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Abstract

Models such as Maynard Smith’s Haystack model have shown that high rates of movement (i.e., migration, mixing, dispersal) undermine the evolution of cooperation.  However, these models generally assume that movement is unconditional.  The present model replaces the assumption of unconditional movement with conditional movement; individuals stay in groups that provide higher returns (by virtue of having more cooperators), and ‘Walk Away’ from groups providing low returns.  Implementing this conditional movement rule generates a number of findings including: 1) when individuals have high thresholds, corresponding to low tolerance for defectors, this lead to selection for cooperation, 2) high thresholds lead to high rates of movement initially and lower rates of movement after selection for cooperators, and 3) population structure becomes more stable after selection increases the proportion of cooperators in the population.  These findings challenge the standard view derived from Maynard Smith’s Haystack model and others that high rates of movement undermine selection for cooperation.  In contrast, the current model demonstrates that high rates of conditional movement can be associated with stronger selection for cooperation.  These results show that high rates of migration observed in nature are not prohibitive for the evolution of cooperation, as standard group selection models have assumed. 

Introduction

In Maynard Smith’s classic paper (1964), he presents a model of how group selection might work to promote the evolution of cooperation, but then concludes that it is “possible” that an altruistic trait could evolve, but only if the “admittedly severe conditions listed here are satisfied” p. 1145).   The notion that group selection may be possible, but is likely to be rare in nature is echoed famously by Williams in Adaptation and Natural Selection (1966) and Dawkins in The Selfish Gene (1976).  These voices have held together one of the standard arguments against group selection that has been presented to students of evolutionary biology since: “group selection is possible in principle, but can be ignored in practice” (David Sloan Wilson and Edward O. Wilson 2007 p. 331).  On this standard view, group selection can be ignored as a force in the evolution of cooperation because it the conditions required for it to be effective are thought to be rare in the natural world, i.e., low (yet non-zero) rates of movement between otherwise isolated groups. 

Do high rates of movement between groups necessarily undermine the viability of group selection, leading to selection for defectors, as this view suggests?  Here I argue that part of this standard argument - that high rates of movement undermine the evolution of cooperation – is highly dependent on the assumption that movement is random and unconditional.  The present model offers an alternative, making movement dependent on local conditions.  

Traditional models of group selection assume unconditional movement.  In Maynard Smith’s Haystack (1964) model he considers a theoretical population of mice distributed among haystacks with varying proportions of cooperators in each haystack. These mice interact only with the other mice in their group, leading to higher rates of growth in groups with more altruists.  After a number of time periods have passed, mice leave their current haystack and migrate in order to colonize new haystacks.  Based on this model, Maynard Smith concludes that selection cannot act to favor altruism when there are high rates of migration. 

Other models of unconditional movement include those based on Wright’s island model (1931) and the Price equation (1970), as well as a many spatial models (see Vainstein, Silva, and Arenzon 2007 for a recent overview).  There is no doubt that such models of unconditional movement/migration have increased our understanding of the role of movement in the evolution of cooperative traits in important ways.  However, they ignore a basic fact of biology: the capacity for conditional movement is an evolutionarily ancient and phylogenetically widespread trait.  Organisms as simple as bacteria are able to able to sense the quality of the local environment and leave degraded areas.  Because this ability to ‘Walk Away’ from low-quality areas is extremely simple and ecologically realistic, it may play an important role in the movement, foraging and migratory behavior of many organisms. 

Does including the capacity for conditional movement change the outcome of models of the evolution of cooperation via group selection?  Here, I model a conditional movement rule, the ‘Walk Away’ rule, in which agents leave insufficiently cooperative groups.  I explore the viability of cooperation under this rule and examine whether conditional movement allows cooperation to be selected when overall rates of movement are high.  This paper makes several novel contributions, including:

1. Providing a systematic exploration of the viability of cooperation when agents have various thresholds for leaving uncooperative groups.

2. Showing that conditional movement allows cooperation to be favored even with very high rates of movement/migration.

3. Describing how population structure can become more stable (with more groups and larger groups) after selection increases the proportion of cooperators in the population.
4. Demonstrating that high rates of movement observed in nature are not prohibitive for group selection. 

Conditional Movement

Conditional movement is the capacity of organisms to respond to their local environments by moving.  In models of conditional movement such as the independently developed Walk Away (Aktipis 2008; Aktipis 2004) and environmental feedback (Pepper and Smuts 2002; Pepper 2007; Pepper and Smuts 1999) models, individuals respond to the quality of their local environments, leaving regions degraded by defectors.   The Walk Away model and environmental feedback models are similar in their approach, but the Walk Away model was developed as a model of individuals leaving uncooperative interactions, while the environmental feedback was meant as a more general model of individuals responding the quality of their local environments.  
Conditional movement as implemented in the Walk Away and environmental feedback models does not require complex cognitive abilities.  More specifically, it does not require the ability to recognize individuals, remember past interactions or track reputations.  Conditional movement entails only the ability to leave degraded regions (in this case, to leave groups when payoffs have been reduced because of the presence of defectors).  In essence, individuals simply ‘choose’ whether or not to stay in a group based on the quality of their local social environment (in the case of the Walk Away model, individuals sense only the payoff from their last interaction).  Groups, however, do not possess a mechanism to ‘choose’ which agents can enter or stay in the group. Other work has explored the interactions between conditional movement and conditional cooperation (Hamilton and Taborsky 2005), but this involves more complex abilities on the part of the interacting agents.

Modeling movement as conditional introduces minimal assumptions about the cognitive complexity of individuals.  As modelled here, conditional movement requires no cognition, only response to the current environmental conditions.  Given that contingent movement is cognitively simple, phylogenetically widespread, and evolutionarily ancient, its role in the evolution of cooperation should be systematically explored.  The model presented here explores several outcomes of introducing conditional movement into an agent-based model of cooperation in groups.  

Agent Based Simulations

Agent based methods provide an alternative to parametrically varying migration rate, group size or number of groups, instead allowing them to emerge from the behavior of individuals.  In this way, agent based simulations enable these features to be generated from the bottom up, sometimes allowing for novel and unexpected phenomena.  Agent based evolutionary models of cooperation that allow migration, group size and/or number of groups to spontaneously emerge include the dyadic Walk Away model (Aktipis 2004), models of the effect of environmental feedback on movement (Pepper & Smuts 1999; Pepper & Smuts 2002), and some models of group joining (L. Avilés 2002; Leticia Avilés 1998).  In the present agent based simulations, individuals use a Walk Away rule, moving away from insufficiently cooperative groups (i.e., moving if the return from the group is below the agent’s threshold). 

Analytical models can be used for probabilistic conditional movement models, but are not viable for models such as the current one, where agents have a threshold for leaving groups.  Because group size emerges from interactions between group properties and individual level rules in the current model, an agent based approach is appropriate.  More generally, when individual level behavior promotes changes in spatial dynamics, agent based simulations are recognized to be the most effective computational tool (Hammond and Axelrod 2006). 

The Model

In these simulations, agents use the Walk Away rule, which specifies the return required from the public goods game for the agent to stay in the current group.  The return from the public goods game functions as a proxy for proportion of cooperators (but agents cannot directly sense the proportion of cooperators in their current group).  Both cooperators and defectors use this same rule, but the return required to stay in the current group (the staying threshold) can vary between cooperators and defectors.  This is in contrast to most past models which did not allow for systematic migration, and different from those that do (e.g., Avilés 2002; Pepper 2007), in that the threshold is parametrically varied here and evolutionary dynamics are explored. 

Unless otherwise noted, simulations start with 500 agents, 5% of which are cooperators and 95%, defectors.  More successful agents reproduce more quickly, leading to changes in the population composition over time (see Methods).  A typical simulation takes between 20,000 and 40,000 time periods for cooperators to increase in frequency and plateau (if they do so at all, see final section of results for details), although cyclical variations around the maximum exist for some parameter values.  Results are reported at 50,000 time periods unless otherwise noted.  Because the primary issue of interests is the conditional movement rule (i.e., the agent staying thresholds, T), the parameter underlying this rule was parametrically varied.  This makes it possible to examine the viability of cooperation when cooperators and defectors have different levels of ‘tolerance’ for low returns (i.e., uncooperative groups).  Additional methodological details can be found at the end of this paper.

Agents interact with others in their group in a social dilemma (Dawes 1980), in this case a standard public goods game (Ledyard 1995).  In social dilemmas, individuals have an incentive not to cooperate with the group, but every individual in the group would be better off if every other individual cooperated.  In such group-wise interactions, individuals can behave selfishly, keeping benefits for themselves, or altruistically, bearing a cost in order to benefit other group members. As with standard Prisoner’s Dilemma (PD) games, in one-shot interactions, the individually optimal behavior is to free ride (defect), contributing nothing to the group.  In contrast, the group-wise optimum is for each individual to contribute as much as possible to the public good (cooperate).  In the present model, defectors degrade the quality public good, resulting in lower returns for group members, while cooperators improve the quality of the public good, increasing returns for group members.  

	Walk Away Rule
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Figure 1. The Walk Away strategy is illustrated in the above state transition figure.  Agents can occupy one of two states: “move” or “stay,” indicated by boxes; arrows indicate possible state transitions.  Agents stay in a group if and only if the return (R) received from the group meets or exceeds the agent’s threshold (T).  Cooperators in the “stay” state contribute to the group each time period and stay in their current location.  Defectors in the “stay” state simply remain in the group, contributing nothing each time period.  In the “move” state, agents move one step each time period and do not contribute.  Agents switch to the “stay” state when they encounter another agent (or agents) and continue to stay only if the benefit received from the group exceeds their threshold.

Results

How does the inclusion of conditional movement affect the viability of cooperation?  First I explore the viability of cooperation when agents have both high and low movement thresholds.  Specifically, I parametrically varied the staying threshold of cooperators and defectors, reporting how this affected the proportion of cooperators.  Second, I ask whether conditional movement enables cooperation to be selected when overall rates of movement/migration are high.  In this model, migration rate emerges from the conditional movement rule of agents and the proportion of cooperators in groups.  The second section reports this emergent migration rate, exploring whether cooperation can be selected when migration rates are high.

Cooperator Viability (with death and reproduction)

When agents have high staying thresholds, this means that they stay only in groups with very high levels of cooperation.  In contrast, agents with low thresholds are more ‘tolerant’ of groups with defectors.  Here I show that cooperators were most successful when thresholds are high, i.e., agents were intolerant of defection.  Cooperators were highly successful when the thresholds of cooperators and/or defectors were high.  

Cooperator success when cooperators have high thresholds is fairly intuitive: when cooperators had high thresholds, they were able to leave groups with growing numbers of defectors.  However, cooperators success when defectors had high thresholds is somewhat puzzling at first glance.  Why do cooperators do better when defectors are more picky?  When defectors readily left fairly cooperative groups (i.e., when they had high thresholds), defectors did not spend long periods of time in groups where they might have otherwise been able to benefit from exploiting cooperators. Further, defectors with high thresholds left groups, after which they were less likely (than cooperators) to be able to form successful and stable groups.  

Cooperators were also somewhat successful when defectors had thresholds of 0.  In these cases, defectors were infinitely tolerant of other defectors so they never left groups giving them no mechanism by which to colonize new groups.  This enabled cooperators to be relatively successful when defector threshold was 0 and there was no noise (however, this effect disappeared when some noise was introduced to the threshold, see below).

In these simulations (Figure 2) a mixed population of cooperators and defectors was maintained over the majority of the parameter space.  Defectors dominated the population when the thresholds of both cooperators and defectors were low (but not when defector threshold was 0).
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Figure 2.  When the threshold of cooperators or the threshold of defectors was higher, cooperators were more successful.  When the threshold of both strategies was low, defectors outperformed cooperators (except when defector’s threshold was 0).

In biological and cognitive systems errors often occur in information processing and behavior.  What happens if the possibility for ‘errors’ in the thresholds is introduced to the model such that individuals occasionally end up using a slightly higher or lower threshold in their decision making about staying in the current group?  In order to model the potential for such errors or noise, variation was introduced into the movement threshold of agents, such that the movement threshold used by a given agent varied between time periods around a mean (reported on the graph) with a standard deviation of 0.1.  This made the likelihood that an agent would stay in a group probabilistic around the reported mean.  

The addition of error resulted in smaller regions with a mixed population and larger areas with only cooperators and only defectors.  In addition to the steeper slope between these regions, the moderate success of cooperators when the average initial defectors threshold was 0 disappears (see Figure 3a).  This is because defectors probabilistically used a threshold higher than 0, giving them way to leave previously colonized groups and take over new ones.  

When the standard deviation was increased from 0.1, the slope grew steeper yet and the region favoring cooperators became larger.  The opposite was the case when the standard deviation was decreased to 0.05 (not shown in figures).  When the standard deviation of the variation was raised to 0.3, cooperators were overwhelmingly successful, but defectors were still successful at threshold values lower than 0.5 for both cooperators and defectors (Figure 3b). 

a)
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Figure 3. a) When variability (with a SD of 0.1) was introduced into the threshold used by the agents, the regions of cooperator success at high thresholds expands. b) When variability was increased to SD = 0.3, this region is even larger and the slope between the regions of cooperator and defector success was steeper.

Migration

In this model, can cooperation be selected when movement levels are high?  Here I report the emergent migration rate as a function of the thresholds of both cooperators and defectors.  I show that cooperation is strongly selected in regions with initially high emergent migration rates (although these migration rates decrease after selection has favored cooperators).

Because there can be high variability between time periods in migration events, the average rate of migration over the final 100 time periods of runs is used, and migration is calculated as the rate of emigration from groups (the number of agents leaving divided by the number agents leaving and staying).  In these simulations, there was a noise level with SD = 0.1 (as in Figure 3a) in the agents’ thresholds and the initial proportion of cooperators was 0.05. 

Emergent migration rate before selection (no death or reproduction)

In order to explore whether cooperation can be selected when rates of movement are high, a set of simulations without reproduction and death were run for 1,000 time periods (long enough for the migration rate to reach equilibrium) with 5% cooperators and 95% defectors.  The emergent migration rate at each combination of cooperator and defector thresholds is reported in Figure 4.  Note that the lowest migration rates emerged when agents had low thresholds (when agents were more tolerant of low levels of cooperation).  Very high levels of migration resulted when agents, especially cooperators, had high thresholds. 
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Figure 4. These results from non-evolutionary runs show that migration rates before selection are very high for most cooperator and defector thresholds when the proportion of cooperators is 5% (the starting proportion for all simulations reported in this paper). 


Interestingly, it is exactly the regions with high initial migration rates in Figure 4 (70 – 99% migration) in which the evolution of cooperation was favored in earlier reported runs (compare to Figure 3a).  This is in stark contrast to the results of traditional analytical models which show that high migration does not allow cooperation to evolve (Maynard Smith 1964; Wright 1931).

In the present simulations, a high migration rate is not a barrier to the evolution of cooperation; instead it is a population-level manifestation of high thresholds.  It is exactly the high thresholds of these agents that both result in an initially high migration rate and enable cooperation to be selected in the long term.

Emergent migration rate after selection (with death and reproduction)

Adding the evolutionary elements of reproduction and death led to selection for cooperators over much of the parameter space (as described in earlier sections).  As the proportion of cooperators increased, groups became on average more cooperative, leading to less Walking Away and therefore a lower emergent migration rate. Figure 5 shows this emergent migration rate after selection has acted for 50,000 time periods.

Interestingly, the regions with higher initial rates of migration (Figure 4) had lower final rates of migration in the evolutionary simulations (Figure 5).  As noted above, cooperators were actually selected more strongly over the region where emergent migration rates were high.  Once cooperators were selected, the migration rate decreased because more cooperative groups led to fewer agents ‘Walking Away’ in the overall population. 
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Figure 5.  In evolutionary simulations, migration rate patterns are nearly opposite to those present before the action of selection (see Figure 4).  When agents have low thresholds, final migration rate is high because defectors dominate.  When the thresholds of either cooperators or defectors are high, relatively low rates of migration result because cooperators come to dominate the population.

Changes in population structure (with death, reproduction and mutation)

How does population structure (i.e., number and size of groups) change as cooperators are selected and migration rate decreases over the course of a run?  The present section reports results from a single run, in which both cooperators and defectors have a threshold of 0.7 (with a 0.1 SD for noise).  In contrast to simulations reported earlier, during reproduction there was a 1% chance of mutation of cooperator to defector and vice versa (so that drift would not lead either cooperators or defectors to completely over the long time frame of the reported run). 

At the beginning of the simulation, agents were randomly distributed on the grid.  Agents then moved, leaving uncooperative groups and staying in cooperative ones, resulting in high rates of migration since the population was initially made up of mostly defectors.   However, groups made up of cooperators were more stable than groups containing defectors, allowing for cooperation to slowly increase (blue line), which decreased the rate of migration (black line), increased the number of groups (green line) and increased average group size (yellow line).  

 

[image: image7.wmf]
Figure 6. As the proportion of cooperators increases (blue line), the migration rate (black line) decreases, resulting in a larger number of groups (green line) and larger group size (yellow line).  Once cooperation has increased, the group number and group size remain high and the migration rate stays relatively low. This plot shows the changes in each variable over the first 100,000 time periods of a run with cooperator and defector thresholds of 0.7.  Percent cooperators, migration rate and number of groups are indicated on the left axis and group size is indicated on the right axis. 
The changes in these variables over time suggest a number of interesting conclusions. Firstly, the migration rate was very high during the times at which selection favored cooperators.  In fact, the migration rate was close to 1 at the beginning, meaning almost all agents immediately left groups that they joined.  The migration rate reached a low level (varying between about 0-5%) only after the proportion of cooperators had increased dramatically.  If it were migration rate, per se, that limited the evolution of cooperation, it would be impossible to explain this pattern.  

The results presented above suggest that the rate of migration itself is less important than the reasons for that migration.  To the extent that migration occurs as a result of conditional movement away from uncooperative groups, high levels apparently do not restrict the evolution of cooperation.

Discussion

The findings reported here challenge the standard view that high rates of movement undermine cooperation by demonstrating that conditional movement actually makes cooperation more strongly selected at high rates of movement.  This phenomenon has been obscured in past models by the assumption of unconditional movement. Despite the fact that conditional movement is cognitively simple, evolutionarily ancient and phylogenetically widespread, standard spatial and group selection models have implemented movement as unconditional. 

If organisms in the natural world use conditional movement rules in the form of the Walk Away rule or more complex rules such as those underlying optimal foraging (MacArthur and Pianka 1966) the assumption of unconditional movement used in standard models may have led to incorrect conclusions about the viability of cooperation.  Rather than high rates of movement undermining cooperation, as models of unconditional movement conclude, the present model of conditional movement demonstrates that high rates of movement actually favor cooperation most strongly.

In standard models of group selection, including Maynard Smith’s haystack model (1964), Wright’s island model (1931) and models based on the Price equation (1970), too much migration or mixing undermines assortment, leading to selection for defectors.  However, conditional movement can actually increase assortment, as demonstrated by Pepper (2007).  Conditional movement promotes assortment in this model as well (generating greater stability of more highly cooperative groups), leading to the unexpected finding that high rates of movement can actually generate strong selection for cooperation.

The results of the present model suggest that high rates of movement observed in nature are not prohibitive for the evolution of cooperation (as traditional spatial and group selection models conclude).  In fact, these results suggest quite the opposite: high rates of movement emerge in populations made up of individuals intolerant of defectors, and it is these populations that are more likely to favor the evolution and maintenance of cooperation.

There are, however, limitations to the capacity of conditional movement to promote the evolution of cooperation.  The present results suggest that when individuals have low thresholds and are therefore relatively ‘tolerant’ of defectors, defectors can continue to persist in the population.  Selection for cooperation in this model relies on individuals who are ‘picky’ about the groups they will or will not remain members of.  

Another limitation of conditional movement for promoting cooperation has been shown in previous work- the necessity of relatively high search times (Enquist and Leimar 1993), or low densities that generate higher search times (Aktipis 2004).  When search time for new partners is very low, conditional movement rules do not favor cooperation as strongly because defectors are more easily able to move on to new regions or groups after exploiting their current group.  

Yet another limitation of conditional movement for promoting cooperation is that it must be useable by cooperators, not just defectors.  If conditional movement is employed only by defectors (and cooperators do not move conditionally), defectors are, unsurprisingly, successful (Dugatkin and David Sloan Wilson 1992).  Along similar lines, preliminary results from a variation of the present model suggest that the thresholds of defectors evolve more quickly than the thresholds of cooperators, allowing defectors to more readily take advantage of cooperators.  
In addition to the limitations explored in these models, the effectiveness of Walk Away is likely to be constrained by a variety of behavioral and cognitive systems that may have evolved for the purposes of modifying conditional movement rules.  For instance, the ability to enter into commitments (Nesse 2001) and bond with others (Carter et al. 2006) might have evolved as systems to constrain Walk Away.  In species such as humans, other factors such as the threat of punishment can serve as a deterrent to ‘Walking Away’ and various social, cultural and political institutions can constrain the ability of individuals to leave their current groups.  To the extent that humans use a Walk Away-type rule, it may be buried beneath a host of complex cognitive rules and behaviors.  These complex rules might, however, be built upon a very simple and evolutionarily ancient foundation, to ‘Walk Away’ from low quality social environments.

Conclusions

The results of the simulations reported here demonstrate that a simple Walk Away strategy can promote the evolution of cooperation in groups.  The Walk Away rule (in contrast to unconditional movement) leads to greater stability and evolutionary success of more cooperative groups.  Perhaps even more importantly, the present simulations suggest that conditional movement in the form of the Walk Away strategy can favor the evolution of cooperation, even at high rates of movement/migration.  These findings are in contrast to the conclusion that high rates of movement favor defectors, typical of group selection models.   

Further, conditional movement is very cognitively simple, evolutionarily ancient and widespread in nature, making its inclusion in models of cooperation essential if we are to understand the evolution of cooperation in organisms capable of responding to their local environments.  In the language of the haystack models, if individuals are able to ‘walk away’ from haystacks with fewer cooperators, this allows cooperation to evolve much more readily than the haystack model concluded.

If we are to effectively investigate the effect of individual-level movement abilities on social behavior, we ourselves must ‘walk away’ from the haystack and other models which assume unconditional movement.  If, instead, we assume that individuals have the capacity to respond to their local physical and social environments, leaving low quality social environments and staying high quality social environments, this leads to dramatically different conclusions about the viability of cooperation at high rates of movement between groups. 

The present Walk Away models demonstrates that high rates of movement are not a constraint on group selection, but rather high rates of movement can be population-level manifestation of individuals with low tolerance for defectors.  These results challenge the standard argument that group selection is a mere theoretical possibility –  and suggest that group selection may be much more important force than has previously been concluded in models of unconditional movement such as the Maynard Smith’s haystack model (1964).

Methods 

Simulations were programmed in NetLogo 3.1.2 (Wilensky 1999), an agent based programming platform.  This software enables the modeling of social spatial interactions among agents using a decentralized approach of programming the individual movement rules and interaction.

Agents are embedded in a spatial lattice in which they interact with individuals on the same ‘patch.’ All agents use the Walk Away movement rule, staying in groups that have sufficiently high levels of cooperation and leaving groups that do not meet that cooperation threshold.   When agents leave, they move forward in the spatial lattice, changing their direction slightly during each step.  When two or more agents land on a single patch, they constitute a group and play a public goods game during each time period that the group is maintained.  Group size is determined by agent movement into and out of groups as well as the reproduction of agents within groups.

Agents begin with an energy level between 0-2000 (in a uniform distribution).  During evolutionary simulations, individual agents have a slight chance (0.4%) of being eliminated from the population during each time period, and when an agent is eliminated a random agent is given the opportunity to reproduce.  Approximately 2 agents have the opportunity to reproduce during each time period, but they do so only if their energy level is greater than 1000 (making it possible for the population size to decrease over time).  Parents split their energy with their offspring, who stay in the same group as the parent.  In this model, density was 5 patches per agent, and the multiplier was 1.9, allowing for a social dilemma even in groups of two individuals.  Simulations start with 500 total agents, 5% of which were cooperators. 

Unless otherwise noted, agents reproduced clonally and died when their energy levels reached zero.  No mutation occurred during reproduction for the cooperator viability and migration rate simulations, but there was a 1% rate of mutation in the dynamic population structures simulations.  In all simulations except for the first set of migration rate simulations, differential survival and reproduction of different types resulted in changes in the population composition over time.  

The behavior of individual agents and the overall performance of the model were validated by examining the changes in individual variables during group-wise interactions to ensure that individuals were interacting according to the payoff framework described earlier.  Further, individual agents were ‘followed’ over the course of trial runs to determine whether reproduction and death subroutines were functioning as specified.  Where necessary, the aggregate effects on migration rate or cooperator frequency were explored to ascertain whether the outcomes were consistent with analytical results.

 
Additional materials below include the simulation schedule, a list of agent variables (instance variables), a list of parameters, and the method of calculation of the migration rate.

Schedule

1. Setup

a. Initialize the global parameters

i. Set the maximum population size to 500

b. Initialize agents:

i. Place on random patch

ii. Set heading in a random direction

iii. Set investment level

iv. Set initial energy

v. Set migration status to moving (2)

c. Initialize patches

2. Each time period

a. (Receive energy endowment per time period) 0 for these simulations

b. If on a patch with other agents, set migrate_stat 3 (for joining, if first time period in group) or 0 (for staying, if this is second time period in group)

c. If in a group, invest in group public good: place I units of energy on current patch

d. Patch energy multiplied: total energy placed on patch multiplied by M, become new penergy
e. If in a group, get return from group good: penergy split equally between all current occupants of patch (group members), each agent gets return
f. Check movement: If either of the following conditions is met, agent moves forward one step, sets migrate_stat to 1 (for leaving), and changes it’s heading slightly to the left or right.

i. If return is greater than movement threshold, T
ii. If less than 2 agents on current patch

g. Check reproduction/death: Each agent with energy greater than hatch_threshold has a chance of reproducing equivalent to repro_rate.  If this results in a population size greater than pop_max, a random agent dies.

Instance Variables

	Variable
	Name
	Initial Value

	investment level
	I
	percent_coop agents I = 1, all others I = 0

	proportion defectors tolerated
	T
	Parametrically varied

	staying threshold
	t
	T*M

	return from public good
	return
	null

	energy reserves
	energy
	random number from uniform distribution of 2 * hatch_threshold

	current group size
	group_size
	null

	migration status
	migrate_stat
	2 (moving)

	agent heading
	heading
	Random heading

	patch energy
	penergy
	0

	Reproduction threshold
	hatch_threshold
	1000

	
	
	


Parameters

	Parameter
	Name
	Default Value

	maximum population size
	pop_max
	500

	percent cooperators
	percent_coop
	95

	Multiplier
	M
	1.9

	endowment per period
	endowment
	0

	likelihood of an agent reproducing in a single time period
	repro_rate
	.002


Dependent Variable

Migration rate was calculated by dividing the number of agents leaving a group (migrate_stat = 1) by the number of leaving (migrate_stat = 1) plus the number of agents staying (migrate_stat = 0) agents.  Agents that were currently moving (migrate_stat = 2) and in the process of joining groups (migrate_stat = 3) were not included in the calculation.

Aknowledgements: Thank you to John Pepper and Matthew Herron helpful comments on earlier drafts of this paper. This material is partially based upon work supported by a National Science Foundation Graduate Research Fellowship.
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