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Abstract  12 

The importance of warfare in the evolution of human social behavior remains highly debated. One hypothesis is 13 

that intense warfare between groups favored altruism within groups, a hypothesis given some support by 14 

computational modelling and, in particular, the work of Choi and Bowles [Choi J-K, Bowles S. (2007) Science 15 

318:636–40]. The results of computational models are, however, sensitive to chosen parameter values and a 16 

deeper assessment of the plausibility of the parochial altruism hypothesis requires exploring this model in more 17 

detail. Here, I use a recently developed method to reexamine Choi and Bowles’ model under a much broader 18 

range of conditions to those used in the original paper. Although the evolution of altruism is robust to 19 

perturbations in most of the default parameters, it is highly sensitive to group size and migration and to the 20 

lethality of war. The results show that the degree of genetic differentiation between groups (FST) produced by 21 

Choi and Bowles’ original model is much greater than empirical estimates of FST between hunter-gatherer 22 

groups. When FST in the model is close to empirically observed values, altruism does not evolve. These results 23 

cast doubt on the importance of war in the evolution of human sociality.   24 

 25 

Keywords: altruism, war, population structure, parochial altruism hypothesis, fitting to idealized outcomes, 26 

agent-based modelling 27 

 28 

Significance statement 29 

Many evolutionary theorists have suggested that the human capacity for altruism was forged in war, with 30 

cohesive and altruistic groups outcompeting their selfish neighbors. Assessing this ‘parochial altruism’ 31 

hypothesis relies largely on computational modelling. Here, I reexamine a well-known model that explores the 32 

co-evolution of altruism and war. As well as clarifying the importance of factors such as the lethality of war to 33 

fighters and civilians, the results show that the evolution of altruism in this model relies on a degree of genetic 34 

differentiation between groups that exceeds that seen among hunter-gatherers. Furthermore, when the model 35 

produces a more realistic population structure, altruism does not evolve, casting doubt on the plausibility of the 36 

parochial altruism hypothesis. 37 

  38 
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Main Text 39 

While humans are capable of cooperation, tolerance, and generosity toward others, we are also capable of 40 

prejudice, violence and war. Although superficially at odds, these two sides of human behavior are sometimes 41 

closely related, with warfare promoting within-group solidarity and acts of individual sacrifice. The association 42 

between intergroup conflict and intragroup altruism has led evolutionary theorists including Darwin [1] to 43 

hypothesize that the two may have co-evolved [2–5]. The ‘parochial altruism’ hypothesis as typically conceived 44 

[6] holds that if groups containing more altruistic individuals were able to out-compete groups containing fewer 45 

altruistic individuals, this could have provided positive selection for both within-group altruism and out-group 46 

hostility (‘parochialism’) [3,6–8]. 47 

 48 

The plausibility of the parochial altruism hypothesis depends partly on the likelihood that warfare was 49 

commonplace during human evolutionary history, a claim lent some support by archaeological evidence of mass 50 

killings [9,10] and ethnographic data from contemporary or historic small-scale societies [11–16] but which 51 

remains highly debated [17–20]. However, even if warfare was commonplace in human evolutionary history, 52 

this would not necessarily mean that it was an important force in selecting for within-group altruism. Since 53 

direct evidence of past selection pressures on altruism and war are unavailable to us, we rely on exploring the 54 

co-evolutionary dynamics of parochial and altruistic behaviors using mathematical or computational modelling. 55 

Several models exploring parochial altruism have been advanced [2–4,13,21], as part of a wider literature on the 56 

possible impact of warfare on the evolution of human sociality [22–25]. Of these models of parochial altruism, 57 

arguably the most influential is a model by Choi and Bowles [3]. Choi and Bowles’ model suggests that warfare 58 

between groups could, in theory, select for both parochialism (out-group hostility) and within-group altruism 59 

when individuals form small and genetically differentiated groups that occasionally go to war with one another 60 

and where success in these wars is determined by the proportion of parochial altruists in each group. 61 

 62 

As set out in other work by Bowles [2,13], differences in the frequency of altruists between groups is critical to 63 

the co-evolution of altruism and war - if individuals frequently migrate between groups or if groups are large, 64 

altruistic individuals are unlikely to become sufficiently concentrated. This raises the question of how much 65 

population structuring is necessary for altruism to evolve in Choi and Bowles’ model and how this compares to 66 

empirical estimates of population structuring in contemporary small-scale societies. Although previous work on 67 

parochial altruism estimated that FST (a measure of genetic variation explained by differences between groups) 68 
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was ~0.08 between contemporary hunter-gatherer populations [2], these estimates were based on a wide variety 69 

of genetic markers including some which are poor indicators of whole-genome genetic differentiation [26]. 70 

Subsequent estimates based on differences in autosomal data suggest that differences between groups who could 71 

plausibly compete suggest that it is much lower than this [27–29] and similar to that seen in chimpanzees [26]. 72 

This raises two questions for the Choi and Bowles model. First, is the degree of population structure produced 73 

by the model similar to empirical estimates? Second, does altruism in the model evolve when population 74 

structure is similar to the empirical estimates? As set out by Rusch [6], answering these questions is critical to 75 

our assessment of the plausibility of the parochial altruism hypothesis for the evolution of human altruism.  76 

 77 

Another reason to explore the Choi and Bowles model in more detail is that while computational modelling can 78 

be highly informative, the results of all models will be sensitive to the choice of initial conditions and default 79 

parameters. While some parameters can be grounded in ethnographic data, others will be too abstract to ground 80 

empirically and in all cases it is important to explore the impact that each parameter has on model outcomes (in 81 

this case the evolution of altruism). Most computational models do this by using a fix-all-but-one approach in 82 

which one parameter is varied while all others are kept at their default values. Choi and Bowles use this fix-all-83 

but-one sensitivity analysis for five of their model parameters. However, the fix-all-but-one method reduces the 84 

exploration of the model outcomes to a small part of parameter space and limits our understanding of the 85 

relationship between each parameter and the model outcome and of interactions between parameters [30]. 86 

Although the fix-all-but-one approach employed by Choi and Bowles was the standard approach used at the 87 

time, methods have subsequently been developed to explore model parameter space more fully [30–32]. Here, I 88 

use a Fitting to Idealized Outcomes method developed by Gallagher, Shennan, and Thomas [30] to reexamine 89 

the results of Choi and Bowles’ model of parochial altruism in order to (i) explore the results of the model in 90 

more detail and under a broader range of conditions, and (ii) calculate the degree of population structure 91 

produced by the model and compare this to empirical estimates. I find that while warfare in the model can lead 92 

to the evolution of altruism, it only does so when groups are far more genetically differentiated than groups of 93 

contemporary hunter-gatherers are estimated to be.    94 

  95 

Choi and Bowles model  96 

In their model [3], Choi and Bowles consider a population living in 20 groups of n agents. Agents have a 97 

behavioral phenotype determined by two ‘genes’. The first determines whether they are ‘altruistic’ (A) or ‘non-98 
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altruistic’ (N) and the second determines whether they are ‘tolerant’ (T) or ‘parochial’ (P). Thus, an agent can be 99 

a parochial altruist (PA), parochial non-altruist (PN), tolerant altruist (TA), or tolerant non-altruist (TN). In each 100 

generation of the model, there is a within-group interaction and a between-group interaction. The within-group 101 

interaction consists of a ‘public goods’ game in which altruists pay a cost (c) to contribute a benefit (b) to a 102 

communal pot that is then divided equally between all group members. All else being equal, the dominant 103 

strategy in this game is to be a non-altruist ‘free-rider’ who receives benefits from altruistic group mates without 104 

paying a cost themselves.  However, the model also contains a between-group phase in which groups are 105 

randomly paired with another group and have an interaction that can be either hostile or tolerant. The probability 106 

of the interaction being tolerant is determined by the proportion of tolerant agents in the two groups. If a tolerant 107 

interaction occurs, tolerant agents receive a positive fitness payoff equal to the number of tolerant agents in the 108 

rival group multiplied by the parameter g. If a hostile interaction occurs, the groups will go to war with a 109 

probability determined by the difference in the proportion of parochial agents in each group. Thus, while all 110 

parochial agents (PAs and PNs) can be thought of as agitating for hostility, only parochial altruists (PAs) 111 

actually ‘go to war’ as fighters. War can result in either a draw or with the group with more parochial altruists 112 

winning. When a draw occurs, fighters die with a probability determined by the parameter δf and are replaced by 113 

the offspring of surviving members of their own group. When the group with more parochial altruists wins, 114 

fighters on both sides die with the probability δf and civilians (i.e. non-PAs) of the losing group die with a 115 

probability determined in part by the parameter δc and all dead agents are replaced by the offspring of surviving 116 

members of the winning group. When reproduction occurs, new agents mutate to a random phenotype with 117 

probability μ. Each generation, a proportion of agents from each group determined by parameter m migrate to a 118 

random group (although note that since agents may replace dead members of other groups during war, this 119 

migration is not the only way for genes to move between groups). In addition to the original model, I added a 120 

third ‘gene’ with six alleles that is inherited and mutates with the same probability as the ‘altruism’ and 121 

‘parochialism’ genes but which has no effect on fitness. This ‘neutral’ gene allows the measurement of 122 

population structure from locus that is not under selection [33].  123 

 124 

Results  125 

I replicated Choi and Bowles’ original model and carried out 60,000 simulations. In each simulation parameters 126 

were set randomly within the ranges listed in Table 1 and model outcomes were recorded. Across these 127 

simulations, the mean proportion of altruists in the population (f A) was strongly correlated with group size and 128 
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migration rate, moderately associated with the lethality of war to both fighters and civilians and with the costs of 129 

altruism in the public goods game, and weakly associated with the payoffs of tolerance toward neighboring 130 

groups (Table 2). Of the 60,000 simulations, 29,158 (48.6%) resulted in a mean proportion of altruists in the 131 

population across all generations (f A) of > 0.5. Histograms of the parameters that produced these 29,158 132 

simulations are shown in Figure 1.  133 

 134 

Altruism and the lethality of war 135 

Two parameters determine the lethality of warfare in the model: δf and δc. For the proportion of fighters dying in 136 

war (δf), there is a moderate negative relationship with the proportion of altruists (ρ = -0.17) such that altruism is 137 

more likely to evolve (f A > 0.5) when fewer fighters die in war (Fig 1a). Conversely, for the parameter that 138 

determines the probability of civilians dying (δc), there is a strong positive relationship with the proportion of 139 

altruists (ρ = 0.32) such that altruism is unlikely to evolve unless civilians (who are all non-PAs) die in war. 140 

These parameter-expanded results demonstrate two intuitive but important points – that parochial altruism will 141 

not evolve unless a large proportion of fighters (and their PA phenotypes) survive, and a moderate or large 142 

proportion of civilians (and their non-PA phenotypes) die when the fighters from their group lose in war. These 143 

results lend support to a central feature of the Choi and Bowles model - that altruism in the model is selected as 144 

a result of the dynamics of warfare between groups. Fix-all-but-two simulations varying δf and δc show that 145 

increases in δc and decreases in δf from the default values make it unlikely that f A > 0.5 (Fig 2a). 146 

 147 

Intragroup altruism and intergroup tolerance 148 

During the within-group phase of the model altruists pay a fitness cost (c) which was negatively correlated with 149 

fA across simulations (ρ = -0.33) such that altruism was less likely to evolve when being an altruist had a higher 150 

fitness cost (Fig 1c). Fix-all-but-two simulations show that the benefit that altruists provide to group mates has 151 

virtually no effect on the evolution of altruism (Fig 2b). Similarly, the payoffs of tolerant interactions with other 152 

groups (parameter g) are only weakly associated with fA across the parameter range explored here (ρ = -0.05, Fig 153 

1d).  154 

 155 

 156 

Population structure  157 

The two parameters that were most strongly correlated with fA were group size (n) and migration between 158 



7 
 

groups (m). There were strong negative correlations between these parameters and fA such that altruism was less 159 

likely to evolve when groups were larger and migration between groups was more frequent (Table 2, Fig1e-f). 160 

The sensitivity of the model results to n and m can be clearly seen in the fix-all-but-two simulations shown Fig 161 

2c – modest increases in these parameters from the default values of n = 26 and m = 0.25 would mean that fA  is 162 

unlikely to exceed 0.5. These parameters are so influential because they determine the degree of genetic 163 

differentiation between groups in the model, as shown by the strong negative correlations between FST  and n (ρ 164 

= -0.95) and m (ρ = -0.16) and between FST  and fA  (ρ = 0.65, Table 2).  165 

 166 

 167 

Ethnographic comparison 168 

Given the importance of group size (n) and migration (m) to the evolution of altruism in the model, it is 169 

important to select these values carefully; establishing parameters that reflect a plausible scenario in human 170 

evolutionary history is critical to our interpretation of the model and the plausibility of the parochial altruism 171 

hypothesis for humans. To do this it is necessary to establish the degree of population structure produced in the 172 

model and compare this with ethnographic estimates of FST. 173 

 174 

Mean FST under Choi and Bowles’ default parameters is 0.083 (SD = 0.008, averaging over 100 simulations of 175 

50,000 generations). This is ~3 times greater than the estimates of mean pairwise FST  of 0.012 (SD = 0.016) 176 

between hunter-gatherer groups (Fig 3a, Table S1) and those reported for chimpanzees of 0.014 (SD = 0.009) 177 

[26]. None of the simulations explored above produced FST < 0.02, so an additional set of simulations were run 178 

across even more expanded parameter ranges for n and m (0 ≤ m ≤ 1 and 6 ≤ n ≤ 200) to identify parameter sets 179 

that would produce FST close to the empirical estimates. Values close to the mean empirical FST estimate (0.012 180 

+/- 0.005) are produced when groups are much larger (mean n = 96.6) and migration is much more frequent 181 

(mean m = 0.51) than the default values of n = 26 and m = 0.25. In simulations that produced FST close to this 182 

ethnographic estimate, the proportion of altruists and parochial altruists evolving in the model was much less 183 

than that observed in the default values from the original model (Fig 3b-c). In short, the degree of genetic 184 

differentiation between groups produced by Choi and Bowles’ original model is far greater than that seen 185 

between hunter-gatherer populations (Fig 3a) and when FST in the model is close to these ethnographically 186 

observed values, altruism does not evolve (Fig 3b-c).  187 

 188 
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 189 

 190 

Discussion  191 

Here, I have reexamined Choi and Bowles’ model of parochial altruism, using a Fitting to Idealized Outcomes 192 

(FIO) method to explore parameter space more fully and estimating the degree of population structure produced. 193 

The results of this reanalysis support the general claim that intense competition between groups could, in theory, 194 

favor within-group altruism but suggest that this is only likely to occur when groups are far more genetically 195 

differentiated from each other than contemporary hunter-gatherer groups are estimated to be [26]. Under 196 

parameter regimes that produce a population structure similar to those that have been empirically observed, 197 

parochial altruism does not evolve in the model. 198 

 199 

The importance of population structure to the outcome of the model is consistent with work by Bowles on 200 

population structure and social evolution [2,13] and with the importance of population structure for explanations 201 

for social evolution more generally [34–37]. Indeed, at a certain degree of abstraction all explanations for the 202 

evolution of altruism rely on population structuring of some kind [34,37–39]. For humans, the low degree of 203 

genetic differentiation seen between hunter-gatherer groups [26] is likely to be a consequence both of specific 204 

features of hunter-gatherer social organization such as bilocal residence [40] and high mobility [41] and also of 205 

more general features of human social organization such as tolerant relationships with neighbors facilitated by 206 

the recognition of affinal kinship (i.e. relationships with in-laws) [42,43], and the formation of multi-level 207 

societies [44,45]. Although these features of social organization were not necessarily present throughout the 208 

entirety of human evolutionary history, there are also general features of ape life-history that are likely to reduce 209 

genetic differentiation between groups by reducing intragroup relatedness. These include the production of 210 

single offspring rather than litters, multiple juvenile cohorts, and low female reproductive skew [46,47] and may 211 

explain why estimates of FST are similar in chimpanzees and humans despite differences in social organization 212 

[26,48,49]. Taken together, human life-history and social organization are unlikely to produce degrees of 213 

genetic differentiation between groups that are sufficient for intergroup conflict to favor intragroup altruism in 214 

the Choi and Bowles model. 215 

 216 

It is important to emphasize that the results of this analysis make no comment on the frequency of war in human 217 

evolutionary history and do not dispute that the co-evolution of altruism and intergroup conflict is a theoretical 218 
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possibility more broadly. In fact, this reanalysis clarifies the factors that may promote the evolution of altruism 219 

through intergroup conflict. Specifically, the evolution of altruism in the model is promoted by low fighter 220 

mortality (low δf) and high civilian mortality during war (high δc), a small cost to altruism in within-group 221 

interactions (low c), small payoffs to tolerant interactions with neighbors (low g), and by small groups with low 222 

rates of migration between them (small n and m). Even if these conditions were not met in humans, they may be 223 

met in other group-living mammals living in small but genetically differentiated groups among which 224 

intergroup aggression is frequent such as meerkats [36,50], wolves [52], and banded mongooses [51]. For 225 

banded mongooses, the observed degree of genetic differentiation between groups (FST = 0.129) [51] would be 226 

sufficient for altruism to evolve in the Choi and Bowles model. It is worth noting that the Choi and Bowles 227 

model assumes that all parochial altruists will go to war whereas in actual human societies active participation 228 

in war is usually restricted to young men [12,22]. Negative fitness consequences of parochial altruism in non-229 

combatants would mean that altruism is less likely to evolve and may lead to intrafamilial and intergenerational 230 

conflicts of interest, especially if the spoils of war are unequally distributed [22,23].    231 

 232 

The findings from this analysis provide further demonstration of the utility of the Fitting to Idealized Outcomes 233 

method [30] for fully exploring the results of computational models. They highlight the conditions necessary for 234 

the evolution of altruism through war and suggest that altruism will only evolve in Choi and Bowles’ model of 235 

parochial altruism when competing groups are far more genetically differentiated than they are likely to have 236 

been in human evolutionary history.  237 

 238 

Methods 239 

I translated the Choi and Bowles model [3] into R using a combination of the published description of the model 240 

and their original MATLAB code and successfully replicated the main results of their paper and the original 241 

sensitivity analysis (Figs S1-2). To fully explore the results of the model across parameter space, I used the 242 

‘Fitting to Idealized Outcomes’ method set out by Gallagher et al. [30] (also see [31,46]). I ran the model 60,000 243 

times and in each simulation randomly set parameters within defined limits within which the default parameter 244 

from Choi and Bowles was the mean (Table 1). In each case, I recorded frequencies of the four phenotypes 245 

across 10,000 generations. This was sufficient to provide stable estimates of relationships between parameters 246 

and model outcomes (Fig S3). Two parameters from the initial model were treated as constants: mutation rate 247 

(μ) was kept at the default value of 0.005 in all simulations as there was little theoretical justification for varying 248 
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it and the number of groups in the population was kept at 20 as initial simulations suggested it had no effect on 249 

model outcomes. In the main simulations the cost of contributing to the within-group public good (c) was varied 250 

but the benefit (b) was not; initial simulations suggested that b had little effect on the model outcome (as 251 

demonstrated in Fig 2b). In addition to the 50,000 simulations, I explored three pairs of parameters (n and m, δc 252 

and δf, c and b) under even broader parameter ranges, randomly setting the two parameters of interest 2,500 253 

times but fixing all other parameters to the default values from the original simulation (a ‘fix-all-but-two’ 254 

approach). I also ran 2,000 additional simulations with larger upper bounds for group size and migration (0 ≤ m 255 

≤ 1 and 6 ≤ n ≤ 200) to find FST values close to empirical estimates (0.012 +/- 0.005). In these simulations all 256 

other parameters were set to default values. 257 

 258 

Comparing empirical and simulated genetic differentiation 259 

In order to compare the degree of genetic differentiation produced in Choi and Bowles’ model with empirical 260 

estimates I calculated FST for a neutral six-allele ‘gene’ which is inherited and mutated in the same way as the 261 

altruism or parochialism genes but which is unlinked to them and which does not influence fitness and is 262 

therefore considered a ‘neutral’ locus. Six alleles approximates the mean 6.4 alleles for the microsatellite data 263 

included in Verdu et al. discussed below [27]. As defined by Nei [53], FST (sometimes known as GST for 264 

polyallelic loci) is calculated as (HT – HS)/HT where HS is the average Hardy-Weinberg heterozygosity across 265 

groups and HT is the total population heterozygosity. Although (as pointed out by Hedrick [54]) FST estimates 266 

will potentially vary with allele number, FST for the neutral locus in this model is robust across allele number 267 

(Fig S4). As an additional check, I also compared empirical and simulated genetic differentiation according to 268 

the standardized measure G’ST as defined by Hedrick [54]. Doing so produced very similar results (Fig S5). 269 

 270 

Empirical estimates of pairwise genetic differentiation between populations of contemporary hunter-gatherers 271 

are listed in Table S1 and were based on microsatellite data from Australian [29], South American [28], and 272 

Central African [27] populations compiled by Langergraber et al. [26] with some exclusions. The data 273 

exclusions are of the pairwise differences between the Australian populations not listed as being from the more 274 

remote Arnhem, Gulf, or North regions listed in Walsh et al. [29]. The excluded populations are those in which 275 

it is likely that there have been higher rates of recent migration and admixture. Since the mean FST in the remote 276 

groups was higher than that among the Australian groups in general, excluding the non-remote data increases 277 

the empirical estimates of genetic differentiation. The remaining data set consists of 30 pairwise comparisons 278 



11 
 

between contemporary hunter-gatherer populations, with a mean geographic distance between pairs of 270km 279 

(Table S1). To reduce computing time, FST was calculated in a subset of 10,000 of the 60,000 simulations.  280 

 281 

 282 

Data Availability. Model code is available in the supporting information.  283 

 284 

Acknowledgements. I thank Jim Allen, Kevin Langergraber, Nichola Raihani, and Mark Thomas for helpful 285 

discussions about this project. 286 

 287 

 288 

References 289 

1. Darwin C. 1871 The descent of man and selection in relation to sex. London, UK: John Murray.  290 

2. Bowles S. 2006 Group Competition, Reproductive Leveling, and the Evolution of Human Altruism. 291 

Science (80-. ). 314, 1569–1572. (doi:10.1126/science.1134829) 292 

3. Choi J-K, Bowles S. 2007 The coevolution of parochial altruism and war. Science 318, 636–40. 293 

(doi:10.1126/science.1144237) 294 

4. García J, van den Bergh J. 2011 Evolution of parochial altruism by multilevel selection. Evol. Hum. 295 

Behav. 32, 277–287. 296 

5. Wilson EO. 1975 Sociobiology: The New Synthesis. Cambridge, MA: Harvard Univ. Press.  297 

6. Rusch H. 2014 The evolutionary interplay of intergroup conflict and altruism in humans: a review of 298 

parochial altruism theory and prospects for its extension. Proc. R. Soc. B Biol. Sci. 281, 20141539. 299 

(doi:10.1098/rspb.2014.1539) 300 

7. Rusch H, Gavrilets S. 2017 The logic of animal intergroup conflict: A review. J. Econ. Behav. Organ. 301 

(doi:10.1016/j.jebo.2017.05.004) 302 

8. Bowles S. 2008 Being human: Conflict: Altruism’s midwife. Nature 456, 326–327. 303 

(doi:10.1038/456326a) 304 

9. Lahr MM et al. 2016 Inter-group violence among early Holocene hunter-gatherers of West Turkana, 305 

Kenya. Nature 529, 394–398. (doi:10.1038/nature16477) 306 

10. Meyer C, Lohr C, Gronenborn D, Alt KW. 2015 The massacre mass grave of Schöneck-Kilianstädten 307 

reveals new insights into collective violence in Early Neolithic Central Europe. Proc. Natl. Acad. Sci. 308 



12 
 

112, 11217–11222. (doi:10.1073/pnas.1504365112) 309 

11. Ember CR, Ember M. 1992 Resource Unpredictability, Mistrust, and War. J. Conflict Resolut. 36, 242–310 

262. (doi:10.1177/0022002792036002002) 311 

12. Keeley LH. 1996 War Before Civilization. Oxford, UK: Oxford University Press.  312 

13. Bowles S. 2009 Did Warfare Among Ancestral Hunter-Gatherers Affect the Evolution of Human Social 313 

Behaviors? Science (80-. ). 324, 1293–1298. (doi:10.1126/science.1168112) 314 

14. Kelly RC. 2000 Warless societies and the origin of war. Ann Arbor, MI: University of Michigan Press.  315 

15. Glowacki L, Wrangham R. 2015 Warfare and reproductive success in a tribal population. Proc. Natl. 316 

Acad. Sci. U. S. A. 112, 348–53. (doi:10.1073/pnas.1412287112) 317 

16. Wrangham RW, Glowacki L. 2012 Intergroup aggression in chimpanzees and war in nomadic hunter-318 

gatherers: evaluating the chimpanzee model. Hum. Nat. 23, 5–29. (doi:10.1007/s12110-012-9132-1) 319 

17. Fry DDP, Söderberg P. 2013 Lethal aggression in mobile forager bands and implications for the origins 320 

of war. Science (80-. ). 341, 270–3. (doi:10.1126/science.1235675) 321 

18. Boehm C. 2012 Ancestral Hierarchy and Conflict. Science (80-. ). 336, 844–847. 322 

(doi:10.1126/science.1219961) 323 

19. Gómez JM, Verdú M, González-Megías A, Méndez M. 2016 The phylogenetic roots of human lethal 324 

violence. Nature 538, 233–237. (doi:10.1038/nature19758) 325 

20. Kelly RC. 2005 The evolution of lethal intergroup violence. Proc. Natl. Acad. Sci. U. S. A. 102, 15294–326 

8. (doi:10.1073/pnas.0505955102) 327 

21. Hammond RA, Axelrod R. 2006 The Evolution of Ethnocentrism. J. Conflict Resolut. 50, 926–936. 328 

(doi:10.1177/0022002706293470) 329 

22. Micheletti AJC, Ruxton GD, Gardner A. 2018 Why war is a man’s game. Proc. R. Soc. B Biol. Sci. 285, 330 

20180975. (doi:10.1098/rspb.2018.0975) 331 

23. Micheletti AJC, Ruxton GD, Gardner A. 2020 The demography of human warfare can drive sex 332 

differences in altruism. Evol. Hum. Sci. 2, e7. (doi:10.1017/ehs.2020.5) 333 

24. Smirnov O, Arrow H, Kennett D, Orbell J. 2007 Ancestral War and the Evolutionary Origins of 334 

“Heroism”. J. Polit. 69, 927–940. (doi:10.1111/j.1468-2508.2007.00599.x) 335 

25. Lehmann L, Feldman MW. 2008 War and the evolution of belligerence and bravery. Proc. R. Soc. B 336 

Biol. Sci. 275, 2877–2885. (doi:10.1098/rspb.2008.0842) 337 

26. Langergraber K, Schubert G, Rowney C, Wrangham R, Zommers Z, Vigilant L. 2011 Genetic 338 



13 
 

differentiation and the evolution of cooperation in chimpanzees and humans. Proc. R. Soc. B Biol. Sci. 339 

278, 2546–2552. (doi:10.1098/rspb.2010.2592) 340 

27. Verdu P et al. 2009 Origins and Genetic Diversity of Pygmy Hunter-Gatherers from Western Central 341 

Africa. Curr. Biol. 19, 312–318. (doi:10.1016/j.cub.2008.12.049) 342 

28. Wang S et al. 2007 Genetic Variation and Population Structure in Native Americans. PLoS Genet. 3, 343 

e185. (doi:10.1371/journal.pgen.0030185) 344 

29. Walsh SJ, Mitchell RJ, Watson N, Buckleton JS. 2007 A comprehensive analysis of microsatellite 345 

diversity in Aboriginal Australians. J. Hum. Genet. 52, 712–728. (doi:10.1007/s10038-007-0172-z) 346 

30. Gallagher EME, Shennan SJ, Thomas MG. 2015 Transition to farming more likely for small, 347 

conservative groups with property rights, but increased productivity is not essential. Proc. Natl. Acad. 348 

Sci. 112, 14218–14223. (doi:10.1073/pnas.1511870112) 349 

31. Gallagher E, Shennan S, Thomas MG. 2019 Food Income and the Evolution of Forager Mobility. Sci. 350 

Rep. 9, 5438. (doi:10.1038/s41598-019-42006-2) 351 

32. Beaumont MA. 2010 Approximate Bayesian Computation in Evolution and Ecology. Annu. Rev. Ecol. 352 

Evol. Syst. 41, 379–406. (doi:10.1146/annurev-ecolsys-102209-144621) 353 

33. Rogers AR. 1990 Group selection by selective emigration: the effects of migration and kin structure. 354 

Am. Nat. 135, 398–413. (doi:10.1086/285053) 355 

34. Cooper GA, Levin SR, Wild G, West SA. 2018 Modeling relatedness and demography in social 356 

evolution. Evol. Lett. 2, 260–271. (doi:10.1002/evl3.69) 357 

35. Lehmann L, Rousset F. 2010 How life history and demography promote or inhibit the evolution of 358 

helping behaviours. Philos. Trans. R. Soc. B Biol. Sci. 365, 2599–2617. (doi:10.1098/rstb.2010.0138) 359 

36. Duncan C, Gaynor D, Clutton-Brock T, Dyble M. 2019 The Evolution of Indiscriminate Altruism in a 360 

Cooperatively Breeding Mammal. Am. Nat. 193, 841–851. (doi:10.1086/703113) 361 

37. Rousset F. 2004 Genetic structure and selection in subdivided populations. Princeton, N.J.: Princeton 362 

Univ. Press.  363 

38. Birch J. 2017 The philosophy of social evolution. Oxford, UK: Oxford University Press.  364 

39. Kay T, Keller L, Lehmann L. 2020 The evolution of altruism and the serial rediscovery of the role of 365 

relatedness. Proc. Natl. Acad. Sci. U. S. A. (doi:10.1073/pnas.2013596117) 366 

40. Dyble M, Salali G, Chaudhary N, Page A, Smith D, Thompson J, Vinicius L, Mace R, Migliano A. 367 

2015 Sex equality can explain the unique social structure of hunter-gatherer bands. Science (80-. ). 348, 368 



14 
 

796–79. (doi:10.1126/science.aaa5139) 369 

41. Kelly R. 2013 The Lifeways of Hunter-gatherers: The Foraging Spectrum. Cambridge, UK: Cambridge 370 

University Press.  371 

42. Chapais B. 2008 Primeval kinship: how pair-bonding gave birth to human society. Cambridge, MA: 372 

Harvard University Press.  373 

43. Dyble M, Gardner A, Vinicius L, Migliano AB. 2018 Inclusive fitness for in-laws. Biol. Lett. 14, 374 

20180515. (doi:10.1098/rsbl.2018.0515) 375 

44. Dyble M et al. 2016 Networks of Food Sharing Reveal the Functional Significance of Multilevel 376 

Sociality in Two Hunter-Gatherer Groups. Curr. Biol. 26, 2017–2021. (doi:10.1016/j.cub.2016.05.064) 377 

45. Layton R, O’Hara S, Bilsborough A. 2012 Antiquity and Social Functions of Multilevel Social 378 

Organization Among Human Hunter-Gatherers. Int. J. Primatol. 33, 1215–1245. (doi:10.1007/s10764-379 

012-9634-z) 380 

46. Dyble, M. Clutton-Brock TH. 2020 Contrasts in kinship structure in mammalian societies. Behav. Ecol. 381 

31, 971–977. 382 

47. Altmann J. 1979 Age cohorts as paternal sibships. Behav. Ecol. Sociobiol. 6, 161–164. 383 

48. Langergraber K, Mitani J, Vigilant L. 2009 Kinship and social bonds in female chimpanzees ( Pan 384 

troglodytes ). Am. J. Primatol. 71, 840–851. (doi:10.1002/ajp.20711) 385 

49. Lukas D, Reynolds V, Boesch C, Vigilant L. 2005 To what extent does living in a group mean living 386 

with kin? Mol. Ecol. 14, 2181–2196. (doi:10.1111/j.1365-294X.2005.02560.x) 387 

50. Dyble M, Houslay TM, Manser MB, Clutton-Brock T. 2019 Intergroup aggression in meerkats. Proc. R. 388 

Soc. B Biol. Sci. 286, 20191993. (doi:10.1098/rspb.2019.1993) 389 

51. Thompson FJ, Marshall HH, Vitikainen EIK, Cant MA. 2017 Causes and consequences of intergroup 390 

conflict in cooperative banded mongooses. Anim. Behav. 126, 31–40. 391 

(doi:10.1016/j.anbehav.2017.01.017) 392 

52. Cassidy KA, MacNulty DR, Stahler DR, Smith DW, Mech LD. 2015 Group composition effects on 393 

aggressive interpack interactions of gray wolves in Yellowstone National Park. Behav. Ecol. 26, 1352–394 

1360. (doi:10.1093/beheco/arv081) 395 

53. Nei M. 1973 Analysis of gene diversity in subdivided populations. Proc. Natl. Acad. Sci. U. S. A. 70, 396 

3321–3323. (doi:10.1073/pnas.70.12.3321) 397 

54. Hedrick PW. 2005 A standardized genetic differentiation measure. Evolution (N. Y). 59, 1633–1638. 398 



15 
 

(doi:doi.org/10.1111/j.0014-3820.2005.tb01814.x) 399 

 400 
 401 
 402 
 403 

 404 

Figure 1: Conditions favoring the evolution of altruism. Histograms showing the parameter values from the 405 

29,158 simulations in which mean f A across generations exceeded 0.5. Dotted lines indicate the default 406 

parameter values from the Choi and Bowles model.  407 

 408 

 409 
Figure 2: Parameter interactions in ‘fix-all-but-two’ simulations. Evolution of altruism when varying pairs 410 

of parameters relating to (a) warfare, (b) the payoffs of within-group cooperation, and (c) population structure. 411 

In each panel, dots represent simulations in which fA > 0.5. The red triangle represents the parameter values from 412 

the original model.  413 

 414 
 415 
 416 
Figure 3: The effect of population structure on model outcomes. (a) logistic regression predicting the 417 

probability of altruism evolving in a simulation (mean fA across generations > 0.5) and FST across 2,000 418 

simulations in which n and m were varied (0 ≤ m ≤ 1 and 20 ≤ n ≤ 200) and all other parameters were kept at 419 

default values, (b) mean proportion of altruists in the model (fA) under parameter sets that produce FST values 420 

close to (within +/- 0.005) those empirically observed and under the Choi and Bowles default values, (c) mean 421 

proportion of parochial altruists (fPA) in the model under parameter sets that produce FST values close to (within 422 

+/- 0.005) those empirically observed and under the Choi and Bowles default values  423 

 424 
 425 
Table 1: Parameters, constants, and outcomes of the model.  426 

 427 
 428 

Table 2: Spearman’s correlation coefficients between each parameter or outcome and the proportion of altruists 429 

(f A), parochials (f P), parochial altruists (f PA), and FST in the population averaged across 60,000 simulations (FST 430 

values from 10,000 simulations only).  431 

 432 
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Table 1: Parameters, constants, and outcomes of the model.  1 

 2 

 3 

Type Symbol Description Default 

value 

Range or value used 

in FIO simulations 

Parameter n Group size 26 [6,46] 

Parameter g Tolerance benefit  0.001 [0,0.002] 

Parameter δc Lethality of war to civilians   2.5 [0,5] 

Parameter δf Lethality of war to fighters   0.14 [0,0.28] 

Parameter m Migration  0.25 [0,0.5] 

Parameter c Public goods game cost  0.01 [0,0.02] 

Constant μ Mutation rate 0.005 0.005 

Constant - Number of groups 20 20 

Constant b Public goods game benefit 0.02 0.02 

Outcome f A Mean proportion of altruists over all generations - - 

Outcome f P Mean proportion of parochialists over all 

generations 

- - 

Outcome f PA Mean proportion of parochial altruists over all 

generations 

- - 

Outcome  FST Genetic differentiation between groups - - 
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Table 2: Spearman’s correlation coefficients between each parameter or outcome and the proportion of altruists 1 

(f A), parochials (f P), parochial altruists (f PA), and FST in the population averaged across 60,000 simulations (FST 2 

values from 10,000 simulations only).  3 

 4 

 5 
 6 
 7 

 8 

 9 

 10 

Symbol Parameter/outcome f A f P f PA FST 

n Group size  -0.54 -0.64 -0.63 -0.95 

m Migration -0.45 -0.42 -0.43 -0.16 

c Public goods game cost -0.33 -0.05 -0.16 0.00 

δc Lethality of war to civilians  0.32 0.28 0.30 0.04 

δf Lethality of war to fighters  -0.17 -0.15 -0.16 0.04 

g Tolerance benefit -0.05 -0.28 -0.23 -0.01 

FST Genetic differentiation of groups 0.65 0.76 0.74 - 
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