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Abstract

Group beneficid norms are common in human societies. The persstence of such normsis
cong stent with evolutionary game theory, but existing models do not provide a plausible
explanation for why they are common. We show that when amode of imitation used to
derive replicator dynamics in isolated populationsis generdized to dlow for population
sructure, group beneficid norms can spread rapidly under plausible conditions. We dso
show that this mechanism alows recombinetion of different group beneficid normsarising in
different populations.



Introduction

Many culturdly transmitted norms are group beneficid (Sober and Wilson 1998): Property
rights encourage productive effort, rules against murder and assault encourage civil order,
norms governing thefilling of politica offices reduce the chances of civil war, and product
standards, building codes, and rules of professiona conduct alow more efficient commerce.
For most of human history, states were weak or nonexistent, and norms were not enforced
by externa sanctions. Nonetheless, norms were important regulators of socia order, and
while in modern states black- |etter laws aso further many of the same ends asinformd
norms, the evidence is that informa custom il plays avery important role in regulating
behavior (Ellison, 1991).

The persistence of group beneficid normsis easily explained. When people interact
repeatedly, behavior can be rewarded or punished, and such incentives can stabilize dmost
any behavior once there is consensus about what is normative. People conform to normative
behavior in order to gain rewards or avoid punishment. The provision of rewards and
punishments can be explained in severa ways. Firg, if interactions are repeated indefinitely,
punishing or rewarding aso can be normative behaviors, and violators of that norm can be
punished or rewarded aswell (Boyd and Richerson 1992). Second, even if interactions do
not go on indefinitely (or equivaently, people can't remember large numbers of interactions),
the relative disadvantage suffered by those who enforce socid norms compared to those
who don't rgpidly becomes smdl as the number of interactionsincreasesand iseasily
balanced by even aweek tendency to imitate the common type (Henrich and Boyd 2001).
(Of course, strong conformism can aso explain the maintenance of norms without
punishment ( Boyd and Richerson 1985)). As afind point, punishment may beindividudly
beneficid if it isacodly sgnd of an individua’s qudities as amate or codition partner
(Bleige Bird et d in press). Severd authors suggest thet the stability of such norms explains
human culturd diversity—digtinct groups represent aternative, stable equilibriain acomplex,
repested “game of life’” (Boyd and Richerson 1992, Binmore 1994, Cohen in press).

The fact that group beneficia norms can persst does not explain why such norms are widely
observed. While punishment and reward can stabilize group beneficid norms, they can dso
stabilize virtualy any behavior (Fundenberg and Maskin 1986, Boyd and Richerson 1992).
We can be punished if we lie or stedl, but we can aso be punished if wefail to wear atie or
refuse to eet the brains of dead relatives. Thus, we need an explanation of why populations
should be more likely to wind up at agroup beneficid equilibrium than one of the vadtly
greater number of stable but non-group beneficia equilibria. Put another way, if socd
diversity results from many stable socid equilibria, then socid evolution must involve shifting
among dternative sable equilibria. Group beneficid equilibriawill be common only if the
process of equilibrium sdection tends to pick out group beneficid equilibria

Currently there are two different kinds of models of equilibrium sdection, but neither
provides a plausible explanation for the widespread existence of group beneficid norms.

Within-group models of equilibrium sdection (Kandori, et al. 1993, Ellison 1993, Y oung
1998, Samuelson 1997) consider the effects of random processes that act within groups to



change the frequency of dternative behaviora dstrategies. In finite populations, sampling
vaiaion will affect patterns of interaction and replication, which in turn will leed to random
fluctuations in the frequencies of types through time. As long as some mutation-like process
actsto maintain variation, the probability thet the populaion will bein any state will
eventudly converge to a sationary distribution. If mutation rates are low and populations of
reasonable Sze, most of the probability mass of the Sationary distribution will pile up around
the stable equilibrium of the determinigtic dynamic model that has the largest basin of
dtraction. Since there is no necessary relationship between the size of abasin of atraction
and whether it is group beneficid, within group models do not predict that group beneficia
norms will be common. Within group modds aso suffer from two other related problems.
Fird, it takes avery long time for populations to shift from one equilibrium to ancther unless
the number of interacting individualsis very small. Second, these models provide no
mechanism for cumulative irreversble sodd change because populations are assumed to be
in sochagtic steady state, randomly wandering back and forth between dternative equilibria.

Between group modes posit that equilibrium sdection results from the competition between
groups near dterndtiv e sable equilibria These modes assume that groups a more efficient
equilibriaare less likdly to go extinct, or more able to compete with other groups in military
or economic contests. This kind of group saection process leads to the evolution of graup
beneficid equilibria even when groups are large, and there is substantia migration between
groups (Boyd and Richerson 1982, 1990). However, given observed rates of group
extinction, the spread of group beneficid equilibriawill occur too dowly to account for much
observed socid evolution. Cdculations based on empirical data on the socid extinction of
smdl groups in highland New Guinea suggest that even though rates of extinction are
gopreciable, the time scde for the subgtitution of one norm by a a better one is on the order
of amillennium (Soltis et d 1995). Moreover, these modds aso lack any mechanism that
dlows for the efficient recombination of group beneficid innovations occurring in different
groups, and thus cannot easily account for the cumulative nature of socid change over the
last 10,000 years.

Here we show that when the standard replicator dynamic mode of evolutionary game
theory is embedded in a spatidly structured population, group beneficid equilibriacan
spread rapidly and innovations can readily recombine to form beneficial new combinations.
Thebadc logic of thisresult issmple Evolutionary game theory is applicable to human
socid evolution when behaviord drategies are transmitted by imitation and people who have
achieved high payoffs are mogt likely to be imitated. Strategies which have high average
payoffswill increase in frequency, in most cases eventudly leading to a stable evolutionary
equilibrium gtate. If the payoff sructure of socid interactions leads to multiple sable
equilibriaand a population is structured, partialy isolated groups can be stabilized at
different equilibriawith different average payoffs. Consequently, behaviors can soreed from
groups & high payoff equilibriato neighboring groups & lower payoff equilibria because
people imitate their more successful neighbors. Such spread can be rapid because it
depends on therate a which individuals imitate new drategies, rather than the rate a which
groups become extinct.



In what follows, we firgt derive the dynamic equations that govern replicator dynamicsin a
spatialy structured population. We then show that these equations can lead to the rapid
spread of group beneficid traits under the plausible conditions. Findly, we show thet this
process readily leads to the recombination of different group beneficid traitsthat arisein
different populations.

Replicator dynamics in a structured population

In many Stuations, people have important socid interactions shaped by socid normswith
one group of people, but know about the behavior, and the normsthat regulate it, of alarger
group of people. People interact every day with the members of their loca group—they
exchange food, labor, and land; aid others in need; marry and care for children—
transactions that are regulated by sociad normsthat define property rights and mora
obligations. However, people aso often know about the behavior of othersin neighboring
groups. They know that we can marry our cousins here, but over there they cannot; or
anyoneis free to pick fruit here, while there fruit trees are owned by individuas. With this
kind of population sructure, payoffs are determined by the compasition of the loca group,
but culturd traits can diffuse among groups.

To generdize evolutionary game theory to dlow for thiskind of populaion structure,
congder a population that is subdivided into n large groups in which frequent socid
interaction occurs. Individuds are characterized by one of k strategies. The proportion of
peoplein group dwho have strategy i is p.q, and the vector of frequenciesin group disp,.
Socid interaction generates a payoff, W (p,,) for individuals with behavior i in group d that
depends on individuas own strategy and the strategies of other members of their group
because frequent socid interaction occurs with other group members.

To dlow for the possihility of cultura diffusion between groups, we adopt the following
modd of culturd transmission: During eech time period, each individua from group f
encounters an individud, their “model”, from group d with probability m, and observes
that individud’s strategy and payoff from socid interaction during that period. We will

assumethat m, > § m, SO that most encounters occur within socid groups. After the
d f

encounter, individuds may imitate the Strategy of their modd.

We assume that individuds are more likdly to imitate if their modd has a higher payoff than
they do. More formaly, if an individud with behavior i from group f encounters an individua
with behavior j from group d, individud i switchesto j with probability

Pr(jli,)=2{+bW, (py)- W (p,)) @

whereb isapostive parameter that scales payoffssothat 0 £ Pr(j|i, j) £1 fordl py and
p;. Equation (1) implies that individuas sometimes switch to alower payoff srategy, unlike
some recent derivations of replicator dynamics (Borgers & Sarin 1997, Schlag 1998, Gde
et a 1998),. We think this modd is preferable because it captures the effect of uncertainty
about the payoffs of others, and because it alows diffusion between groups even when there



are no payoff differences, a conservative feature that reduces the effect of population
structure.

Then the frequency of behavior i ingroup f, pf , after onetime period is given by:

pf =& m, 80,8 Py 2B () - W, (p)))+ P by 21+ bW () - W (o)
e i i u
)

Thefirg sum indde the square brackets gives the probability that an individua with trait i in
group f remains the same and the second sum gives the probability that someone who is not
i intidly convertstoi. Some dgebraic manipulaion yieds the following expression for the
change in the frequency of behavior i in population f

n
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wheredp,, =b p, (W ;) - W(p; )) isthereplicator dynamic equation for strategy i in
group f and isthe canonica description of strategy dynamics in evolutionary game theory.
Thus, when individuas imitate only members of their own group (m, =0,d * f ) equation
(3) says that imitation within each group causes behaviors with the highest payoff relative to
othersin the group to increase in frequency—effects on average payoff within agroup are
irrdlevant. When there is contact between different groups, however, the effect of abehavior
on average group payoff can become important. The second term in (3) includes the effect
of diffusion between groups that differ in trait frequency. When payoffs do not effect
imitation (b = 0), this term includes only passive diffusion. However, when individuds with
higher payoffs are more likely to be imitated, there is a net flow of srategies from groups
with high average payoff to groups with lower average payoff.

How Group Beneficial Equlibria Spread

Next, we show how this effect can lead to the spread of group beneficid equilibria
Consider asmple modd in which there are two strategies, 1 and 2. For example, strategy 1
might be anorm forbidding cousin marriage , while strategy 2 is the norm dlowing free
choice of aspouse. Within each group, individuas who deviate from the common norm
suffer because they are punished by other group members. In a variable environment, the
norm requiring sharing might lead to higher average payoff due to risk spreading. We
formaizethese ideas by assuming that the payoff to an individua with behavior 1 in groupd
iSW,(pye ) =1+ 5(py - P)+ gpy, ad the payoff to an individual using behavior 2 is
W,(p,, ) =1+ gp,, - Thus, each strategy has a higher relative payoff when common. The
unstable equilibrium that divides the two basins of atractionis p . The parameter s

measures the magnitude of the difference in payoffs of the two strategies, and g measures
the effect of behavior 1 on average payoff. We assumethat g > 0, so that groupsin which



behavior 1 is common have higher average payoff. For example, anorm againgt cousin
marriage might lead to more allianceformation among dans within the group. Findly, for
amplicity, we assume that socid groups are arranged in aring so individuas only imitate
members of their own group and the two neighboring groups. (So that mg¢s = m for the two
neighbors of group f and zero otherwise.)

For anovd group beneficid trait to evolve two things must occur. Firg, it must become
common in one population, and second it must spread from that population to others.
Various random processes may cause theinitia shift of one population to the group
beneficid equilibrium. In finite populations, sampling variaion in who isimitated (Gale et d)
or in patterns of interaction (Kandori, et a. 1993, Ellison 1993, Y oung 1998) can lead to
random fluctuations in trait frequencies which can tip populations into the basin of attraction
of the group beneficid equilibrium. Randomly varying environments can leed to smilar shifts
(Price et d 1993) in populations. Findly, individua learning can be conceptudized as a
process in which individuas use data from the environment to infer the best behavior.
Learning experiences of individuas within a population may often be correlated, because
they are utilizing the same data. Thus, random variation in such correlated learning
experiences could also cause equilibrium shiftsin large populaions. We do not modd these
processes here.

To see how imitation of the successful can lead to the spread of group beneficid drategies,
assume that one of these unmodeled processes causes the group beneficia strategy to
become common in one group, while the other strategy remains common in the rest of the
groyos. Then, if enough individuds in the two neighboring groups imitate behavior 1, these
groups will be tipped into its basin of atraction, and the group beneficid trait will increasein
those two groups. This processisillugtrated in Figure 1. Trait 1 isintidly commonin
population i — 1. In the neighboring population i, trait 2 is common, and thus within group
imitation tends to decrease the frequency of trait 1. However, individuasin population i are
more likdy to imitate individuds in populaion i — 1 than in population i + 1, So extra-group
imitation tends to increase the frequency of trait 1 in group i. If thislatter processis
sufficiently strong, it can tip population i into trait 1's basin of attraction. If this occurs, the
processwill be repeated in group i + 1, then group 1 + 2, and so on with behavior 1
spreading throughout the population in awave-like fashion. This processis formaly smilar
to one recent model of the third phase of Wright' s shifting balance theory (Gavrilets 1995),
but is unlike that mode intwo ways. Fird, the underlying dynamic processes arise from
differentid imitation, not changes in demography. Second, because the multiple equilibria
arise from frequency dependent socid interaction, not underdominance, the process
modeled here leads to the spread of the group beneficid trait for awide range of parameters
(Figure 2)

It isimportant to see that the spread of the group beneficia trait depends crucialy on the the
assumption that people imitate Strategies that lead to success in neighboring groups, but will
lower their payoff in their own group where different norms are enforced. In thissimple
mode, atype that restricted imitation to its own group would replace the type of imitation
assumed here. We think our assumption is plausible nonetheless. Empricaly the tendency to
imitate the successful has been observed in awide variety to contexts (see Henrich and Gil -
White 2000). This tendency makes sense adaptively. The world is complex and hard to



understand. 1t is very difficult in many Stuations to connect behavior to outcomes with much
confidence. Anindividua observesthat in the neighboring group they never marry cousins
and that they are much better off. His neighbors say that the gods punish those who marry
cousins, and they have had much greater success in warfare lately. Of course, the individua
knows thet it will cause trouble to forbid a marriage that both his daughter and his brother
want, but maybeit will be worth it. The same kinds of uncertainties beset usin the modern
world despite vastly greater information gathering capecity. In the early 1990's it was
commonplace to attribute Japan’ s economic success to their encouragement of long term
invesment, their “just in time” inventory practices, or to their qudity cirdes, and adl of these
practices were imitated by American firms and policy makers. We have argued a length
(Boyd and Richerson 1985) that culturd transmission rules likeimitate the successful and
imitate the common type should be seen as adaptations for deding with thiskind of
uncertainty. We have a propensity to imitate the successful because it is often very difficult
to decide what isthe best behavior. These learning rules are shortcuts that on average dlow
usto acquire lots of useful information, but may, as in the modd in this paper sometimes lead
us astray.

Figure 2 plots combinations of the parametersm, s, 5, and g that lead to the spread of the

group beneficid drategy. It indicates that the group beneficid strategy fails to soread under
three circumdances. If there istoo much mixing between neighboring groups, the beneficid
drategy cannot pers s in the initid population; it is swamped by the flow of behavior 2 from
the neighboring groups. If thereis too little mixing, the group beneficid behavior remains
common in theinitia population but cannot spread because thereis not enough interaction
between neighbors for the beneficid effects of the norm to cause it to spread. If the domain
of attraction of the group beneficid strategy istoo small, the flow of ideas from successful
groups to less successful groups may not be sufficient to tip neighboring groupsinto its basin
of attraction. Increasing the degree to which strategy 1 is group beneficid (i.e. the magnitude
of g) enlarges the range of parameters which leed to the increase in that Srategy.

The results plotted in figure 3 show that the group beneficid trait soreads at arate that is
roughly comparable to the rate a which individudly beneficid traits soread within asingle
group under the influence of the same learning process. Thus, if an individualy beneficiad
trait can spread within a population in 10 years, agroup beneficia trait will soread from one
population to the next in 15 to 30 years, depending on the amount of mixing and the effect of
the trait on average fitness. Game theorists have considered a number of mechanisms of
equilibrium sdlection that arise because of random fluctuations in outcomes due to sampling
variaion and finite numbers of players (Kandori, et . 1993, Ellison 1993, Y oung 1998,
Samuel son 1997). These processes tend to pick out the equilibrium with the largest domain
of attraction. However, unless spatid gructure limitsinteractions to asmall number of
individuds, the rate at which this occursin alarge population is very dow. Smilarly, group
selection models gppear to require unredigticaly high group extinction rates to explain many
examplesof the soread of group beneficid culturd traits (Boyd and Richerson 1990, Soltis
et a 1995). In contrast, the process we describe here leads to the deterministic spread of
the group beneficid trait on roughly the same time scae as the same socid learning
processes cause individudly beneficid traits to spread within groups.



Of course, we have not accounted for the processes that influence the rate a which the
beneficid behavior initidly becomes common in aparticular group. However, if the
conditions for spread are satisfied, the group beneficid trait needs to become common only
in asingle group. If we imagine that group- beneficid traits mainly arise as aresult of random
processesin smal populations, only theinitid group, not the whole population, needs to be
amadl, and the group must remain smal only for long enough for random processesto give
riseto an initid “group mutation” which can then spread relatively rgpidly to the population
asawhoale. If weimagine that rare events, such asthe emergence of uniquely chariamdtic
reformers or aignment of the particular congtellations of politica forces, are required to
affect a group-favoring innovation, the same cons derations gpply. Only one group need
make the origind innovation; any otherswith subgtantia cultural contact can rapidly acquire
the trait by the mechanism we modd here.

Recombination at the Group Level

The process described here readily leads to the recombination of group beneficid strategies
that initidly arise in different groups. The exact combination of strategies necessary to
support complex, adaptive socid indtitutions would seem too unlikely to arise through a
single chance event. It is much more plausible that complex inditutions are assembled in
numerous smal steps. Previous group selection models of equilibrium sdection are
andogous to the evolution of an asexua population in that they lack any mechanism that
dlows the recombination of beneficid dtrategiesthat arisein different populations, and thus
requireinnovations to occur sequentidly in the same lineage. Within group modesin which
equilibrium selection occurs through random sampling processes assume that the population
has reached a ationary distribution, and thus while recombination is possible there is no
cumulétive, irreversble change. By contrast, the present model alows recombination of
different srategies and irreversible, cumulative change. To seethis, consder amodd in
which drategies consist of two components (x, y) each with two values (0,1). Let ps and gu
be the frequenciesof x = 1 and y =1 in groupd, respectively. Let the payoff of an
individud in group d be:

W, (X, y) =1+sx(p, - P) +Sy(aq - P)+9(0y + Py) 4

Thus, both x = 1 and y = 1 have an independent group beneficid effect, and dl four
combinations of x andy can be stable equilibriain isolated groups. Findly, suppose that
individuas occasondly learn the x component of their drategy from oneindividud and the y
component from another, leading to recombination of behaviord srategies at the individud
level. Once again suppose that the population isinitidly al strategy (0,0), and that random
shocks cause (1,0) to become common in one population and (0,1) common in a second
population. Then, if conditions are right, both strategies will begin to spread (Figure 4a).
When the two waves mest, the frequency of x = 1 isequa to one hdf and the frequency of
y = 1isequd to one haf a the boundary between the two expanding fronts. The outcome
dependsonthevdueof p.If < %, thestrategy (1,1) hasthe highest payoff in the group

on the boundary, increases determinigticaly in that group, and eventually spreads throughout
the population asawhole (Figure 4b). If p > 1, the strategy (1,1) has alower payoff than



(1,0) or (0,2), and the two waves form a stable boundary. However, in the boundary group,
the most beneficia combination (1,1) has ardatively smal payoff disadvantage compared to
(0,2) and (1,0), and is present at substantia frequency. In this Stuation a shift to the most
beneficiad combination due to random shocks is much more likely than the shifts that were
necessary to cause (0,1) and (1,0) to become common in the first place. Thus, existing
group beneficid traitswill recombine more rapidly than new ones arise.

Conclusions

Many anthropologists and sociologists have long believed that human behavior is regulated
by culturdly transmitted normsin ways that promote the surviva and growth of human
societies. Economists and other rationa choice theorists have been skeptica about such
functiondist claims because there was no plausible mechanism to explain why such norms
should be common. Socid scientigts influenced by evolutionary biology tend to share this
skepticism based upon theoretical models and empirical findings suggesting that group
selection is generdly aweek force in nature. We believe that humans are an exception to this
rule because culturd variation is much more susceptible to group sdection than genetic
varigion. The culturdl group selection hypothesis explains both why humans cooperate on
such alarge scale and why the pattern of this cooperation is so different from that of other
ultrasocid animas (Richerson and Boyd, 1999). Human societies are based upon
cooperation between nonrelatives, while kinship underlies cooperation and complex socidity
in other taxa like the socid insects.

Despite a generd fit between the existing modes of culturd group selection and the facts of
human socidity, much uncertainty remains. Earlier work suggests thet the differentia suviva
of culturdly digtinctive groups can lead to the evolution of group beneficid behavior under
plausible circumstances, but that this processis quite dow and likely to produce higtoricaly
contingent group level adaptations (Boyd and Richerson, 1982, 1990, Soltis, et a., 1995).
Since the evolution of human socid inditutions does have atime scae of millenniaand the
resulting inditutions are highly variable, such group selection processes may have had arole
in shgping these indtitutions. On the other hand, some socid ingtitutions do diffuse from one
society to another and on time scaes shorter than amillennium. The spread of the joint stock
company on time scales of a century is arecent example. Such events accord better with a
mechanism like the one we modd here.

We suspect that both differentid surviva and differentia diffuson may affect the evolution of
human sodid inditutions. The operation of many social inditutions is opague even to the
people who enact them (Nelson and Winter, 1982: Chapter 5) and such ingtitutions are even
harder for outsiders to understand. In such cases, diffusion may be ineffective because
actors cannot connect the attributes of particular ingditutions to their success, and thisfact
may explain why the path from the origins of agriculture to our complex modern industrid
nations took some ten millennia to traverse. Other indtitutions soreed much more readily
because their costs and benefits are more readily understood. Prosdytizing religions, for
example, take painsto be transparent to potentia converts and thus may readily spread.
Therate of diffuson of ingtitutions may aso be affected by the how much people know
about other societies. It is plausible that the spread of literacy and the development of ever



better means of trangportation have gradudly increased the importance of the rapid
processes based on borrowing relative to the dower ones based on group extinction. In the
20" Century, socid indtitutions like centra banks, soccer, and government bureaucracies
have become dl but universal in aout a century. Nevertheess, globaization isincomplete;
dramatic differences exist even between modern societies (Nisbett, et d., in press). Some
dements of culture likdy ill have time scales of change measured in millennia
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Figure 1: This graph illustrates the assumed payoff structure and why it can lead to the
spread of group beneficid traits. The top panel plots the payoffsto trait 1 and trait 2 asa
function of the frequency of trait 1 in their loca group. Each trait has a higher relative payoff
when it is common, but increasing the frequency of trait 1 raises the payoff of adl group
members. As aresult, within group imitation increases the frequency of trait 1 above the
threshold frequency p, and increases the frequency of trait 2 below that threshold. The

lower pane showsthe state of apart of populaion in which trait 1isinitidly commonin
group i —1 and trait 2 iscommon in al other groups. In group i, individuals are more likely to
imitate peoplein population i —1 than in population i + 1 because the former have higher
payoffs than the latter. Thus, between group imitation tends to increase the frequency of trait
linpopulation i. If this effect is strong enough, it can tip groupi into the basin of attraction
of trait 1, and cause the spread of this group beneficid trait.
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Figure 1.

Figure 2. This graph shows the range of parameters over which the beneficid norm spreads
to dl groups, diminating the dternative norm given that the beneficid norm isinitidly
common in asingle group. The verticd axis givestheratio of m, the probability that
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individuds interact with others from one of the neighboring groups, to s, rate of change due
to imitation within groups. The horizonta axis plots 5, the unstable equilibrium thet
separates the basins of attraction of group beneficia and norgroup beneficid equilibriain
isolated groups. The shaded areas give the combinations of nVsand p which lead to the
spread of the group beneficid strategy for three vaues of g. When g = 0, nether norm is
group beneficid. Larger vaues of g, mean that the group beneficid norm leads to agreater
increase in average payoff. When missmall, the group benefica norm cannot spread
because there is not enough interaction between neighbors for the beneficid effects of the
norm to cause it to spread. Very large vaues of m prevent the spread of the group beneficid
norm because it cannot persigt in theinitia population. If the domain of attraction of the
group beneficid gtrategy istoo smal, the flow of gtrategies from successful groupsto less
successful groups does not tip neighboring groups into its basin of attraction. Increasing the
degree to which drategy 1 is group beneficid (i.e. the magnitude of g), enlarges the range of
parameters which lead to the increase in that strategy. Here, the number of groups, n, was
32, but results are insengitive to n aslong isit issufficiently large. Very smdl vauesof n
increase the range of parameters under which the group beneficid trait spreads. These
results are from smulation—if the group beneficid trait had not spread to dl groups after
10,000 time periods, we assumed it would not spread. To congtruct the graph, we chose
vaues of m/s and then used an interval halving agorithm to find the threshold value of p a

which trait 1 did not spread.
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Figure 3. Thisfigure plots ameasure of the length of time necessary for the spread of the
group beneficid trait rdaive to the length of time necessary for the spread of an individudly
advantageous trait. In the smulations reported, the group beneficid trait spreads from one
group to the next at a congtant rate after an initia transent period. Here, we plot the retio of
the time necessary to increase from a frequency of 0.1 to 0.9 in asingle group at the
boundary of the wave spreading a the constant rate divided by the length of time necessary
for apurely advantageous trat with dynamics Dp = sp(l- p) to spread from 0.1t0 0.9in
an sngleisolated population for two different vaues of theratio m/s. Asinfigure 1, misthe
probability of interacting with, and potentialy imitating, an individud in eech of the two
neighboring groups. In both graphs, g = 1.0, and the parameter  isthe ungtable equilibrium
that divides the basins of attraction of the group beneficid trait and the other trait. These
resultsindicate that spatia structure causes an initidly individualy disadvantageous but group
beneficid trait to spread on roughly the same time scale asaasmpleindividudly
advantageous trait whose within group dynamics are governed by the same rate parameter

S.
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Figure 4. In (a), (b), and (c) the upper graph plots the frequencies of the four possible
srategies as a stacked bar graphs for each of 32 groups: (0,0) white, (1,0) light gray, (0,1)
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dark gray, and (1,1) black. The lower graph plots the payoff to each strategy net of the
group effects in each group. The horizonta line gives the payoff of (0,0), and the shaded
circles give the payoffs of the other three strategies. The parametersare m = 0.02, s= 0.1,
p=0.4,andg= 2 (g Initdly (0,1) is common in group 8 and (1,0) iscommonin group
24, and the two group beneficid traits begin to spread. (b) When the two spreading fronts
mest, the frequencies of x = 1 and y = 1 are one haf, which means that the strategy (1,1)
has a highest payoff. () Recombination at the individud levd introduces srategy (1,1) into

the boundary group and strategy (1,1) then spreads deterministicaly, first in that group, and
then to adjacent groups.
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