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HIGHLIGHTS

e We investigate four different modes of migration between groups.

e For each mode we identify multiplayer games favoring the evolution of cooperation.

e The number of games promoting the evolution of cooperation increases as individuals coordinate their migration behavior.
e Weak altruism can evolve via any mode of migration.

e Strong altruism evolves only under coordinated migration modes.
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ABSTRACT

The evolution of cooperation in group-structured populations has received much attention, but little is
known about the effects of different modes of migration of individuals between groups. Here, we have
incorporated four different modes of migration that differ in the degree of coordination among the
individuals. For each mode of migration, we identify the set of multiplayer games in which the coop-
erative strategy has higher fixation probability than defection. The comparison shows that the set of
games under which cooperation may evolve generally expands depending upon the degree of coordi-
nation among the migrating individuals. Weak altruism can evolve under all modes of individual
migration, provided that the benefit to cost ratio is high enough. Strong altruism, however, evolves only if
the mode of migration involves coordination of individual actions. Depending upon the migration fre-
quency and degree of coordination among individuals, conditions that allow selection to work at the

level of groups can be established.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Cooperation can be defined as “a joint action for mutual ben-
efit” (Dugatkin and Mesterton-Gibbons, 1992; Mesterton-Gibbons
and Dugatkin, 1992; Clements and Stephens, 1995; Stephens and
Anderson, 1997). Participation in a cooperative act is generally
costly to cooperators (Hamilton, 1963; Axelrod and Hamilton,
1981; Clements and Stephens, 1995). Therefore, cooperators have
lower fitness than non-cooperators (defectors) and, thus, should
be eliminated by natural selection. Nevertheless, cooperation is
widespread in nature (Crespi, 2001; Porat and Chadwick-Furman,
2004; Wingreen and Levin, 2006). How cooperation evolves and is
maintained in the face of selfishness has been the subject of

* Corresponding author.
E-mail address: pichugin@evolbio.mpg.de (Y. Pichugin).

http://dx.doi.org/10.1016/].jtbi.2015.09.027
0022-5193/© 2015 Elsevier Ltd. All rights reserved.

intensive investigation (Hamilton, 1963; Wilson, 1975; Axelrod
and Hamilton, 1981; Nowak, 2006b; van Veelen, 2009).

In a group-structured population, members of cooperative
groups have a selective advantage over the members of non-
cooperative groups. This advantage can make the evolution of
cooperation possible (Hamilton, 1964; Wilson, 1975; Traulsen and
Nowak, 2006; Nowak, 2006b). The essential idea is that population
structure channels cooperation preferentially to other cooperators
(Fletcher et al., 2006; Fletcher and Doebeli, 2009). Wilson and
Wilson (2007) formulated this as: “Selfishness beats altruism
within groups. Altruistic groups beat selfish groups. Everything
else is commentary.” However, the interplay between these effects
is important because it determines whether cooperation will
evolve.

Group structure by itself does not provide an advantage to
cooperation (Godfrey-Smith, 2009) - indeed within groups, selfish
types have an advantage over cooperating types (Wilson, 1975).


www.sciencedirect.com/science/journal/00225193
www.elsevier.com/locate/yjtbi
http://dx.doi.org/10.1016/j.jtbi.2015.09.027
http://dx.doi.org/10.1016/j.jtbi.2015.09.027
http://dx.doi.org/10.1016/j.jtbi.2015.09.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.09.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.09.027&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtbi.2015.09.027&domain=pdf
mailto:pichugin@evolbio.mpg.de
http://dx.doi.org/10.1016/j.jtbi.2015.09.027

Y. Pichugin et al. / Journal of Theoretical Biology 387 (2015) 144-153 145

For cooperating types to be maintained, groups must participate in
some kind of birth and death process. Individuals arising within
one group must have an opportunity to become a member of
another group. There are many ways by which this may occur. For
instance, in standard trait group models (Wilson, 1975; Avilés,
2002; Garcia and de Monte, 2013), individuals within groups are
released into a global pool and then randomly form new groups.
Alternatively groups may fragment (Traulsen and Nowak, 2006). A
further possibility is that individuals from one group may migrate
to another (Christiansen, 1975; Kelly, 1992; Hauert and Imbhof,
2012; Hauert et al., 2014). Via the process of migration, groups
themselves do not reproduce in a conventional sense, but the
effects are parallel.

In this study we consider models where an individual may
become a member of another group by migration between groups.
Individuals migrating from one group to another may fixate in the
new group, or be eradicated as a consequence of individual-level
selection. A defecting individual has a higher probability of fixa-
tion in a group of cooperators than does a cooperating individual
in a group of defectors, thus individual-level selection favours
defectors. However, individuals in groups of cooperators are more
productive than in groups of defectors, and therefore groups of
cooperators release more migrants than do groups of defectors.
Thus, while previous studies have shown that migration makes
cooperation more difficult to evolve (because it brings about the
mixing of groups (Traulsen and Nowak, 2006), recent work shows
that rare migration can favor cooperation (Hauert et al., 2014).
Here, we consider a range of modes by which migration might
occur and describe ensuing effects on the evolution of cooperation.

Migration can be implemented in multiple ways: individuals
may migrate individually, or in clumps; subsequent migrations
may or may not be influenced by previous ones; migration may be
triggered by signals perceived by individuals, or may be influenced
by the group. In this study we compare different modes of
migration. For each mode, we identify the games in which coop-
eration is evolutionarily successful, i.e., where selection at the
group level is strong enough to overcome selection at the indivi-
dual level. The comparison between modes of migration shows
that the set of games in which cooperation evolves generally
expands with increasing degrees of coordination surrounding the
migration process.

2. Evolutionary dynamics within a single group

We make the assumption that individuals live in a population
with a fixed number of groups. The interactions between all
individuals within a group are determined by a multiplayer game.
The payoff of each individual depends on its strategy and the
composition of the group. Each individual can be either a coop-
erator (C) or a defector (D). The size of the game is equal to group
size. Thus, all players sharing the same strategy within a group
have the same payoff. More specifically, the payoff of a cooperator
in a group with i cooperators and n—i defectors is a;, and the
payoff of a defector in a group with i cooperators and n—i defec-
tors is b;. Thus, a game is completely determined by two sequen-
ces, dy,...,dn, and bg,....,b,_1 (Kerr et al, 2004; Gokhale and
Traulsen, 2010).

We use an exponential function to map payoff to fitness. The
fitnesses of cooperators and defectors in a group with i coopera-
tors are therefore e"® and e"’, respectively (Traulsen et al., 2008).
Here, w measures the intensity of selection. For w=0, selection is
neutral. For w<1, the fitness is approximately linear in payoffs. For
large w, small differences in payoffs lead to large fitness
differences.

The evolutionary dynamics are governed by a Moran process.
At each time step a single individual in the population is chosen
for reproduction with probability proportional to fitness (Moran,
1953; Nowak et al., 2004). This chosen individual produces iden-
tical offspring, replacing a randomly chosen individual. Thus,
population size is kept constant. For such a process, the probability
for a single cooperator to take over the whole population, ¢¢, can
be calculated exactly, as well as the probability of a single defector
taking over the whole population, ¢p (Goel and Richter-Dyn, 1974;
Traulsen et al., 2009). These fixation probabilities form the basis of
our measure of success for each strategy.

In order to compare the evolutionary success of the two stra-
tegies C and D, we examine whether ¢ > ¢p. Thus, the value of
¢c/¢p determines which strategy is more common. For a ratio
greater than 1, cooperation is favoured over defection. If the ratio
is less than 1, defection is favoured. The fixation probabilities of
cooperators and defectors in the Moran process with exponential
mapping are (Karlin and Taylor, 1975; Nowak et al., 2004; Traulsen
et al., 2008)
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The ratio of the fixation probabilities is given by (Nowak, 2006a)
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Whether this ratio is greater than 1 (i.e. cooperators are favoured)
depends solely on the sign of
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This is a generalization of the classic result of risk dominance to
multiplayer games (Kandori et al., 1993; Nowak et al., 2004;
Fudenberg et al., 2006; Antal et al., 2009; Kurokawa and Ihara,
2009; Gokhale and Traulsen, 2014). For a positive Ag, cooperation
is favoured in terms of the fixation probability, while a negative Aq
means that defectors are selected. We will use such A values for
comparing the different migration modes.

3. Migration modes

We now extend this analysis to multiple groups, and include
migration between groups (see Fig. 1). Consider m different
groups, each with a fixed group size of n. We discuss several dif-
ferent modes of migration that individuals can use to move
between groups.

The rate of migration between groups is assumed to be very
small compared to the rate of fixation of a strategy within a group.
This implies that migration events typically occur only when
groups are homogeneous (Traulsen and Nowak, 2006; Traulsen et
al.,, 2008). Under this time-scale separation, fixation events in the
whole population occur in two stages: first a strategy fixes inside a
group — with probability ¢ (¢p) for cooperators (defectors) — and
then in the whole population - with probability &¢ (®Dp) for
groups of cooperators (defectors).

We use Egs. (1) and (2) to compute ¢pc and ¢bp at the individual
level. At the group level, the fixation probabilities @ and ®p
depend on the mode of migration. Expressions for these prob-
abilities are generally simpler than for the probabilities at the
individual level due to the fact that all individuals within a group
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Fig. 1. Different modes of migration: Closed circles represent cooperators, open
circles represent defectors, dotted line circles represent groups. (a) Well mixed
population, where no migration is possible. (b) Single individual migration mode,
where each individual migrates independently. (c) Pair migration mode, where
individuals migrate in pairs. (d) Caravan migration mode, where multiple migrants
go to the same group. (e) Differential migration mode, where cooperators have
higher chances to migrate than defectors. In each case, the quantity A determines
whether cooperation evolves or not, cf. Fig. 2 (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this
paper.).

have the same fitness when migration occurs (see Appendices A.1-
A.5 for details).

The ratio of fixation probabilities in the structured population
(analogous to Eq. (3)) is then given by '/’f < (Traulsen and Nowalk,
2006).

Here we present a brief derivation of fixation probabilities and
corresponding “sign sums” A. A different A will be calculated for
each migration mode (See Appendices A.1-A.5 for details).

3.1. Single individual migration

As in Traulsen and Nowak (2006), we assume that offspring are
added to the parent group with probability 1—4, or to a randomly
chosen group with probability A. This is the simplest migration
process, with A being the migration probability. Due to <1, we
consider the probability that a group where the mutant has fixed
will send out a migrant that will become a member another group.
This probability is equal to ne" A for groups of cooperators, and
ne" ), for groups of defectors. For the fixation probabilities at the
group level, we obtain the ratio
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Combining Egs. (3) and (5) we obtain
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Here, the outcome of evolution is determined by the sign of A,
given by

Ay =(m—1)(@n—bo)+m Z(a,
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The equation for the sign sum A; contains the sign sum of the
single group mode, A, as the second term. The first term (m—1)

(an—bg) is proportional to the fitness difference of the purely
cooperative group and the purely defecting group, and describes
the effect of group migration. Eq. (7) explicitly expresses condi-
tions for selection to favor cooperation in the single individual
migration mode (Hauert and Imhof, 2012) through payoffs from a
multiplayer game that is played within groups.

Groups of cooperators send out more migrants than groups
containing high frequencies of defecting types, which means that
cooperative strategies gain an advantage in the face of migration.
The effect of migration depends on the number of groups m in a
population. The relative weight of the new term in comparison
with the lower-level selection term E”_l(al b;) depends only
weakly on the number of groups m. With decreasing number of
the groups, A; approaches Ag, and for m=1 both are identical.

3.2. Pair migration

Another mode of migration is one where migrants leave
simultaneously. For this mode we assume that every migration
event carries propagules of a finite number. For illustrative pur-
poses, we discuss propagules of size 2 or ‘pair migration’. In this
case, we consider the probability that two deviating individuals
take over the population. The sign sum is

m—1 14— w@—by
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The additional term, now including the selection coefficient, may
be positive or negative, depending on the payoff comparison in
groups with 1 and n—1 individuals of each type. For a game where
cooperators receive a lower payoff than defectors in the same
group, this additional term is always positive. Therefore the
increase of invading propagule size from 1 to 2 benefits coopera-
tors. The sign sums can be calculated for propagules of arbitrary
size in a similar fashion.

3.3. Caravan migration

Next, we assume that a new migrant might follow a previous
migrant with a probability p. This causes a caravan effect, whereby
migrants invade the same group with a probability greater than
random. Due to the time scale separation assumption, a migrant is
fixed or eliminated from the group before the next migrant arrives.
Therefore, the caravan migration mode considers multiple
migrations of single individuals, whereas the propagule mode of
migration considers simultaneous migration of multiple indivi-
duals. For simplicity we introduce an additional time scale
separation to the caravan migration model: all follow-up migrants
arrive at the recipient group earlier than migrants from any other
group. The caravan migration mode represents biological systems
in which migrants may leave some record of their migration that
stimulates the production of further individuals within the group
to follow the first departed migrant. This approximates a situation
where, for example, an ant leaves a chemical trail (Holldobler and
Wilson, 1990). This is the simplest example of the model in which
all players in the group coordinate their actions.

The probability that the number of migrants entering the same
group is equal to k is given by

P(k)=p*~'(1-p). )
The probability that at least one migrant is successful is equal to

C
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Here ¢S is the probability of a successful invasion of a group
of defectors by a cooperative group.
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Similarly, the expected probability of the opposite event is
*’%. Thus, the ratio of fixation probabilities at the group level
is
@Dc _ m=1ne" Apc(1-p(1—¢p))
Dp 2y newoAdp(1—p(1—e))

If p>1—¢, the probability that the group invaded by the first
migrant is eventually taken over approaches 1, such that the result
becomes independent of ¢p¢ and ¢p. The group that receives the
first migrant will be invaded with a probability equal to 1. The flow
of migrants from one group to another means that the invaded
group will be converted with a probability equal to 1. The ratio of
fixation probabilities at the group level in this limit is
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The sign sum (see Eq. (7)) for this mode is then
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This is larger than in the migration mode for a single individual A+,
as Ag < O for traits that are disadvantageous at the individual level
(a; < bj). An increase in the number of groups in a population
significantly increases the advantage to cooperators caused by this
migration process. Since the caravan mode effectively displaces
the accepting group with a copy of the donor group, the result
obtained here is mathematically equivalent to those of Traulsen
and Nowak (2006), where it was assumed that a group splits and
displaces a randomly selected group.

3.4. Differential migration

In the earlier migration modes we have assumed that the
migration rate is independent of the type of emigrant. Here we
relax this assumption. For example, a group of cooperators may
increase the migration rate of its members, therefore increasing
the fitness of the group as a whole. Biologically, this could be
envisioned to occur via secretion of a chemical signal promoting
newly emerged individuals to leave the parent group.

In this mode, let A¢ be the migration rate of C types, and Ap be
the migration rate of D types. Assuming that the time scale
separation is not violated by increased migration rates, we calcu-
late the ratio of fixation probabilities on the group level as

—1 wan
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Therefore, the sign sum in this mode is

Apm =A1+m71111 (%) (15)
The difference in migration rates (1¢ > Ap) provides an advantage
to cooperating groups, which emits proportionally more migrants
in this mode. This is reflected in an additional term In (j—;) which
can shift the balance of selection in favour of cooperators. Inter-
estingly, the overall sign sum Apy, may still be negative, despite
the fact that groups of cooperators produce more migrant off-
spring than groups of defectors. This can be explained by the fact
that the raw number of migrant offspring is not a determinant of
evolutionary success, instead the number of successfully invaded
migrants is a defining characteristic of evolution in our model. As
such, even if the number of migrants emitted by the cooperating
group might be high, the fixation process occurring by means of
selection at the individual level favours defectors. The interplay of
these two factors does not necessarily promote cooperation even

in the differential migration mode, where cooperators are con-
sidered to have an advantage.

4. Social dilemmas

To be more concrete, we now apply the results of the previous
sections to different social dilemma games (Dawes, 1980; Axelrod
and Hamilton, 1981; Kerr et al., 2004; Nowak, 2006b). In social
dilemma games, the average payoff to players increases with the
number of cooperators, but defectors gain higher payoff than
cooperators. An example of a pairwise social dilemma is the
prisoner's dilemma, which is extensively used for the study of the
evolution of cooperation (Axelrod and Hamilton, 1981; Milinski,
1987; Dugatkin, 1997). For our purposes, it is useful to differentiate
between weak and strong altruism.

4.1. Weak and strong altruism

Weak altruism is a situation where cooperators provide an
advantage to the group, but regardless of the group composition,
cooperators have lower payoff than defectors (Wilson, 1980; Kerr
et al., 2004). Therefore, the payoffs under weakly altruistic inter-
actions have two properties:

1. If the number of cooperative players increases, the payoffs of all
players increase. That is a; < a;, and b; < b; 1.
2. Cooperators have lower payoff than defectors. That is a; < b;.

Since a; <b;, then, consequently, Ag<0. Unsurprisingly, weak
altruism does not arise in the absence of selection at the
group level.

In the case of single migrants, the migration-related term in the
sign sum A; (Eq. (7)) can balance, and even overcome, the term
that represents lower level selection. Thus, weak altruism can be
favoured in simple migration settings. Similar arguments hold for
the pair migration, caravan migration and differential
migration modes.

Strong altruism (Wilson, 1980), also termed as focal comple-
ment altruism (Kerr et al., 2004), are interactions where switching
to cooperation always entails a loss of reproductive success. A
well-known example of strong altruism is the prisoner's dilemma
where strongly altruistic interactions are characterized by two
properties:

1. If the number of cooperative players increases, the payoffs of all
players increase. That is a; < a;, 1 and b; <b; 1.

2. If a player switches from defection to cooperation, their payoff
decreases. That is a; < b;_;.

Strong altruism is always disadvantageous in populations
without structure, i.e. Ag < 0. In addition, we find that

n
+mZa,~—bi,1 <0,
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\hskip\— < 0 = <0
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which means that strong altruism is also disfavoured with simple
individual-based migration. This result generalizes previous find-
ings that cooperation in the Prisoner's dilemma game cannot
evolve when migration involves just a single individual (Hauert
and Imhof, 2012).

For pair migration, A, can become positive due to the addi-
tional term that is present in A, (see Eq. (8)). Also for caravan
migration, cooperation can be favored due to the additional posi-
tive term —(m—1)A,.
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Next, we discuss more specific examples of social dilemmas.
4.2. Public goods games

Pairwise games, such as the prisoner's dilemma, where only
two players participate in each game round, cannot represent
cooperation with synergistic interactions. With synergistic inter-
actions, multiple cooperators amplify each other's contributions,
thus providing higher benefit than they would produce indepen-
dently. To encompass these kinds of interactions, we utilize mul-
tiplayer games, where multiple players are taken into account in
the payoff calculation (Hauert et al., 2006; Kurokawa and Ihara,
2009; Gokhale and Traulsen, 2014).

Public goods games are a type of multiplayer game where each
player can make a donation to a public pool. The collected amount
is then multiplied, and evenly shared amongst all players,
including those that decided not to make a donation. Weak and
strong altruism can be naturally represented by self-returning
benefit and self-excluding benefit games, respectively (Sigmund,
2010; De Silva et al., 2010). In self-returning benefit games, the
public goods are shared among all participants; therefore, a pro-
portional part of a donation returns to contributors as a part of
their payoff. In this case, all players receive the same share of a
public good, but defectors save the cost of donation. Therefore
self-returning benefit games represent weak altruism. In self-
excluding benefit games, a donation by a focal individual is only
shared among other participants; therefore, the payoff of this focal
player depends only on the donation of others. In self-excluding
benefit games, switching from cooperation to defection does not
change the received amount of the public goods, but saves the cost
of cooperation. This makes cooperation in self-excluding benefit
games strongly altruistic.

We start with the simplest public goods game. Here, the reward
to cooperators increases linearly with the number of cooperators.
Cooperative individuals pay a cost y, in order to provide a benefit
p. This benefit is either split amongst the rest of the group, in the
linear self-excluding game (LSE game); or split among the whole
group, in the linear self-returning game (LSR game). A defecting
individual does not pay the cost, but reaps the benefits from other
cooperators. The LSR game is weakly altruistic, see Table 1. The LSE
game is strongly altruistic, and can be viewed as a multiplayer
generalization of the standard prisoner's dilemma.

In addition, we consider non-linear public goods games. If
there are synergies in the production of the public goods, each
additional donation can provide more benefits than the previous

Table 1

Payoffs and their differences for the linear self-returning (LSR), the linear self-
excluding (LSE), the synergy/discounting self-returning (SDSR), and the synergy/
discounting self-excluding (SDSE) public goods games. g; is the payoff to a coop-
erator in a group of size n with i cooperators, and b; is the payoff for a defector. The
sum of the payoff difference a;—b; determines the value of Ao (see Eq. (4)).
Switching from defection to cooperation leads to a payoff difference a;—b;_;.
Switching always decreases payoffs for the self-excluding benefit games (LSE and
SDSE); however, the change in payoff for the self-returning benefit games (LSR and
SDSR) can be positive and therefore cooperators could have a higher fixation rate
than defectors in these games.

Payoff LSR LSE SDSR SDSE
ai LIPS =1, p1-¢ B 1-¢!
nf-r =177 ni-¢ 7 n-1i1-¢ 7
bi ig i, p1-¢ po1-¢
n n-1 nl—¢ n-11-¢
a;—b; —-y<0 B -r<0 P i
-1 y<0 71171{ y<0
ai—b;_4 p_ -r<0 Blioa_ -r<0
v 3 4

Altruism Weak Strong Weak Strong

one. Likewise, if the marginal benefit decreases with the number
of donations, the benefits are discounted and become saturated as
the number of cooperators increase. These so-called non-linear
public goods games have been extensively analyzed (Eshel and
Motro, 1988; Bach et al., 2006; Hauert et al., 2006; Wakano et al.,
2009; Pacheco et al., 2009; Gokhale and Traulsen, 2010; Wakano
and Hauert, 2011; Archetti and Scheuring, 2012; Pefia, 2012; Pur-
cell et al., 2012; Abou Chakra and Traulsen, 2014).

In the simplest version of the game incorporating synergy and
discounting, the first cooperator in the group pays a cost y to
generate £ units of a public good. Each additional cooperator
present in the group provides { times the public good than the
previous one. If > 1, then cooperators act synergistically. If { < 1,
benefits are discounted. Again, donations can be either shared
among all players (synergy/discounting game with self-returning
benefit, or SDSR game), or only among other players and excluding
the donor (synergy/discounting game with self-excluding benefit,
or SDSE game).

The payoffs a; and b; to players in these games (LSR, LSE, SDSR
and SDSE) and their differences are presented in Table 1. For each
of these games we derive the conditions for the evolution of
cooperation under different migration schemes (see Section 3).
The sign sums for each combination of game and migration mode
are presented in Tables 2 (for self-returning games) and 3 (for self-
excluding games).

Sign sums as functions of benefit f for different games and
modes of migration are presented in Fig. 2. In the well mixed
model, cooperation is evolutionary unsuccessful in all games
(Ao < 0)

For the games representing weak altruism (LSR and SDSR),
cooperation may be successful in all migration modes, provided
that the benefit to cost ratio is large enough. Clearly, increasing
synergy in self-returning games favours cooperation.

For the games representing strong altruism (LSE and SDSE),
even for the individual migration mode, cooperators have no
selective advantage (A; < 0). For the pair migration and caravan
migration modes, strong altruism may have a selective advantage
over defection and in LSE game this is possible if the benefit to cost
ratio is high enough. Under differential migration strong altruism
also can have a selective advantage in the LSE game. However, the
prerequisites for this are restrictive: the group migration bonus
factor w=1In(A¢/Ap) must be high enough to ensure a strong
implicit advantage to cooperators. Interestingly, an increase in the
benefit to cost ratio works against cooperation under this mode of
migration.

At the qualitative level, the difference between linear and non-
linear games from the same migration scheme are minor, with a
few notable exceptions. Strongly altruistic, non-linear SDSE games,
can promote cooperation in the pair migration mode at high
values of benefit f# (the sign sum in this case cannot be reduced to
benefit to cost ratio) only if the number of groups m is high
enough (Appendix A.6). The minimal number of groups necessary
for the success of cooperation for this game increases with the
increase of the synergy. Therefore synergistic interactions work
against cooperation success in the pair migration mode.

In the caravan migration mode, the SDSE game, similar to the
linear LSE game, promotes cooperation if the benefit to cost ratio
(B/y) is high enough. However, synergy of cooperators makes
cooperation successful at lower values of benefit to cost ratio than
in the LSE game. Finally, in the SDSE game with differential
migration, as well as in the LSE game, the advantage of coopera-
tion depends on the group migration bonus factor, while both high
benefit to cost ratio and synergy work against cooperation.

Synergy always favours cooperation in weakly altruistic self-
returning games (LSR and SDSR); however, it may work against
cooperation in strongly altruistic LSE and SDSE games under
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Table 2

Sign sums for self-returning games (weak altruism) in a well mixed population and under different modes of migration.

Sign sum LSR SDSR

Ao —(n—1y —(n—1y

Aq (m—-1p—(mn-1)y (m—])gl]_—_ivn—(mn—l)y

Az (m-1p-mmn-1y (m—])%%—m(n—l)y

Acv (m-T1)p—(m+n-2) (m—])gll_—f;—(m+n—2)y

Aom (m—l)(/i—o—m(/k%)—(mn—])y (m—])(?%—rln(k#)—(mn—l)y
Table 3

Sign sums for self-excluding public good games (strong altruism) in a well mixed population and under different modes of migration.

Sign sum LSE SDSE

A —p—(n-1) 1_¢n-1

A —p—(mn-1) 1—¢n-1

' ’ 7%%{7%71»
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ERE R I -

1+e -1
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certain modes of migration. Intuitively, cooperation will be
enhanced if the benefit provided by a cooperator is large or if there
is more synergy between cooperators (larger /3, larger or increas-
ing £). Counterintuitively, in self-excluding games this works
against cooperation (Ohtsuki, 2012). Consider the prisoner's
dilemma game, played by one cooperator and one defector. An
increase in the amount of benefit produced by cooperator f leads
only to an increase in the payoff to the defector; thereby harming
cooperation. Furthermore, in a multiplayer game, an increasing {
just provides more benefit for defectors to exploit, as it does not
return benefit to the contributor. This shows that cheaper coop-
eration can benefit defectors.

In all four games, for all values of the benefit to cost ratio,
defection is favoured (negative sign sums) in well mixed popula-
tions. This illustrates that even weak altruism is less successful
than defection in the absence of population structure. The stan-
dard migration mode allows LSR and SDSR games to have a
positive sign sum if the benefit to cost ratio is large enough.
However, cooperators in LSE and SDSE games, being strongly
altruistic are always disadvantageous, independent of the benefit
to cost ratio.

5. Discussion

We have shown that migration, even in the absence of coordina-
tion between individuals, promotes the evolution of weakly altruistic
cooperation. The single individual migration mode presented here is
not based on processes that involve an entire group (Traulsen and
Nowak, 2006), or specific structure of groups (Libby et al., 2014). Our
results indicate that cooperation may emerge by means of group-level
selection even if selection is conducted by the non-coordinated actions
of individuals. In other words, selection on the group level can be
mediated by population structure alone.

In modes where migration involves the coordinated actions of
multiple individuals, cooperation can evolve in a much wider
range of games than in the single individual migration mode. In
the pair, caravan and differential migration modes, strong altruism
can be favored. Also, in weakly altruistic games the range of
parameters promoting the evolution of cooperation is extended:
the domain of benefit to cost ratio with positive sign sums
becomes wider than in the single individual migration mode (see
Fig. 2 panels b and d). Thus, introduction of coordination between
individuals' actions substantially extends the set of conditions
under which cooperation may evolve.

Throughout this manuscript, we have concentrated on the
exponential payoff to fithess mapping, which allows a very com-
pact representation of the sign sums. However, many of our results
hold for more general payoff to fitness mappings (Wu et al., 2010,
2015). For example, for any mapping in which the number of
emitted migrants is proportional to the reproductive output of the
players within the group the single individual migration mode can
favor weak altruism, but not strong altruism, see Appendix B. This
is in contrast to a scenario of a pairwise comparison process
(Hauert and Imhof, 2012; Hauert et al., 2014), where production of
migrants moving between groups depends directly on payoffs, but
the competition between types within the group depends on
differences between individual payoffs.

The evolution of cooperation under limited coordination of indi-
viduals’ actions may have particular importance for understanding
early stages of the evolution of multicellularity. While details remain
unclear, there is general agreement that the earliest stages involved
the evolution of simple, undifferentiated groups of cooperating cells
(Velicer and Yuen-tsu, 2003; Rainey and Rainey, 2003; Pfeiffer and
Bonhoeffer, 2003; Aledo, 2008; Koschwanez et al., 2013; Ham-
merschmidt et al., 2014). In theoretical models of the evolution of
cooperation, the mechanistic details surrounding the re-distribution of
individuals among groups are often overlooked. Two broad kinds of
group formation are generally considered: groups originating from
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Fig. 2. The evolution of cooperation does not always become easier with increasing benefit . Cooperation is advantageous in terms of fixation probabilities if the sign sum A
calculated for migration modes (lines) is positive (shaded region). In the well mixed case, A decreases in self-excluding games and stays constant for self-returning games. In
the single individual migration mode and the differential migration mode, cooperation becomes easier with increasing benefit in the self-returning case, but harder in the
self-excluding case. In the pair migration mode and in caravan migration, cooperation becomes easier with increasing benefit for all games with the current parameter set.
(n=24 for the well mixed population, m=6 and n=4 in migration models, ¢ = 1.35, intensity of selection w=0.1, cost of cooperation y=1, group migration bonus factor in

differential migration mode w~'In(4¢/Ap) =5, colors as in Fig. 1).

growth of a single individual, referred to as “staying together’, and
groups formed by aggregation of individuals, referred to as “coming
together” (Tarnita et al,, 2013). An example of the “staying together”
mode is fragmentation (Traulsen and Nowak, 2006), as found in the
algae Gonium pectorale (Stein, 1958). The “coming together” mode is
utilized by slime molds (Bonner, 1959) and in trait group models
(Wilson, 1975). Multiple individual modes of group formation can be
constructed within these two kinds (Wilson, 1975; Avilés, 2002;
Pfeiffer and Bonhoeffer, 2003; Traulsen and Nowak, 2006; Powers
et al., 2011; Garcia and de Monte, 2013; Libby and Rainey, 2013; Simon
et al, 2013; Tarnita et al, 2013), including those in which ‘staying
together’ is combined with migration events that establish new groups
(Rainey and Kerr, 2010; Libby and Rainey, 2013; Ratcliff et al.,, 2013;
Hammerschmidt et al., 2014). From a mechanistic point of view,
modes of individual assignment, considered in the previous para-
graph, are typically assumed to arise by the coordinated actions of
multiple individuals in the group. However, early cellular groups were
most likely unable to act as a single coordinated unit, and as such
recurrence of these groups was presumably conducted by unregulated
actions of individual cells (de Monte and Rainey, 2014).

Based on our results, one can perform a classification of mul-
tilevel selection models based on the level of complexity of the
interactions between groups. The first class consists of models in

which processes between groups are mediated by a single indi-
vidual, such as the single individual migration mode and meta-
population models (Eshel, 1972; Hui and McGeoch, 2007). As
shown here, these kinds of models can promote weak altruism,
but not strong altruism. The second class of models are those in
which between-group processes involve several individuals, or
even whole groups. Examples include the pair, caravan and dif-
ferential migration modes, and also the splitting of whole groups
(Traulsen and Nowak, 2006). In the context of the early stages of
the evolution of multicellularity, the first class of models likely
have particular importance, as the multi-individual actions of the
second class generally require coordinated activity, which might
not be available for early groups.
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Appendix A. Derivation of sign sums
A.1. Derivation of Ay
The fixation probability for one individual of the two strategies

in a well mixed population is equal to (Nowak, 2006a; Traulsen
et al., 2009)

1

¢C = o ; e""bi

1+ 350 i e

1

p= e (A1)

1+ Zj:] H[:lewbnﬂ
The ratio of these fixation probabilities is
Pc _ n-1ewd _ ewz:]l(a,v—b,) —eWho (A2)

P imqe"h

Here, Ag = ?;}(aj—bi) is the sign sum for a well mixed popu-
lation, as stated previously, for example by Kurokawa and [hara
(2009) and Gokhale and Traulsen (2010).

A.2. Derivation of A;

For group structure and small migration rates, the trait of
interest first needs to fix in a group (¢b¢) and then that group needs
to fix in the population (®P¢). The total fixation probability ratio is
thus equal to %;%g (Traulsen and Nowak, 2006). Here g—g is calcu-

lated according to Eq. (A.2). The ratio %g is calculated as

©C . m-—1 neWﬂn,{d,(_ _ m—1 (ewan
Dp o newbodp,

o ew/\0> — eW(m—1)@n—bo+Ao)_ (A3)
o

Therefore the total fixation probability ratio is
Pc Pc — eWAogW(m— 1)@y —bo +Ao) _ pW((@ —bo)(m — Dm> @ ~b)
¢pPp

(A4
Thus, the sign sum for the single individual migration mode is

n-1

Ay = (@ —bo)m—1)+m S (@ —by.

i=1

(A.5)

A.3. Derivation of A,

In the pair migration mode, the individual-level fixation
probabilities are different from the single individual migration
mode because the initial state of the group with mixed composi-
tion after accepting a migrant is n—2 players of the base type and
two players of the invading type. Therefore, the fixation prob-
abilities are not equal to the ones presented in Eq. (A.1). According
to Nowak (2006a), the fixation probabilities ¢i for an initial
number of i individuals solves the recurrence equation

¢i:¢i(]_Ti+_Ti7)+¢i71Ti— +¢i+]Ti+~ (AG)
Here T'* and T~ are probabilities to increase or decrease the
number of players with a chosen strategy if there are currently i

players.
Because ¢° =0, ¢? is

T!-

¢§=¢é<1+T1—+> =¢]c(1+efw(a‘7b") (A7)
T(n—1)+

¢é=¢113<1+Tm1)> =¢113(1+€W(“”’“b”’”)- (A-8)

Therefore, the ratio of individual-level fixation probabilities in the

pair migration mode is

2 1 —w(a; —by) —w(a; —by)
bc_ e 1+e MO0 :exp{on+ln{1+e : 1”

¢5_¢1D1+3W(11n71*bn71) 1+ew@—1—by_1)
(A9)
The total ratio of fixation probabilities (taking into account that

the invading strategy starts with one player in the first group, and
with two players in all following migration invasions) is

—w(ay —by)
4)1 1953 w (a,,—bn)(m—1)+m2f‘71(a,-—b,-)+(m—l)1/w In L
PcPe_, i=1 14-ew@n—1—bn_1)
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(A.10)

and the sign sum is

et 1 14+e-w@—by
Ay = (an—bo)(m— ])+m;(ai_bi)+(m_1)w 1n<] 4 eW@n—1—Dby 1))'

(A11)

AA4. Derivation of Acy

In the caravan migration mode with large p, the probability of
successful invasion of one group into another is equal to 1.
Therefore, the ratio of group-level fixation probabilities is

bc _ mTnehi W@ —boYm—1).

—t= = A12
@p j_newhol ( )
This way the total fixation probabilities ratio is
ﬁg — eWAoW(@n —bo)m—1) _ oW((@n—bo)m—1)+ Z:ll(ai —b) (A.13)
$pPp
and the sign sum in the caravan migration mode is

n-1
Ay = (@ —bo)m—"1)+ > (a;—by). (A14)

i=1

A.5. Derivation of Apy

In the differential migration mode, the groups have control
over the migration probabilities of the players. This affects the
fixation probabilities at the group level. The migration prob-
abilities no longer cancel

¢C m—1 newanllc(pc m=1 /eWin WAg + In(Ac/Ap)
@zj:]mzjgl (Te 0 c D):EXP w(m-1)

ewbo

1 A

<an—b0+A0+Wln</1[C))>} (A.15)
Therefore, the total fixation probability ratio is
Pc Pc — eW(m=1)(an —bo +Ao +(1/w) In(Ac/Ap)) + wAo (A.16)
¢p Pp
and the sign sum becomes

In (j%c ) n—1

Apy = an—b0+TD (m-1+m> (a;—by). (A17)

i=1
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A.6. The SDSE game in the pair migration mode

The sign sum for the SDSE game in the pair migration mode is

1 4eW(B/n=1+7)
P e
(A.18)

p 1=t

SDSE _
A= n-1 1-¢

m—1
—y(mn—-1)+ " ln[

If benefit f is high enough (ﬂ»n—],ﬂ»?n—i}), then the sign sum
approaches

n—1
Ai"s%rlﬂ(mq—l_g )—m(n—l)- (A19)

1 1-¢

Therefore, the sign sum is positive at high benefit values, if the
number of groups m is high enough: m > 1+ ;i:l. In the case of
the discounting game ({ < 1), this condition is more restrictive
than m>2, which is always required in multilevel selection

models.

Appendix B. Other payoff to fitness mappings

Strong altruism is at a disadvantage in the single individual
migration mode, when we use the exponential payoff to fitness
mapping (Traulsen et al., 2008). Here we show that this result
holds true with any mapping.

In terms of fitness, strong altruism is characterized by two
properties:

1. If the number of cooperative players increases, the payoffs of all
players increase. That is f,(i)<f,(i+1) and f,(i)<f,(i+1),
where fo(i) (f(i)) is the fitness of cooperators (defectors) in a
group with i cooperators.

2. If a player switches from defection to cooperation, their payoff
decreases. That is f,(i) < f,(i—1).

The ratio of fixation probabilities in the structured population is
given by %3,%2 (Traulsen and Nowak, 2006). We calculate each
term separately.

The ratio of fixation probabilities of a single cell in a group of
opposite composition (Karlin and Taylor, 1975; Nowak, 2006a) is

be "1fal) o
dy~ L0 @D

The ratio of fixation probabilities of a single group in a population
of opposite composition is

g:m71M: fa(n)n71fa(i) " (BZ)
o iy Oddy \Fo@isi () .

Combining Eqgs. (B.1) and (B.2) we get the ratio of fixation prob-
abilities of a single cell in a population of opposite composition

N e OO = 110) " fa(m)

(fawnt fa)”
(fb(onllfb(i)) | ®3)

beDc =1, (0) <fa(n)"—1fa<i)>’”1 40

Expression in parenthesis can be rewritten

Fam =1 Fo) _ faMITIZ i _ T fal) _ 2 fald)
IO OO iz %fb(i) ,”;(l)fb(i) i—1fpi=1)

(B.4)

Thus, the fixation probabilities ratio is equal to

$cPc _fp©O [ & fald) ; .
¢D@D _fa(n) i=1fb(i—1) < (B.5)
<1 <1

So, the inability of the strong altruism to emerge in a single
individual migration mode holds true for all possible payoff to
fitness mappings.
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