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Introduction

Cultural evolution and biological evolution are both cumulative processes of information, but how far can they be compared? Cultural evolution would follow patterns of transformational change, meaning that cultures as wholes are transformed through successive stages in which the transmission of acquired knowledge induces a Lamarckian type of inheritance. By contrast, biological evolution is variational, which means that populations evolve through changes in the proportions of their different types of individuals under the influence of Darwinian sorting processes [START_REF] Lewontin | The organism as the subject and object of evolution[END_REF][START_REF] Gould | The panda's thumb of technology[END_REF]. Some authors have therefore claimed that the parallels found between both phenomena are no more than misleading analogies, which would proscribe the development of an evolutionary theory of culture [START_REF] Gould | The panda's thumb of technology[END_REF]Maynard Smith, 1988). As [START_REF] Kronfeldner | Is cultural evolution Lamarckian?[END_REF] explains, however, although cultural evolution is based on the inheritance of acquired characters, it also includes processes of variation and sorting, so it is Darwinian in a sense and cannot be considered as a classic example of Lamarckian evolution, which justifies the comparison of biological and cultural evolution.

A first biological school of thought considers that cultural dynamics can be modeled using mathematical tools similar to those developed in population genetics. This makes it possible to investigate the rules of transmission and selection particular to cultural traits, basing the analysis on people's conformism with regard to ideas, practices, beliefs and knowledge [START_REF] Cavalli-Sforza | Cultural Transmission and Evolution: a Quantitative Approach[END_REF][START_REF] Boyd | Culture and the Evolutionary Process[END_REF][START_REF] Mesoudi | Cultural Evolution: How Darwinian Theory can Explain Human Culture and Synthesize the Social Sciences[END_REF]. A more radical approach, memetics, even claims that culture is supported by particulate mental representations called memes, which are transmitted by passing from one mind to another and are replicated with the same high fidelity as genes [START_REF] Dawkins | The Selfish Gene[END_REF][START_REF] Blackmore | The Meme Machine[END_REF][START_REF] Aunger | The Electric Meme: a New Theory about How we Think[END_REF].

Drawing on cognitive considerations, a second school of thought stresses that ideas do not colonize brains by mere copying. Ideas are assimilated and produced by the mind through inferential processes. This means that they are reconstructed and possibly transformed each time they are transmitted, thus preventing faithful reproduction throughout successive replications [START_REF] Sperber | Explaining Culture: a Naturalistic Approach[END_REF][START_REF] Boyer | Cognitive Tracks of Cultural Inheritance: How Evolved Intuitive Ontology Governs Cultural Transmission[END_REF][START_REF] Atran | The trouble with memes: inference versus imitation in cultural creation[END_REF]Scott-Philipps et al., 2018).

Psychological and environmental factors constrain mental representations, thus sorting variation by reducing the number of possible mental representations to a limited number of cultural attractors. The implementation of these attractors under public representations -i.e., behaviors, words or artefacts -ensures information transmission. It has been shown, for instance, that communication processes preferentially maintain socially shared representations [START_REF] Lyons | The reproduction of culture: communication processes tend to maintain cultural stereotypes[END_REF]. As a consequence, replication and selection are linked to attraction processes in cultural change, rather than representing separate mechanisms as it is for genetic change [START_REF] Sperber | Explaining Culture: a Naturalistic Approach[END_REF][START_REF] Claidière | How Darwinian is cultural evolution? Phil[END_REF].

After years of debate between the biological and cognitive schools of thought, both perspectives have converged to a significant extent. They currently agree that there is no such thing as cultural gene-like particles that replicate by mere imitation; they also agree that, despite the fact that cultural attractors vary along a continuum, they can be considered as discrete units in mathematical models [START_REF] Henrich | On modeling cognition and culture: why cultural evolution does not require replication of representations[END_REF][START_REF] Henrich | Five misunderstandings about cultural evolution[END_REF][START_REF] Claidière | The role of attraction in cultural evolution[END_REF][START_REF] Claidière | How Darwinian is cultural evolution? Phil[END_REF]. Disagreements remain about the definition of cultural variants. It should be noted, however, that a similar situation prevails in biology, where genes can be alternately viewed as abstract information units, DNA structures, or functional entities that involve regulatory mechanisms [START_REF] Keller | The Century of the Gene[END_REF][START_REF] Acerbi | If we are all cultural Darwinians what's the fuss about? Clarifying recent disagreements in the field of cultural evolution[END_REF].

A main discrepancy between biological and cultural evolution lies in the stability of information storage. The pace of cultural change is significantly faster than the pace of biological change [START_REF] Perreault | The pace of cultural evolution[END_REF]. The cognitive school emphasizes that unlike genes, which replicate with high fidelity, cultural variants are regularly modified across transmission chains: it is legitimate to ask whether any comparison with genes is relevant if cultural variants tend to be transformed each time they are transmitted [START_REF] Sperber | Explaining Culture: a Naturalistic Approach[END_REF]. As noted by [START_REF] Williams | Natural Selection: Domains, Levels, and Challenges[END_REF], information units can propagate and be subjected to selection provided that selection affects them at a greater rate than mutation and drift.

It is often suggested that high-fidelity social learning is required for cultural evolution to occur [START_REF] Enquist | One cultural parent makes no culture[END_REF][START_REF] Lewis | Transmission fidelity is the key to the build-up of cumulative culture[END_REF][START_REF] Andersson | Fidelity and the emergence of stable and cumulative sociotechnical systems[END_REF], and a great deal of research has investigated the mechanisms that allow faithful copying and accumulation of improvements [START_REF] Tomasello | The Cultural Origins of Human Cognition[END_REF][START_REF] Eerkens | Practice makes within 5% of perfect: visual perception, motor skills, and memory in artifact variation[END_REF][START_REF] Tennie | Ratcheting up the ratchet: on the evolution of cumulative culture[END_REF][START_REF] Dean | Human cumulative culture: a comparative perspective[END_REF][START_REF] Whiten | Social learning and culture in child and chimpanzee[END_REF]. The fidelity of cultural transmission is a problematic concept, however, and it is difficult to measure [START_REF] Charbonneau | Understanding cultural fidelity[END_REF]. Several authors have addressed fidelity by investigating transmission chains in laboratory experiments and mathematical models. In such studies, the information is passed from one individual to another along a chain, making it possible to examine factors than may affect the final outcome of the transmission process [START_REF] Eerkens | Practice makes within 5% of perfect: visual perception, motor skills, and memory in artifact variation[END_REF][START_REF] Henrich | On modeling cognition and culture: why cultural evolution does not require replication of representations[END_REF]Griffiths et al., 2008;[START_REF] Claidière | The role of attraction in cultural evolution[END_REF][START_REF] Muthukrishna | Sociality influences cultural complexity[END_REF][START_REF] Claidière | How Darwinian is cultural evolution? Phil[END_REF][START_REF] Fay | Increasing population size can inhibit cumulative cultural evolution[END_REF][START_REF] Saldana | High-fidelity copying is not necessarily the key to cumulative cultural evolution: a study in monkeys and children[END_REF]. A main result is that low transmission fidelity of cultural traits does not prevent the development of a cumulative process at the population level, provided that psychological mechanisms ensure the stabilization of traits through convergent corrections and transformations [START_REF] Henrich | On modeling cognition and culture: why cultural evolution does not require replication of representations[END_REF]Griffiths et al., 2008;[START_REF] Henrich | Five misunderstandings about cultural evolution[END_REF][START_REF] Claidière | The transmission of genes and culture: a questionable analogy[END_REF][START_REF] Claidière | How Darwinian is cultural evolution? Phil[END_REF][START_REF] Truskanov | Cultural transmission in an ever-changing world: trial-anderror copying may be more robust than precise imitation[END_REF][START_REF] Saldana | High-fidelity copying is not necessarily the key to cumulative cultural evolution: a study in monkeys and children[END_REF].

Against this background, it should be recalled that the genes themselves are not invariant.

Outside of the copying errors that occur in the replication of DNA sequences, a minimal degree of gene mutability is required to ensure evolvability [START_REF] Keller | The Century of the Gene[END_REF]. The rate of mutation per base pair at each replication is approximately 10 -8 in many organisms, while mutation rates per gene are of the order of 10 -5 -10 -6 [START_REF] Kondrashov | Measurements of spontaneous rates of mutations in the recent past and the near future[END_REF]. As for other contrasts between biological and cultural evolution, differences in the stability of information units appear to be more quantitative than qualitative [START_REF] Claidière | The transmission of genes and culture: a questionable analogy[END_REF]. said for cultural variants, as illustrated by the various alterations of language units. However, while harmful genetic mutations are far more common than beneficial ones in living beings [START_REF] Fisher | The Genetical Theory of Natural Selection[END_REF], the opposite likely applies to cultural systems. Here, change is partly guided by intentional agents, providing a bias that favors improvement [START_REF] Boyd | Culture and the Evolutionary Process[END_REF][START_REF] Kronfeldner | Is cultural evolution Lamarckian?[END_REF]. However, this does not preclude the occurrence of detrimental behaviors such as tobacco consumption or food taboos. Maladaptive beliefs and practices are actually common in human societies [START_REF] Edgerton | Traditional beliefs and practices -Are some better than others?[END_REF][START_REF] Richerson | Not by Genes Alone: How Culture Transformed Human Evolution[END_REF][START_REF] Boyd | A Different Kind of Animal: How Culture Transformed our Species[END_REF].

Moreover, failure to transmit a piece of critical knowledge, for instance, could endanger not only the transmission of related skills but even group survival (Henrich, 2000) in the same way that a lethal gene compromises the life of an organism.

It has been argued that population size reduction may lead to the disappearance of techniques or practices in human cultures [START_REF] Henrich | Demography and cultural evolution: how adaptive cultural processes can produce maladaptive losses -The Tasmanian case[END_REF][START_REF] Powell | Late Pleistocene demography and the appearance of modern human behavior[END_REF]d'Errico et al., 2009;[START_REF] Muthukrishna | Sociality influences cultural complexity[END_REF]. This has been referred to as the 'treadmill model' which posits that that imperfect transmission is responsible for a constant loss of information from one generation to the next, and that larger populations better compensate for the loss of cultural traits because there are more individuals capable of producing and transmitting innovations [START_REF] Kline | Population size predicts technological complexity in Oceania[END_REF]. This view has been challenged on both empirical and theoretical grounds [START_REF] Andersson | The evolution of cultural complexity: not by the treadmill alone[END_REF][START_REF] Collard | The empirical case against the 'demographic turn' in Palaeolithic archaeology[END_REF][START_REF] Vaesen | Population size does not explain past changes in cultural complexity[END_REF][START_REF] Fay | Increasing population size can inhibit cumulative cultural evolution[END_REF].

While the repertoire of cultural traits may be influenced by population size under specific conditions, other factors such as enhanced communication systems and environmental risks may also play a major role [START_REF] Fogarty | The niche construction of cultural complexity: interactions between innovations, population size and the environment[END_REF][START_REF] Fay | Increasing population size can inhibit cumulative cultural evolution[END_REF]. More generally, we lack information on how rates of changes and the number of traits can influence the survival of organisms and social organizations at the evolutionary level.

Most models of cultural evolution to date have been based on rates of mutation that were sufficiently low in terms of selection pressures to ensure the continuity of the evolutionary process [START_REF] Andersson | Fidelity and the emergence of stable and cumulative sociotechnical systems[END_REF][START_REF] Claidière | How Darwinian is cultural evolution? Phil[END_REF]. The present study investigates the full range of mutation probabilities exhibited by biological and cultural changes, from low (p = 10 -6 ) to high (10 -1 ) rates of deleterious changes at each generation. It should be noted that these rates may result from copying errors, but in the case of cultural changes they also involve attraction processes. Custom-designed mathematical models express the constraints that govern natural phenomena. They examine the ability of groups of units to persist over generations despite the occurrence of intrinsic or extrinsic adverse events. Intrinsic events are deleterious mutations that can entail group extinction. Extrinsic events are environmental catastrophes (e.g. droughts, wildfires, epidemics) which cause massive population die-offs. We assess how many generations of groups composed of units with different mutation rates survive despite the regular occurrence of such adverse events.

Model

Survival of groups experiencing deleterious mutations

We develop a model based on information units that associate to form groups, and we examine the influence of mutation rates on group longevity. The information units can be viewed as genetic or cultural variants. The groups can be viewed as cells, organisms, complex artefacts or social organizations [START_REF] Eldredge | Unfinished Synthesis[END_REF]Bouchard and Huneman, 2013). For instance, organisms may be considered as groups constituted by the association of genetic structures, and complex artefacts as sets of cultural variants.

The fate of groups is determined by mutations that are liable to affect information units.

Two events may occur at regular intervals: (1) a deleterious mutation, meaning that the group is not viable and disappears, or (2) a mutation compatible with other units or no mutation, meaning that the group survives. If the occurrence probability of deleterious mutation is p, the probability that deleterious mutation not occurring is 1p.

This model assumes that all information units simultaneously undergo transformative events.

We may thus consider that a group either survives or disappears at regular intervals that we will call generations. Each group is composed of a fixed number of units (N). The probability that a group will survive is (1p) N , while the probability that it will disappear is 1 -(1p) N .

The probability of the survival of a group after a number of generations k is therefore

calculated as PS (k) = (1 -p) Nk .
Without any further mechanisms, PS values would rapidly reach 0 in any groups. However, groups represent integrated wholes that manage to survive perturbations through compensatory mechanisms that enable them to tolerate the occurrence of deleterious units. To account for this phenomenon, we introduced a connectivity coefficient α that reflects the intensity of linkage between units. Since the integration level of a group increases with the number of relationships between units, it also depends on the value of α and the number of units composing the group.

In other words, the ability of a group to assimilate deleterious units is represented by a function F (N, α). The probability that a group of n units will undergo assimilated deleterious mutations is expressed as p n F (N, α).

As the mutations of different units are independent, the number of units becoming deleterious follows a binomial distribution of N and p parameters. At each generation, the occurrence "the group survives" corresponds to {no deleterious mutations occur} or {an assimilated deleterious mutation occurs} or {2 assimilated deleterious mutations occur} or {N assimilated deleterious mutations occur}. As these events cannot occur simultaneously, the probability of group survival at each generation is the sum of the probabilities of these events:

1 = 1 - + 1 - ,
When a group is alive at the k -1 st generation, we consider all integrated units with deleterious mutations to be compatible with their group when they attain the k th generation. We therefore assume that separate generation events are independent. The probability of survival of a group at k generations is thus:

= 1 - + 1 -1 - , (1) 
In the absence of a process ensuring the integration of deleterious units, F (N, α) = 0, and PS (k) would reach 0 when k increases. In the contrary case of groups assimilating all the deleterious mutations, then F (N, α) = 1 and PS (k) = 1 for every k value. More generally, F (N, α) is a growing function of both N and α, and varies from 0 to 1. We assume that:

, = 1 + (2)
From equations ( 1) and ( 2), the probability of survival is computed as:

= 1 - + 1 -1 - 1 + (3) 
Graphs drawn from this function are presented in Fig. 1. They show changes in Ps as a function of α and k for three values of p (10 -1 , 10 -3 , 10 -6 ) and N (10, 10 3 , 10 6 ). In most conditions, α must reach a minimum value of 0.5 for groups to persist over a significant number of generations. However, for mutation rates of 10 -1 , small groups (10 units) disappear after a few dozen generations, whatever the value of α. When a rather high probability of deleterious mutation (10 -1 , 10 -3 ) is combined with limited group size (10, 10 3 ), groups do not survive beyond thousands of generations. By contrast, 20-40% of groups are able to persist for at least one million generations when mutation rates are low (10 -6 ) and /or group size is large (10 6 ) ( Fig. 1). Based on previous equations, we calculated the mean number of surviving generations < k > to express the influence of the parameters α, p and N:

= 1 + 1 -1 - (4) 11
This equation indicates that < k > linearly increases with α, and monotonically decreases with p, but shows that some N values minimize < k >. These values, symbolized as Nmin, are the N values that nullify the derivative of < k > as a function of N. Figure 2 shows that Nmin rapidly decreases when α increases. As α is a multiplication factor, its influence is weaker than that of p, which follows a power function. The magnitude range of Nmin corresponds to the magnitude range of 1/p, independently of the value of α. Moreover, Nmin increases significantly when p decreases, meaning that the lower the probability of deleterious mutation, the higher the mean number of surviving generations will be (Fig. 2). Fig. 2. Group sizes (Nmin) which minimize the mean number of surviving generations as a function of the connectivity coefficient (α) for three probabilities of deleterious mutations (p).

Survival of groups experiencing extreme environmental events

In the preceding section we considered how entities exhibiting different integration levels cope with different rates of deleterious mutations. We will now examine the resilience of such entities when facing extreme environmental events that produce massive population die-offs.

Environmental events are a binary variable. They occur randomly and independently for each group with a probability penv at each new generation. We explored three penv values, namely 10 -2 , 10 -3 and 10 -4 , corresponding to one event in 100, 1 000 or 10 000 generations, respectively. Assuming that an environmental event destroys 99% of groups in a population, we used Monte Carlo simulations to investigate the fate of populations initially composed of N0 = 1 000 groups. At each generation, a group has a probability of survival PS (k). Equation (3) was used to calculate how many groups are still alive at k generations with three values for p (10 -1 , 10 -3 , 10 -6 ), N (10, 10 3 , 10 6 ) and α (0.2, 0.5, 0.8), thus obtaining the expected numbers of surviving groups. Computations were performed using Matlab software (version 9.1, The MathWorks Inc, Natick, MA).

Results are presented in Figure 3. It appears that, compared to other parameters, the connectivity coefficient α has little effect on the number of generations produced by groups. Also, groups cannot survive for more than hundreds or thousands of generations for any p and N values when extreme events are frequent (penv = 10 -2 or 10 -3 ). When extreme events are rare (penv = 10 -4 ), the mean number of generations ranges between 10 000 and 40 000 for N = 10 6 and/or p = 10 -6 . It remains under one thousand in all other cases.

Survival of growing groups

In the previous model the size of each group was kept stable to account for the fact that groups of limited size could not persist for a large number of generations. However, evolving groups can grow, possibly extending their longevity. Here, we assume that the number of units per group increases with the number of generations. If the increase from one generation to the next is constant, the growth rate β is obtained by: + 1 = ! Fig. 3. Fate of groups of invariant size undergoing extreme environmental events assessed with Monte Carlo simulations for samples of 1 000 groups. Mean number of generations reached by groups as a function of connectivity coefficient (α), group size (N), probability of extreme environmental events (penv) and probability of deleterious mutations (p).
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and from equation ( 3) we obtain:

= -1 × $ 1 -% &'( ) + ! " 1 + ! " * ( 5 
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where i is the generation index, and k -1 accounts for the fact that the transformation of a group at a given generation influences its survival at the next generation.

If a group grows from the duplication of units at each generation, the mean growth rate β can be calculated as a function of the duplication probability pd of a unit. If there are no deleterious mutations when passing from generation k to k + 1, we can consider that

+ 1 = + +
where D (k) is the number of units that have been duplicated; as the duplication of different units are independent, D (k) follows a binomial law of parameters N (k) and pd.

As

! = , = ,- , then 15 ! = + + .
By considering the conditional expectation, knowing N (k) we can write:

! = 1 + . ( 6 
)
Equations ( 5) and ( 6) can be used to calculate the probability of survival of a group as a function of the duplication probability pd. As in the previous section, Monte Carlo simulations were used to investigate the fate of populations composed of 1 000 groups and experiencing environmental events liable to destroy 99% of them at each generation. We explored three values of the duplication probability pd: 10 -2 , 10 -3 and 10 -4 . The value of the connectivity coefficient α was set at 0.5, and the expected number of surviving groups at k generations was calculated for three values of p (10 -1 , 10 -3 , 10 -6 ), N0 (10, 10 3 , 10 6 ) and penv (10 -2 , 10 -3 , 10 -4 ). For each generation we implemented the occurrence of environmental events then the duplication.

Computations were performed with R 3.4.0 (R Core Team, 2017). The number of units of a group that survived for a high number k of generations could be very large when few environmental events occurred. In these situations, it became impossible to calculate D (k) due to the limitations of computer calculation. We considered that a group could not become extinct if the computation of D (k) was no longer possible.

The percentages of surviving groups are displayed in Table 1. They reveal that populations of groups generally disappear rapidly when the probability of duplication is low or medium (pd = 10 -4 or 10 -3 ) and/or the probability of environmental events is high or medium (penv = 10 -2 or 10 -3 ), regardless of initial group size and the probability of deleterious mutations. In contrast, most groups in a population survive if pd is high (10 -2 ) and associated with large initial group size (N = 10 3 or 10 6 ); this is also true for medium pd values (10 -3 ) when associated with low frequency events (penv = 10 -4 ), and for medium and high pd values (10 -3 , 10 -2 ) when associated with a low probability of deleterious mutations (p = 10 -6 ). The examination of the mean number of generations attained by the groups that died out confirms such observations (Table 1); they could by and large only live on beyond 10 000 generations if environmental events were infrequent (penv = 10 -4 ), associated with a large initial group size (N = 10 6 ) or low probability of deleterious mutations (p = 10 -6 ). Finally, it may be noted that high pd values (10 - 2 ) associated to low frequencies of environmental events (penv = 10 -3 or 10 -4 ) allowed a significant proportion of small initial size groups (N = 10) to survive and grow, even for moderate rates of mutations (p = 10 -3 ) (Table 1).

Table

Fate of growing groups undergoing extreme environmental events assessed with Monte Carlo simulations for sample of 1 000 groups (connectivity coefficient α = 0.5): percentage of surviving groups (and mean number of surviving generations ± SD for extinct groups in brackets) as a function of initial group size (N), probabilities of duplication (pd), extreme environmental events (penv) and deleterious mutations (p).

N pd penv = 10 -2 penv = 10 -3 penv = 10 -4 p = 10 -1 p = 10 -3 p = 10 -6 p = 10 -1 p = 10 -3 p = 10 -6 p = 10 -1 p = 10 -3 p = 10 -6 10 10 

Discussion

A primary feature of life is its ability to persist across generations despite the occurrence of adverse events. Each living being is the last link in an uninterrupted evolutionary chain, and the same can be said for cultures and cultural evolution. By implementing the survival of groups composed of abstract units in a mathematical model, we were able to calculate for how many generations such groups can survive according to the mutation rates of units.

In this study, groups were attributed a varying coefficient of connectivity that enabled them to survive despite the occurrence of deleterious mutations. We consistently found that the coefficient had to reach a substantial value for groups to survive. This confirms the necessary occurrence of integrative processes in the building of both phenotypic structures [START_REF] Raff | Shape of Life: Genes, Development, and the Evolution of Animal Form[END_REF][START_REF] West-Eberhard | Developmental Plasticity and Evolution[END_REF] and cultural structures [START_REF] Lévi-Strauss | Anthropologie Structurale[END_REF]. However, integration alone was not sufficient for group survival: groups that were composed of units of limited number that were subjected to high mutation rates did not persist for more than thousands of generations. By contrast, a significant proportion of groups were able to survive through more than one million generations if mutation rates were low (10 -6 ) and/or group size was large (10 6 ). This is a main conclusion provided by the model. It could be expected that low mutation rates would lead to long chains of reproduction, as this fits the conditions of biological evolution, but the second outcome was less expected: frequent changes in cultural variants did not prevent groups of units from surviving over time, provided that they were composed of large numbers of units. These results run counter to a main assumption in the field of cultural evolution theory that the transmission of human cultures requires a high stability of cultural traits [START_REF] Claidière | Convergent transformation and selection in cultural evolution[END_REF][START_REF] Truskanov | Cultural transmission in an ever-changing world: trial-anderror copying may be more robust than precise imitation[END_REF][START_REF] Saldana | High-fidelity copying is not necessarily the key to cumulative cultural evolution: a study in monkeys and children[END_REF].

In our model, the mean number of surviving generations increased with the coefficient of connectivity and decreased with mutation rates. We also found that this mean number was minimized for certain sizes of groups. This means that groups of units have a higher chance of survival when the initial number of units per group is greater than a size that minimizes the mean number of surviving generations. This mean number could correspond to a critical threshold generated by a strong Allee effect [START_REF] Courchamp | Allee Effects in Ecology and Conservation[END_REF]. The Allee effect is caused by the integrative action of the connectivity coefficient, which confers higher resilience to populations. Interestingly, lower probabilities of deleterious mutations were associated with higher mean numbers of surviving generations. From an evolutionary perspective, this means that groups undergoing cultural changes can initially be composed of as few as ten units; it should be noted however that in the previous results of the model, groups of this size did not persist for long. By contrast, groups undergoing biological changes have to choose between two opposing strategies: either start out with at least two thousand units to avoid going below the critical threshold, and then grow; or start with small group size and avoid growing because survival rates decrease when group size remains below critical threshold. In the second case, this means that if large size confers an advantage, groups should be able to overcome this handicap.

In a second step, we implemented in the model the occurrence of extreme environmental events that could destroy 99% of groups in a generation. Such catastrophes leading to massive population die-offs have occurred periodically in evolutionary history, both in animals and humans (Ameca y Jua ŕez et al., 2012; [START_REF] Gurven | Periodic catastrophes over human evolutionary history are necessary to explain the forager population paradox[END_REF]. Our results show that the connectivity coefficient had little influence on the probability of group survival compared to the effect of other parameters such as group size, mutation rate and probability of extreme events. This was due to the fact that the additional effect of this coefficient was weaker in groups composed of higher numbers of units. We found that groups did not survive for more than hundreds or thousands of generations for any p and N values when extreme events were frequent, whereas they could survive for tens of thousands of generations when N = 10 6 and/or p = 10 -6 if the probability of extreme events remained low (10 -4 ). This effect of group size and mutation rate was consistent with previous results for groups in the absence of environmental catastrophes: groups survived numerous generations if mutation rates were low and/or group size was large.

In a third step, we allowed information units to duplicate at each generation, which provided groups with growth. This growth reflects the demographical increase allowed by reproduction in livings beings. In cultural evolution, growth can also occur through the development of exchange networks that increase the effective size of pools of variants [START_REF] Muthukrishna | Sociality influences cultural complexity[END_REF][START_REF] Creanza | Greater than the sum of its parts? Modelling population contact and interaction of cultural repertoires[END_REF][START_REF] Fogarty | The niche construction of cultural complexity: interactions between innovations, population size and the environment[END_REF]. As an outcome, all groups rapidly became extinct when the probability of extreme events was medium to high, and rates of duplication medium to low. In particular, all the groups that were initially composed of ten units and were submitted to mutation rates typical of cultural change (10 -1 ) disappeared after an average of ten generations. By contrast, groups survived longer when medium and high rates of duplication were combined with a large initial group size, a low probability of extreme events, or a low rate of deleterious mutations. When all these conditions were met, very few groups disappeared in stochastic simulations. While this could have been expected for deleterious mutation rates typical of genetic units, it is noteworthy that between half and all the groups composed of units mutating at the rate of cultural change also avoided extinction, provided that group size was sufficient and duplication rate was frequent enough to counteract the consequences of environmental catastrophes.

Conclusion

Most previous studies of cultural evolution have focused on the transmission and spread of advantageous traits. In particular, they have used the treadmill model to investigate the causes responsible for the size of repertoires of cultural variants. This has shown that group size can affect the number of variants through the proportion of individuals capable of transmitting them [START_REF] Henrich | Demography and cultural evolution: how adaptive cultural processes can produce maladaptive losses -The Tasmanian case[END_REF][START_REF] Kline | Population size predicts technological complexity in Oceania[END_REF][START_REF] Andersson | The evolution of cultural complexity: not by the treadmill alone[END_REF], but also that communication systems and environmental conditions can play an important role (Creanza et al., 2017;[START_REF] Fogarty | The niche construction of cultural complexity: interactions between innovations, population size and the environment[END_REF][START_REF] Fay | Increasing population size can inhibit cumulative cultural evolution[END_REF], and that high transmission fidelity can enhance the longevity of cultural variants [START_REF] Enquist | One cultural parent makes no culture[END_REF][START_REF] Lewis | Transmission fidelity is the key to the build-up of cumulative culture[END_REF][START_REF] Andersson | Fidelity and the emergence of stable and cumulative sociotechnical systems[END_REF]. Our approach provides additional information by modelling the effects of deleterious mutations and environmental catastrophes on the persistence of groups over generations. Our overall results reveal that large groups of units with high mutation rates can survive over many generations, regardless of the mode of transmission. This means that the conditions for high transmission fidelity and stability can be relaxed for larger groups.

However, the question arises as to how large groups could be formed in the first place if small groups were to die out when mutation rates are high. We found that a significant proportion of small initial size groups survived over generations when rates of mutations were moderate, provided their units could duplicate with a probability of 10 -2 at each generation. This latter value was the highest value considered in our study, but it actually remains relatively low. We can expect that if small groups were allowed to grow at significantly higher rates for a period of time, this would be sufficient to enable them to grow to larger sizes and survive over many generations.

This modelling is a first explorative attempt to link processes of biological and cultural changes through differential paces of changes. It sets out the conditions under which organisms and organizations can persist along generations, and brings evidence that pool size plays a significant role in cultural evolution. The high level of abstraction of our models does however have certain limitations. Our results are valid for two-level structures with varying rates of mutation. For a better reflection of real-life context, a further study should investigate three-level structures in which information units associate to constitute individuals who in

Fig. 1 .

 1 Fig. 1. Probability of group survival (Ps) as a function of the connectivity coefficient (α) and the number of generations (k), for different group sizes (N) and probabilities of deleterious mutations (p). Color changes range from high Ps values (red) to low Ps values (blue).

turn associate to give rise to populations or pools of cultural variants. This re-introduction of the individual level in modelling will make it possible to distinguish between the effects of the numbers of units per group and those of demographic dynamics. Future research should investigate the role of competition and selective processes on the evolution of populations composed of individuals with varying levels of integration, and with varying mutation rates in information units.