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Cooperative groups can increase fitness either by helping kin or interacting with unlike individuals to produce social heterosis. They cannot, however, simultaneously maximize both benefits. This tradeoff between nepotism and diversity is modeled using Hamilton's rule (rb–c > 0), by allowing benefit and cost to be dynamic functions of relatedness (i.e., social heterosis predicts b and c depend on r). Simulations show that evolutionary outcomes tend to maximize either nepotism (with high genetic relatedness), or social heterosis (with low relatedness) rather than produce an intermediate outcome. Although genetic diversity can arise through multiple mating, a second possible mechanism—the exchanging of individuals across groups—is similarly effective. Such worker “drifting” is common in many species of social Hymenoptera and may be a form of indirect reciprocity. Drifting individuals increase an unrelated group's productivity by enhancing its genetic diversity, with this effect being reciprocated by other unrelated drifters entering their natal group. The benefits from social heterosis and indirect reciprocity are robust against cheating and show that it is possible to evolve stable cooperation between individuals that are genetically distant or unrelated. As drifting becomes more prevalent colony boundaries may become weakly discriminated, which may predispose toward the evolution of unicoloniality in some species.
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INTRODUCTION

Cooperative life histories bring two potential benefits to group members. The first can be to gather close kin together such that group living benefits are shared among individuals likely to have genes in common. Thus, even if a given group member's behavior has a cost in reducing their own reproduction, such traits can still spread if the benefits of kin-directed nepotism are large enough. Hamilton (1964) clearly delineated that such nepotism can be evolutionarily favored when the benefit of cooperation (b, and > 0) directed toward kin (defined as the level of relatedness, r, and > 0) is greater than the cost to self (c, and < 0). This is commonly known as Hamilton's rule for kin selection, where cooperation becomes favored whenever rb–c > 0.

Models derived from the rule have predicted a number of outcomes across the social Hymenoptera based on differences in r. Daughters working for their mothers are predicted to be more likely to evolve with monogamy (Boomsma, 2009). Destruction of male eggs laid by unmated workers (i.e., policing) is predicted based on r-values of brothers, full nephews, and half-nephews (Ratnieks and Wenseleers, 2005). Relatedness is a key variable in reproductive skew models for predicting how reproduction is best apportioned within cooperative groups (Nonacs and Hager, 2011). In each case relatedness predicts kin nepotism—the differential treatment of individuals based on their perceived degree of genetic similarity. Daughters are more likely to stay as helpers if they can assist full rather than half siblings. Workers destroy half sibling's eggs, when by doing so they can create more reproductive opportunities for their mother. Dominants may allow less-related subordinates a greater share of reproduction to maintain their cooperation. For a numerical example, plotting the value of rb + c shows that cooperation is increasingly selectively favored over non-cooperation as relatedness increases (Figure 1A).
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FIGURE 1. Hamilton's rule for cooperation in relation to relatedness. Invocations of the rule often implicitly assume that benefit and cost are constant across relatedness values (A). Cooperation is evolutionarily favored wherever rb + c > 0 and selection for cooperative behavior always increases with r. Alternatively with social heterosis the value of b is a function of the relatedness of the group members relative to a random sample drawn from the population (B). Therefore, by Hamilton's rule (H1−3) with differing declining payoff functions for b, cooperation can still be the most rewarding with closest relatives, but also alternatively, with less closely related individuals (shown by the open circles on the solid lines).



The second potential benefit of a cooperative life history is to affiliate with dissimilar individuals who have complementary skills or attributes. Greater synergisms that arise within groups of unlike individuals and result in increased survival or productivity for the whole group is social heterosis (Nonacs and Kapheim, 2007, 2008). Hamilton's rule can be similarly instructive for understanding how social heterosis works. The significant difference from the previous kin selective formulation is that with social heterosis the magnitudes of b and c can be functions of r rather than fixed, independent values. Phenotypically more similar individuals, as would be expected of close kin, would produce less benefit (b) for the group, as a whole, which results in a negative relationship between b and r (Nonacs and Kapheim, 2014). A set of numerical examples illustrates how a dynamic relationship of r to b can alter the demographics of the optimal group membership (Figure 1B). When social heterosis provides great benefit (b1) to the group, the outcome is kin selective, where individuals have the highest fitness in groups composed of the closest kin. With lower levels of benefit, the optimal group members become increasingly distant kin (b2 and b3).

Given that kin selection favors higher r-values while social heterosis likely favors lower or even negative values, the two processes intrinsically drive the evolution of cooperation in opposite directions as regards group composition and genetic structure. They cannot be simultaneously maximized and the tradeoffs therein suggest that if cooperation evolves to realize one benefit, it is at the expense or loss of the other (Nonacs and Kapheim, 2007).

The social Hymenoptera (ants, bees, and wasps) are an excellent model taxonomic group for comparing how nepotism vs. social heterosis structures life histories. Hymenopteran species exemplify every level of sociality, ranging from cooperating groups composed of one female and a single daughter, to societies that interact peaceably on continental scales. Furthermore, across these species there is also great variability in levels of relatedness ranging from 100% clonal societies to societies that are near random collections of kin and non-kin. Historically, multiple aspects of social Hymenoptera behavior and life history are considered as the best examples of nepotistic kin selection in action (Bourke, 2014), while simultaneously genetic diversity within groups has been found to significantly increase both group survival and reproduction across a variety of taxa (see multiple examples reviewed in Nonacs and Kapheim, 2007). As a particular example, genetically diverse societies of ants are more productive than homogeneous ones (Modlmeier et al., 2012).

A question to answer is under what conditions does kin selection or social heterosis win out? This requires first focusing on the mechanisms that create high or low relatedness groups, with a particular emphasis on the under-appreciated phenomenon of worker exchanges between nests or groups (known as “drifting”). The next step is to quantitatively model selection under conditions where either acting nepotistically or favoring diversity can increase fitness.

DETERMINATES OF WITHIN-COLONY RELATEDNESS: MATING BEHAVIOR AND WORKER DRIFTING

A social insect nest can have one queen (monogyny), or multiple reproductive queens either simultaneously present and laying (polygyny) or sequentially replacing each other over a relatively short period of time (sequential monogyny). A queen can mate with just one male (monandry) or multiple males (polyandry). Therefore, monogamy (monogyny plus monandry) would favor nepotism by creating the maximum non-clonal relatedness between all full sister workers, while genetic diversity is increased through polygyny and polyandry. The effects that number of reproductive mothers and fathers per colony have on colony genetic structure have been extensively considered elsewhere and need not be reviewed once more here (Nonacs, 1988; Hughes et al., 2008).

Within-nest genetic diversity also increases when unrelated nests exchange workers. Known as “drifting,” in many species mature workers leave their natal nest and join a different nest, either temporarily or permanently (Beekman and Oldroyd, 2008). A greater propensity for workers to drift, therefore, correlates with increased within-group genetic diversity. A review of the literature, however, finds drifting common across all branches of the social Hymenoptera, and often occurring at high frequency (Table 1: ants, bees and wasps). Several explanations for drifting are possible.


Table 1. Species with measured levels of drifting workers across reproductively viable nests.
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One explanation for worker drifting is individual-level mistakes. Young workers intending to return to their natal colony get lost and enter the wrong nest. Then, if the species is error-prone in nestmate vs. non-nestmate recognition (e.g., Reeve, 1989), this would result in acceptance and addition to the nest's workforce. Drifting as a byproduct of getting lost would predict that it ought to be a relatively rare phenomenon as one would expect more error-prone genotypes to be selected against.

A second explanation is that drifting is a selfish, individual-level strategy where drifters escape reproductive suppression in their natal colony and reproductively parasitize an unrelated nest (Beekman and Oldroyd, 2008; Smith and Loope, 2016). Drifters do seem especially attracted to failing colonies, such as ones with no viable queen, and once there actively and successfully compete to lay eggs (e.g., in Apis cerana; Nanork et al., 2007). “Selfish” drifting is also found in otherwise healthy colonies (Table 1), but at usually lower frequencies and with less obvious consequences (e.g., in A. mellifera non-natal workers do significantly less of certain tasks, but the effects on colony productivity are not obvious; Pfeiffer and Crailsheim, 1999).

Thus, the key point across the examples in Table 1 is that while seeking reproductive opportunities may partially explain drifting by some individuals, a large fraction of drifters appear to adopt worker roles and behaviors that are indistinguishable from the actual daughters of resident queens. Therefore, a third explanation for drifting would be that drifters can increase their fitness without directly reproducing. In P. canadensis drifting females often join nearby nests with genetic relatives and therefore gain indirect fitness (Sumner et al., 2007). Clearly, drifting also increases the genetic diversity in the workforce population and this can through social heterosis positively affect a variety of group-level characters (Oldroyd and Fewell, 2007, 2008). In grasshoppers, groups of mixed relatedness survive better than groups composed of only sibs (Caesar et al., 2010). In harvester ants, intracolonial relatedness and colony growth are significantly negatively correlated which indicates that multiple mating by queens produces fitness advantages (Wiernasz et al., 2004). Diverse societies are also more productive in the ant, Temnothorax longispinosus (Modlmeier et al., 2012). In paper wasps, genetic relatedness does not predict aggressive interactions between female foundresses (Nonacs et al., 2004), and a new analysis of that data shows that between-female relatedness does negatively correlate with nest size (R2 = 0.519; N = 8; P < 0.05). Also, diversity in terms of size differences between nest foundresses correlates with nest productivity (Nonacs and Reeve, 1995). Many more examples of potential social heterosis are reviewed in Nonacs and Kapheim (2007).

A population of unrelated nests exchanging helpful workers can, therefore, be considered to indulge in a form of positive indirect reciprocity (Alexander, 1987). The interaction would be indirect because no nest's action would be predicated on the response of an identified partner. It would be reciprocating because all participating nests could reap the benefits of increased group productivity. Drifting would increase inclusive fitness for all group members, because what matters is the overall number of produced kin and not that they be directly raised by kin. However, cooperative networks based on indirect reciprocity can collapse due to cheating where individuals accept beneficial acts but never reciprocate (Nowak and Sigmund, 2005). For example, a cheater in the current scenario might be a nest that only accepts drifters (gaining an increased and more diverse workforce).

If it is plausible that social evolution can be driven by either nepotistic kin favoritism or genetically diversifying social heterosis, it becomes important to determine how probable each pathway may be. This is best approached initially through a simulation model that allows populations to evolve to favor high relatedness (i.e., monogamy and strong bias against drifting), or to evolve to favor high genetic diversity (i.e., multiple-mating by queens and weak discrimination against non-natal workers). Additionally, the evolution of drifting needs to examine how the behavior is expressed when a potential for selfishness to arise in populations is also possible.

THE EVOLUTION OF COOPERATION BY KIN SELECTION VS. SOCIAL HETEROSIS

Model Description

The model is a genetic algorithm where simulations allow the best combination of traits to evolve and spread through populations (Mitchell, 1996). Simulations begin with initial populations of 400 nests of a haplodiploid species, with each nest having a single, mated queen and beginning with a group size (ni) of 100 workers (Figure 2). A group's reproductive success can potentially increase due to either high relatedness or greater genetic diversity within the colony. These group-level characteristics are a function of five loci that are under potential selection. One is the mating locus which determines queen mating behavior (m) and ranges from monandry to a maximum polyandry level of seven mates. The second is the diversity locus, which has a maximum of 10 possible alleles in the population (with each allele being a proportion of the population: a1–a10). A third locus determines the level of self-identity which affects propensity to drift (d), which ranges from a value of 0 (the individual repels the entry of all non-nestmates into its nest and never drifts), to 1 (individuals will randomly drift across nests and never repel any other individual). These three loci interact to determine the genetic relatedness and diversity found within each colony. However, although these three loci set the amount of benefit that is potentially available, whether or not such benefits are gained depends on the values at the other two “realization” loci. These determine the ability of workers to actuate the potential benefits of either high relatedness or genetic diversity. Conceptually, it can be thought of as a worker has the probabilities, x and y, to do “something” in order to gain nepotistic and social heterosis benefits, respectively. Thus, these last two loci determine the probabilities of doing that something, and they range from zero (the worker never does it) to one (the worker always does it). The model does not define the specific kind of acts which must be done to realize benefits. At the nest level, the probability to do the acts that gain benefits is the mean across all workers for nepotistic, x, and social heterosis, y, action. All loci in females act additively (e.g., a queen with alleles for mating once and seven times, will mate with four males).
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FIGURE 2. Flowchart for the model and evolution by nepotism vs. social heterosis. In response to the availability of benefits from both nepotism and genetic diversity, there are 5 possible loci that can evolve. These are the number of times a queen will mate, a diversity locus that produces social heterosis, two loci for behaviors (unspecified in the model) that result in gaining the nepotistic or genetic diversity benefits, and a locus for a between-nest drifting predisposition. Because nepotism and social heterosis are likely to be mutually exclusive, populations will tend to evolve along one of the two pathways.



Simulations run for 10,000 time steps, with given scenarios repeated 25–50 times. Simulations proceed within a time period in the following order of four steps.

(1) Ten existing workers in every nest are randomly replaced by new daughters of the queen. This mimics worker turnover due to birth and death.

(2) All workers are given an opportunity to drift that depends on their genotype. As an example, a worker homozygous for 0.05 alleles would have d = 5% chance per time step of leaving its natal nest (Figure 2). If a worker does drift, a potential recipient nest is randomly chosen from the entire population. The probability that a drifter is accepted is determined by the self-identity value of the targeted nest, which is the mean across all worker genotypes at that locus. A drifting worker can attempt to enter up to 20 randomly chosen nests (note, this is mathematically equivalent to 20 attempts on one randomly chosen nest). If it fails to be accepted, it returns to its natal nest. Drifting workers can also potentially leave but randomly choose its own nest to enter. Individual nests can have a net outflow or inflow of drifters and thus over multiple time periods group size can decrease or increase from the original 100. The propensity to drift is therefore also prorated by multiplying an individual's genotype by its resident relative group size (ni/100). Hence the likelihood of drifting positively correlates to group size, but likelihood of accepting a drifter does not. Overall, the structure of the model is such that the expressed range of group sizes in the population will not be large, and the existing variance will be closely correlated to the level of genetic diversity. Therefore, ni by itself has no direct fitness consequences.

(3) Nests reproduce with their relative fitness determined by the sum total of their gain through nepotism and social heterosis: Nepotistic gain = x [(rmean–rmin)/rmin], where rmean is the individual colony-specific average of within-group relatedness across all workers. Workers in this model are either full sisters (sharing both parents), half sisters (sharing only the same mother), or unrelated (accepted drifters). The nepotistic gain is scaled relative to a global value of least possible within-nest relatedness in the absence of drifting (rmin = 0.3214), where the queen has mated with seven males (i.e., 86% of the workers are half sisters). Thus, an individual colony's maximum nepotistic gain is set relative to its rmean, which scales from 0 with maximal polyandry to 1.333 with monandry. With drifting it is possible that rmean < rmin, in which case nepotistic gain is set to zero. What this assumes is that nepotism occurs only with a certain minimal level of relatedness within the nest. As all simulations begin with all colonies having the highest genetic relatedness possible, any evolution within simulations toward increasing social heterosis must occur with a loss of potential benefit gain from exploiting nepotism.

Social heterosis gain = hy [-Σailn(ai)], where ai is the non-zero proportion that allele i composes of the entire population of diversity alleles in the colony. The term within the brackets is the Shannon diversity index, and is sensitive to both the number of alleles present and their frequency. In the simulations it can vary from 0 (only one allele is present in the nest) to 2.303 (all 10 alleles are present at equal frequency). A scaling constant, h, is varied from 0 to 1.50 in order to alter the relative potential gains from nepotism vs. social heterosis across scenarios. A scaling constant is required in that numerically nepotism and social heterosis benefits arise via differing functions.

The model does not specify a particular mechanism through which colony-level productivity is enhanced by either genetic diversity or acting more altruistically in the presence of closer kin. Numerous expressions of benefit are possible. A more diverse colony may exploit a wider variety of resources, such as nectar vs. pollen gathering in bees. Similarly, there could be variance in genetic proclivity or ability to do certain tasks, such as tending brood, nest hygiene, or comb construction. In a more closely related colony, individuals may be less likely to contest for reproduction, more likely to recognize and protect against usurpers, risk lives in colony defense, and enforce punishment on lazy individuals or cheaters (Bourke, 2011).

All simulations start with x = y = 0; such that all colonies gain no benefit from either nepotism or diversity. Over time x and y should evolve to higher values as this results in higher colony fitness. The need to have the gain from relatedness or diversity determined by a second independent factor is to avoid the results always reflecting the sociobiology of the starting conditions. All simulations start with all colonies having the highest possible within-nest relatedness such that if they also immediately gained large nepotism benefits, one would never get evolution toward diversifying the colony. An initial condition of x = y = 0 is the mechanism to create an initially neutral evolutionary arena.

(4) For each time period every nest, with all its inhabitants, has a 10% chance of dying and is replaced by a new nest with a new queen and 100 workers that are her offspring. The new queen is a daughter drawn randomly from one of the surviving nests (relative to the differential fitness as calculated above). Similarly, her mates are the sons drawn randomly from surviving nests. The number of mates is determined by the new queen's mating number genotype. A new queen could potentially experience a mutation at any or all of the five loci (at a rate of 0.01). For the mating number and diversity loci, a mutation was randomly drawn from the set range of values: 1–7 for mates, and 1–10 for diversity alleles. For the self-identity locus and two realization loci, mutations increased or decreased expression by 0.05 increments (with boundary limits of 0 and 1). Mutation rates for all loci are set to zero for the last 10% of the time periods to let selection act most strongly.

Initial Conditions

Queen and male genotypes were initially randomly drawn with respect to mating and diversity alleles. Therefore, across the 400 nests mating behavior ranged from monogamy to mating with seven males, and each diversity allele had an approximate frequency of 0.1. The drifting locus and realization loci were all set to zero. This means that initially all workers neither moved between nests nor did the acts that would gain benefit through nepotism or genetic diversity. All nests were, therefore, equally reproductively fit.

Cheating and Strategic Behavior in Drifters

The base case simulation model assumes that a drifting worker is reciprocating and as helpful to non-natal nests as it is at home. This leads to a question of whether or not such a system of indirect reciprocity could be destabilized by non-cooperative genotypes. Therefore, the simulations were replicated where drifting could also evolve to cheat in one of three ways:

1. Nest strategic behavior. Workers are 50% less likely to drift from their natal nest, and are also twice as likely to admit drifters to their nest. Such nests would tend to grow in size and be relatively more likely to accumulate beneficial genetic diversity, while at the same restricting the number of drifters available to other nests.

2. Individually strategic behavior. In non-natal nests, workers express social heterosis at only 50% of the level at which they would in their natal nest (e.g., as in A. mellifera nests where non-natal drifters did less of some brood care tasks; Pfeiffer and Crailsheim, 1999).

3. Spiteful behavior. Workers in their home nest create social heterosis, but in non-natal nests reduce social heterosis (and therefore group-level fitness) in relation to the magnitude of their social heterosis genotype (e.g., as in Bombus deuteronymus and B. terrestris where drifters may compete for reproduce rather than forage; Takahashi et al., 2010; O'Connor et al., 2013).

Model Results: Initial Conditions

In all cases the simulations resulted in the evolution of either strong realization of nepotistic or genetic diversity benefits (Figure 2). As the scaling constant (h) increased, a tipping point was crossed, where populations went from almost entirely monandrous to mating with more four males, on average (Figure 3A). In 250 individual simulation runs, there was only one outcome where the mean number of matings was >1, but <4. The lack of intermediate outcomes was further evident in simulations with intermediate values of h (0.5–1.00). In these cases, most simulations followed a track to either monandry or polyandry. However, occasionally an initial invasion advantage developed for the alternative pathway, and a positive feedback loop drove the expression to higher levels and suppressed the more common result (Figure 3A).
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FIGURE 3. Mean within-group relatedness of workers as a function of the mean number of mates (A) and the number of unrelated workers averaged across all colonies (B). Every point is for a single simulation run at a given level of relative strength of social heterosis expression (h). The red line is the expected relatedness between workers based on the number queen mates. The observed relatednesses, averaged across simulations for a given h value, are given in the legend.



The same pattern held for drifting behavior as found in mate number (Figure 3B): individual simulations resulted in either very little drifting or a substantial amount. An intermediate level was never the outcome. Positive selection for drifting meant that the average worker-worker relatedness within nests was substantially lower than predicted by the queen's matedness status (Figure 3A).

All simulations began with no expression or realization of either nepotistic benefits, social heterosis, or tendency to drift. When h biased selection toward favoring nepotism, populations evolved over 10,000 generations to strongly express nepotism and colony self-identity remained strong with little drifting (Figure 4: top panel). As h increased, nepotistic expression was weak and workers became genotypically more likely to drift and accept drifters into their nest (Figure 4: middle and bottom panels). This combination of increasing drifting and higher levels of polyandry results in nests maintaining significantly more genetic diversity (Figure 5). In contrast to nepotism and drifting expression, social heterosis expression was always positively selected over time, independent of h (Figure 4). Thus, the group-level productivity gains through social heterosis maintain significantly increased genetic diversity even when social selection produces monandry with little worker drifting (Figure 5).
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FIGURE 4. Frequency of alleles at the expression loci for nepotism, social heterosis and drifting. The distributions are given at time periods 1,000, 5,000, and 10,000 in the simulations. The three panels show the effects on allele distribution as selection goes from favoring monandry and high relatedness (h = 0.50), to favoring polyandry, drifting and low relatedness (h = 1.00).
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FIGURE 5. Diversity and mate number (mean ± SD) as the relative strength of social heterosis expression (h) increases. Numbers give the means for each measure, letters indicate means that are not significantly different from each other by a Bonferroni-Dunn post-hoc comparison.



The relative influence of social heterosis, matedness, and proclivity for drifting on relatedness and within-colony genetic diversity were examined through multiple regression (Table 2). For relatedness, both the number of mates and propensity to drift were highly significant, with the latter having perhaps the stronger effect with higher h. The level of social heterosis expression had no significant consequences for relatedness. For diversity, social heterosis expression was the only significant factor when monandry was strongly favored. As h increased (and along with it the likelihood that polyandry would be eventual outcome), diversity was significantly enhanced by the number of mates, but became unaffected by social heterosis expression. As polyandry became strongly favored, then only the level of drifting had a significant effect.


Table 2. Summary of multiple regression standard coefficients.
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Model Results: Cheating and Strategic Behavior in Drifters

One potential form of cheating at a nest level is for nests to accumulate genetic diversity by being more willing to accept unrelated workers, and having their own workers be less likely to drift. Interestingly, this form of cheating is initially as prevalent as complete reciprocity (i.e., nests that do not differentially accept drifters), but by 10,000 generations has become rare (Figure 6). The overall consequences are reduced within-group relatedness, despite a reduced level of polyandry (Figure 7). Note that the diversity index used in the model returns slightly higher values for the same number of alleles in a smaller colony than in a larger colony (see Supplementary Material). However, this bias is very small and clearly does not prevent the initial spread of this type of cheating.
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FIGURE 6. Frequency of alleles at the expression loci for nepotism, social heterosis and drifting when cheating is possible. The distributions are given at time periods 1,000, 5,000, and 10,000 in the simulations, with h = 1.00. In the top panel cheating produces nests that differentially collect drifters. In the middle panel, individual drifters behave strategically and provide less social heterosis to non-natal nests. In the bottom panel, drifters act spitefully in non-natal nests. For demonstration purposes, reciprocating alleles are shown as positive values and cheating alleles as negative values (ranges 0 ± 1).
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FIGURE 7. Mean (±SD) colony genotypes with and without cheating being possible. Drift is the mean level of acceptance on unrelated individuals. Relatedness is the mean between workers in a nest. The mean numbers of unrelated individuals in a nest and queen mates are given as proportional values relative to the maximum possible. Letters indicate means within categories that are not significantly different by a Bonferroni-Dunn post-hoc comparison.



Two other forms of cheating would be manifest at the individual worker level where workers in non-natal nests provide a lower level of benefit (strategic), or actively reduce gains in diversity benefits (spiteful). Both types of cheating are present in populations in slightly higher proportions than reciprocating behavior (Figure 6). The overall consequences are fewer drifters and higher within-group relatedness in comparison to a completely reciprocating population (Figure 7). With all forms of cheating, however, populations still evolve to have high levels of polyandry, significant numbers of drifting workers, and within-group relatedness that is less than expected by the observed level of polyandry. The results shown for cheating are all with h = 1.00. Quantitatively similar results were obtained with h < 1.00 (not shown).

DISCUSSION

Social Hymenoptera are often considered a model taxon for evidence supportive of kin selection favoring cooperation (Bourke, 2014). Indeed with constant benefits and costs, Hamilton's rule predicts causative relationships between high relatedness and the propensity to evolve cooperation (Boomsma, 2009). However, low-relatedness societies are both common and evolutionarily derived from higher relatedness life histories (Hughes et al., 2008), without any noticeable increase in dysfunction. An alternative view is that lower relatedness favors social heterosis where groups act as a cooperative social genome composed of dissimilar individuals contributing unique skills and capabilities (Nonacs and Kapheim, 2007, 2012). This evolutionary tradeoff in the benefits of low vs. high genetic relatedness for sociality also follows from Hamilton's rule when b or c vary as a function of r (Figure 1). Not surprisingly, an evolutionary genetic algorithm finds that most often populations stabilize to either maximize nepotism or genetic diversity and not an intermediate outcome (Figures 3, 4). These results do emphasize, however, that simply having an advantage to nepotistic behavior is not always sufficient for it to be selectively favored.

The more interesting result arising from the simulations is that social Hymenoptera can increase colony-level genetic diversity not only by queens employing a top-down control mechanism (number of mates they have), but also by a bottom-up mechanism of workers forming an indirectly-reciprocating network of drifters. A community wide “pool” of genetically heterogeneous workers to which colonies both contribute to and draw from is a type of a public good (i.e., a source from which genetic diversity can be acquired). Significant levels of contribution to this public good are also stable in the presence of cheating or spiteful behavior, supporting previous models of the effects of social diversity for stabilizing cooperation through indirect reciprocity (Santos et al., 2008). The simulation results further suggest that not all types of cheating are equally evolutionarily viable. For example, if nests accept more workers than drift away, individual thresholds initially evolve to create a net influx of drifters into the natal colony. Once there are sufficient numbers of drifting workers in the population, however, reciprocating genotypes (i.e., those with equal likelihoods of both drifting and accepting drifters), strongly predominate, to the extent of being 96% of the population after 10,000 time steps (Figure 6). In contrast, individual-level cheating persists in populations at frequencies slightly greater than wholly reciprocating genotypes and does reduce the overall occurrence of drifting (Figures 6, 7). Nevertheless, neither drifters that are strategic in behavior (behaving less altruistically in non-natal colonies) nor spiteful; (reducing fitness of non-natal colonies) prevent drifting from evolving through gains from indirect reciprocity. Previously cheating has been shown to be less likely when the cost of the beneficial act is small and reciprocators can be identified by an honest phenotypic marker or “tag” (Riolo et al., 2001; Colman et al., 2012). In the case of worker drifting, the cost is arguably trivial to nonexistent. A sterile drifter sacrifices no direct fitness and the cost of lost labor for its natal nest can be more than offset by admitting an unrelated replacement producing social heterosis. Also, the tag in this case is simple and honest: a willingness to accept drifters. Reciprocating nests would be evident in the population by their relaxed acceptance threshold levels (Reeve, 1989; Masuda and Ohtsuki, 2007; Colman et al., 2012). There would be no need to evolve specific phenotypic markers, learn to recognize reciprocators, or to punish cheaters.

To date, “worker drifting” has been a bee- or wasp-centric concept. In contrast, observed large scale exchanges of unrelated workers across multiple species of ants are viewed in the context of “unicoloniality” and loss of nest-level identity over greater geographic areas (Helanterä et al., 2009). As a descriptive phenomenon, however, drifting and unicoloniality differ quantitatively and not qualitatively. Indeed, drifting in some species of bees and wasps reaches levels that may be barely distinguishable from unicoloniality in ants (e.g., 42% of workers in A. mellifera nests are aliens; Pfeiffer and Crailsheim, 1998, 59% of marked workers in B. terrestris at least visit a foreign nest; Blacher et al., 2013, and 56% of female Polistes canadensis drift; Sumner et al., 2007). Overall, one evolutionary pathway to unicoloniality may be as simple as strong selection through social heterosis for high levels of drifting. The outcomes of the simulations and the fact that there may be more naturally-occurring unicolonial species than previously appreciated (Wang et al., 2010; Nonacs, 2011), strongly suggests that earlier predictions (e.g., Helanterä et al., 2009), of unicoloniality being destabilized by kin selection and nepotism may not hold up.

One final point is about the mechanistic expressions of kin selective or social heterosis benefits. As a theoretical or conceptual exercise, it is not necessary for models to be specific on how fitness gains are achieved. Nevertheless, the proximate “how” question may critically affect whether nepotism or genetic diversity is the stronger evolutionary force. For instance, close kinship can be imposed on groups through strict monogamy, but selection for high relatedness must have correlated consequences: offspring are more likely to become workers; to work harder; or to sacrifice more direct reproduction than otherwise (Boomsma, 2009). However, in societies with large group sizes and workers that are already almost completely altruistic (i.e., sterile and willing to die for the good of the group) there remains little more to gain through greater enforced nepotism. Conversely, in large groups genetic diversity can be both highly variable and malleable. One obvious mechanism, multiple mating, has repeatedly arisen in eusocial Hymentopera (Hughes et al., 2008). A heretofore not well appreciated second mechanism is worker drifting. Drifting to produce indirect reciprocity for alloparenting can be anthropomorphized as, “I'll raise more of your kin, and you'll raise more of mine.” If the resultant genetic diversity from exchanging individuals allows all groups to be more successful, then the evolution of low-relatedness societies can be an expected consequence.

In conclusion, both nepotism for helping close kin and advantages of genetic diversity are likely to affect the evolution of cooperation. The effects of genetic relatedness are demonstrable across multiple contexts (Bourke, 2011, 2014). Likewise, genetic diversity is often an advantageous group-level trait (Oldroyd and Fewell, 2007, 2008), that can produce social heterosis (Nonacs and Kapheim, 2007). Both benefits, however, cannot be maximized simultaneously and gaining in one means losing in the other. It is especially important that future models on cooperation consider that nepotism may not evolve if it loses social heterosis, and vice versa. One can draw several testable predictions from the model results. First, selection for nepotism or diversity should produce positive feedbacks such that species should either exhibit high within-group relatedness on the order of full sisterhoods, or low relatedness, such as at a half-sib or less level. Intermediate levels should be rare (e.g., as in Figure 3). Second, colonies that accept drifting workers should also tend to produce drifters (i.e., nest-level strategic behavior that would uncorrelate acceptance from movement should be rare). Third, in species where selfish drifters invade colonies in order to reproduce, one should still find a significant fraction of drifters that behave entirely altruistically. The presence of cheaters should not cause the collapse of a network of indirect reciprocity. Finally as a point to consider, the arguments derived here are applied to the social Hymenoptera, but consider that humans also meet a number of the criteria of a unicolonial species (Moffett, 2012), in that individuals can relatively freely drift between a wide variety of often barely definable groups. The degree to which human sociality is structured by forces other than kin selection is a fertile field for future exploration (Nonacs and Kapheim, 2014; Richerson et al., 2016).
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The levels of within-group relatedness between workers or genetic diversity are regressed against mating behavior (m), drifing/acceptance thresholds (d), and expression of sociel
heterosis (), as the relative strength of socil heterosis (1) increases. For relatedness, socil heterosis expression never had a significant effect and was removed from the analyses.
When h = 0.25, all populations evolved to be fixed for monandry. (*P < 0.05, *P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Study Observation

Leniaud et al., 2011

Species appears to be unicolonial’.

Kronhaver etal., 2013 No observed diting between colonies; Species is parthenogenetic with r & 0.99 within nests.
van Wiigenburg et al., 2010 ‘Species appears {o be unicolonial where invasive®.

Wang et al., 2010 Workers behave in a manner suggesting unicolonialty’.

Keliner et al., 2010 Clonal and unrelated colonies fuse into one.

Satow et al, 2013 Clonal and unrelated olonies fuse into one.

Nanork et al., 2007 2-6% of workers are difters, but not more likely to have activated ovaries.

Paar et al,, 2002 0-6.25% of workers are difters in nests.
Pleiffer and Crailsheim, 1998 Many workers will drft with no preference of related vs. unrelated bees.
Neumann etal,, 2000 Across nests, difters composed 0-14% of the workforce; No negative effect on colony performance

was associated with performance.

A. melifera Smith and Loope, 2016 Non-natal, crifted workers are not more likely to reprodiuce than are natal workers.

Bombus deuteronymus  Takahashi et al,, 2010 2% of workers are liely difters. Drifters will reproduce more than natal workers.

8. hyprorum Paxton et al., 2001 50% of colonies observed to have non-natal workers. No reproduction by these workers was observed.
‘Golonies with more drifters grew faster and larger.

B. occidentalis Birmingham et al., 2000 ‘The number of drifters in a nest correlates with nest productivty and size.

B. terrestris Lopez-Veamonde etal, 2004 Workers often difted between nests. Drifters both worked for and reproduced in the host nests.

8. terrestris Blacher etal., 2013 Drifting is common (58.9% of workers visit other nests) and is done by both fertile andinfertie workers.
Drifters forage for their host colonies.

B. terrestris O'Connor et al., 2013 1.2% of workers are likely driters. Drifters wil reproduce more than natal workers.

B. terrestris Zanette etal., 2014 Workers can drift and be acoepted in other nests up to 60m distant. Drifters observed to enter non-natal
nests approximately once for every 4 h of observation.

Halictus scabiosae Urich et al., 2000 16% of nests had females that could be genetically assigned to other nests.

H. scabiosae Brand and Chapuisat, 2016 46% of nests have workers that drifted to other nests from the first brood of offspring.

Melipona scutelaris Aves et al., 2000 No evidence that diifling workers reproduce in non-natal nest.

Scaptotrigona postica  Paxton, 2000 Possioly 2% of workers were diters.

Trigona spinipes Jaffé et al, 2014 No genetic evidence for drifting workers.

Xylocopa virginica Peso and Richards, 2011 Up 1o 71% of daughters drifted between nests. They were not observed to either rob food or lay eggs in
the host nest.

13 spp. stingless bee. Peters et al, 1999 6 0f 13 species had within-nest worker genotypes that suggested drifters.

Polistes canadensis Surmner et al., 2007 56% of workers visited non-natal nests. Drifting not explainable by mistakes or direct reproductive
success.

P, chinensis Kasuya, 1981 Drifting noted. Drifters worked for host nest.

P jagwigae Tsuchida and Ito, 1987 52.29% of workers diifted between two observed nests.

Vespula vlgaris Olveira et al,, 2016 2.3% of workers drift between nests. Although they tend to have more activated ovaries, they do not

target nests with reproductive opportunty.

“Unicolonialty is @ behavioral state described across several ant species (usuall, but not ahays, in invasive populations of pest species: Helanterd e al, 2009), where aggression
between conspecific nests is low or absent over extended geographical areas. Although workers fresly migrate across nests, unicolonialty has not previously been considered as an
example of difting.
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