulation starting with a dimorphic population converges to an absorbing state where either collectivism or individualism is fixed. We iterate the algorithm described in section “Evolutionary Dynamics” until a cultural norm reaches fixation. We calculate the fixation probability of collectivism as the number of simulations where collectivism spreads to fixation divided by the total number of simulations with a given set of parameters, starting from a state where individualists () and collectivists () are equally present. Technically, if we use  to denote the number of collectivists (in a population of size ), then we are computing, numerically, the absorption probability from state  to absorbing states  or . This differs from traditional approaches where fixation probabilities are computed as the absorption probability of a mutant strategy in a population otherwise composed of a resident strategy (e.g., absorption probability to  from ) (Traulsen et al., 2006). Here we focus on absorption probabilities from  to have a simpler characterization of environments where collectivism/individualism are likely to be favored, without diving deeper into population size effects or the existence of polymorphic (stable) states. This also allows us to define a baseline scenario without elaborating on population sizes: consider the neutral case where the collectivists and individualists accrue the exact same fitness, leading to a symmetric random walk. In this case, the fixation probability of collectivism, from , would be , whereas the fixation probability from a state  is always 0.5, regardless . We can thereby discuss the prevalence of collectivism relatively to a population size-independent baseline setting (dashed line in Figure 5, main text). 

Social Preference Function
When deciding whether to change strategy from Cooperation to Defection or vice-versa, collectivists adopt a social preference function which takes into account the payoff of an individual agent, , and the mean payoff of the group, . The social preference function includes these two terms, weighted by the degree of collectivism : .

Imitation probability
Mathematically, the imitation probability follows a Fermi distribution (Traulsen et al., 2006). Let  and  be, respectively, the payoffs of the two individuals,  and  the average payoffs of their groups. The probability that the focal individual imitates the strategy of the second follows a Fermi distribution: 

By contrast, the decision to imitate cultural norms is only a function of the payoff difference, and is given by:

In both cases,  indicates the “temperature” or “noise” of the Fermi distribution, which varies with the strength of selection (Traulsen et al., 2006). High values of  correspond to hard selection, where individuals almost certainly imitate the strategy which provides the highest utility or the norm that leads to the highest payoff. When , the probability of imitation is always , corresponding to the case where any changes are selectively neutral, and therefore the decision to imitate another’s strategy or norm is completely random. Throughout our analysis, we adopt an intermediate value of .

References
Colnaghi, M. (2025). Agent-based model for “The Ecological Origins of Collectivism”. Zenodo. https://doi.org/10.5281/zenodo.15198377
Milinski, M., Sommerfeld, R. D., Krambeck, H.-J. R., Reed, F. A., & Marotzke, J. (2008). The collective-risk social dilemma and the prevention of simulated dangerous climate change. Proc Natl Acad Sci U S A, 7(105), 2291–2294. www.pnas.orgcgidoi10.1073pnas.0709546105
Santos, F. C., & Pacheco, J. M. (2011). Risk of collective failure provides an escape from the tragedy of the commons. Proceedings of the National Academy of Sciences of the United States of America, 108(26), 10421–10425. https://doi.org/10.1073/pnas.1015648108
Traulsen, A., Nowak, M. A., & Pacheco, J. M. (2006). Stochastic dynamics of invasion and fixation. Phys Rev E Stat Nonlin Soft Matter Phys, 74(1), 11909.
 
