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Model description

Assume that individuals are sampled at assortatively froarge population into groups of
identical sizen, so the conditional probability that a second individudlige S given that the
rst individual is Sisr + (1  r)x wherex is the frequency of Sand (0 r lisa
parameter that measures the amount of assortment, and,enesigversion of the model is
equivalent to the average coef cient of relatedness ameagmgmembers. The probability that
itis a differenttypeisthefl r)(1 x). Whenr =0, this model represents random interaction;
whenr > 0, individuals with the same strategy are more likely to neémhselves together in
group than chance alone would dictate. Individuals intarea repeated game. There is always
a rst period (the periods and the cooperation, signalleny] punishment stages of each period
are described in the text). All individuals have a baselitmessW,, The “costs” and “bene ts”
are the incremental effects of behavior on individual tsesThe interaction continues to a
another period with constant probability. This means that the expected number of periods
in a interaction,T, is1=1 w), During subsequent periods, there are only cooperation and
punishment stages.

We consider four strategies:

1. Punishers @ ): During the rst period, Punishers defect, and then signairthype.
Then if (O n 1) or more other group members have signalled, punishers
punish all individuals who did not signal during the sigimadl stage. Up until the time
that the rst defection occurs, they rely on the signal toedletine whether an individual
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is a Punisher. Thereafter, they observe the individualsawiehtoward the defector. If
there are fewer than Punishers among the other 1 individuals, Punishers neither
cooperate nor punish. If there ar@r more, they punish anyone who does not signal.

2. Non-punishers (N): During the rst period, Non-punishers defect. They do ngmnsil
during the signalling stage. During subsequent periodg ¢beperate if they were pun-
ished the last time they defected. They never punish.

3. Liars (L): During the rst period signalling phase, Liars signal thiagy are Punishers.
After that they count the number of Punishers during the pstiod, and cooperate in
subsequent stages if the number of Punishers is greater than

4. Cooperators (C)Cooperators cooperate during the rst stage, and contingeoperate
if defectors are punished or if all other individuals sigaakillingness to punish. They
never punish.

Model Analysis

Punishers vs Non-punishers

First consider a population in which there are only Punisif@ho all use the same value of
and Non-punishers. Latbe the frequency of punishers. We want to calculate the ¢eget
ness of P and N individuals. Lgtbe the number of Punishers among the otherl individuals

in a group. For Punisheysis distributed binomially with parameteRs(jjP )= r +(1 r)x
andn 1. For Non-punishergis distributed binomially with parametePs(jjN) = (1  r)x
andn 1. Punishers signal in all groups, but cooperate and punighibn . Thus the
expected tness of & individual, W , is baseline tness, minus the cost of signalling, minus
the costs of punishing Non-punishers, plus the long terne bgeassociated with the resulting
cooperation (net of the error-induced costs of punishirgj@@ing punished), or

) X1 (1 jk
W) = Wo ¢ - Pr(jjP )W’L |
w Xt nek '
1w Pr(jjiP) (b o e G +1)e
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Non-punishers are punished in the rst round, and then e&pee the long term bene ts of
cooperation only if + 1 because each of the Punishers among the athed punishes
only if there are at least other Punishers in the group. Thus & n 1, Wy (X) is baseline
tness minus the costs of being punished plus the long ternele of cooperation (net of the
error-induced punishment received) or



X 1 X 1

Wh(X)= Wo p Pr(jjN) + 1W (b 9@ € ep Pr(jiN)
j= +1 w j= +1

If = n 1so that Punishers only punish if all other members of thedsugrare Punishers,
thenWy (x) = O because Non-punishers never nd themselves in a group irctwaither
punishment or cooperation occurs.

Individual reproductive success is proportional an indisl's payoff. This means that the
change in frequency of Punishers who use strakegsg given by:

W (x) Wn(x)

X=X W0 R @ )W (9

Thus, equilibria occur at =0, x = 1, and values ok is such thaiv (x) = Wy (x).
The tness difference is then

(x) = W(x) Wy
_ Xt (n 1 j)k
= 9 - PF(JJP)W
+p PrjjN)+((b ©)(1 e ep)l Wpr( iP)
j= +1
w Xt o nek
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where the second sum is de ned to be equal to zero#f n 1. The rst term is the cost
of signalling and is paid by punishers in all groups. The secterm is cost to punishers of
punishing defectors during the rst interaction and thedherm is the cost to Non-punishers of
being punished. The fourth term is crucial. It gives the addal long term cooperative bene t
to threshold groups in which each punisher is needed for @iatenance of cooperation. The
fth term is the long term cost of punishing errors, and thetlsiis the increased cooperative
bene t due to the fact that Punishers are more likely to nériselves in cooperative groups
when group formation is assortative.
Suppose that groups are formed at random. Thex) becomes

_ x1 (1 jk Xt _
(x) = ¢ . Pr(J)—(j + 1) o Pr((j)p
w w Xt  nek
*1 WPF( (b 91 e ep mj: F’f(l)(j ¥ 1)a



Now consider the evolutionary stability of a population ihiegh Non-punishers are common
x=0).Ifx=0,Pr(0)=1 andPr(j) =0 forj> 0. If > 0so that punishers only punish

if they are together with at least one other punisher, t{@n= g 0. Punishers cannot
invade when rare when groups are formed at random~A0D, then
w

(x)= g (n 1k+ (b (@ e ep nek)

1 w
and Punishers can invade if the long term bene t of being in@perative group is greater than
the cost of punishing every one else in the group during tis¢ imteraction, and the cost of
punishing all errors. In such groups punishment is priyabeine cial. We will assume from
now on that this condition is not satis ed.

Clearly, equilibrium frequencies of Punishers will depemdhe cost of signalling. The cost
of signalling deters liars who signal but do not punish. Efi@re, we next consider whether liars
can invade.

When can Liars invade?

Next consider the tness of rare Liars. Liars signal so inthe costg. They are not punished
during the rst period. In subsequent periods they act jik& & Non-punisher and so get the
payoff of Non-punishers in later periods. When groups arméal at random, rare liars will be
in groups without another liar. Thus, the expected payo# odre liar when groups are formed
at random is:

K 1

Pr(jiN)((b (1 € ep

=+

WL(x)= Wo g+

1

At equilibriumWy = W , and thus liars can invade this equilibrium unless
x 1
q>p Pr(jjN)

j= +1
That is, the cost of signalling must be greater than the @rgdecst period cost of being pun-
ished. Note that this depends both on the frequency of perssind the punishment threshold.
However, as we will seen below the expected cost of beingskwi during the rst period is
often only slightly less thap, especially when there are increasing returns to punishriiéos
as a rst approximatiorp provides a lower bound oq Punishers can always deter liars if the
cost of signalling is the same as the cost of being punishédoughout we assume that g =
1.5p

When can cooperators invade?

Next consider the tness of rare cooperators. Cooperatmoperate during the rst round, and
however they are punished because they do not signal. Thepecate in subsequent rounds
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do not signal and do not punish, so in subsequent rounds gfevk exactly the same as Non-
punishers. Thus the expected payoff of a rare Cooperaton \ghmups are formed at random
is:

b X 1 .
We(x) = W0+ﬁ C Pr(jiN)p
j= 41
+ Y b o1 X N
M oa @ ep PN

=+

Since Cooperators pay the cost of cooperation during thepesiod, they have lower tness
than Non-punishers, and since at equilibriw = W , and thus Cooperators cannot invade
this equilibrium.

Note here that if Punishers did not Punish non-signaleesp#tyoff of Cooperators would
be increased by the expected cost of being punished durengdhperiod. If that were the
case then the Punisher-Nonpunisher equilibrium would &elstwould be only if the cost of
cooperating were greater than the expected cost of beinghmah Since Non-punishers won't
be motivated to cooperate unlgss ¢ b=n this would mean that
b X1 .
n> Pr(jiN)p

j= 1

p>c

As we will see the expected cost of being punished is oftey eeise tap, so this system could
not robustly resist second order free riders. So, the pumesit of Cooperators is crucial for the
stability of the Punisher-Non-Punisher equilibrium.

Is there a ratchet?

Next consider competition between strategies with difiek@lues of . As before, de neP
as the punisher strategy with a threshold value efhere = 0;1;:::;n 1. We assume
thatP andN have reached a stable internal equilibrium value and déneeonditions under
whichP 4; can invade. Since this is unlikely to be possible unlesstieesome assortment, in
calculating the tness of invaders we cannot assume thatdexs are by themselves in social
groups. Consider a focél ., invader when this strategy is rare. The probability thatvegi
individual among the othar  1isP is(1 r)% whereR® is the equilibrium frequency d?
in competition withN . Similarly, the probability that another individualdsis (1 r)(1 %),
and the probability that another individuRl,; isr. Let the number oP individuals among
the othem 1 equali, the number oP ,; individuals among the other 1 equalj, and
the number oN individuals equal. These are distributed as a multinomial with parameters
@ rnx,r,d r)( x)andn 1

Now compute the expected tness of a fo¢al.,; when this type is rare. Both punishing
types signal. Thus each punisher perceives] signals from others. If + | +1, or
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equivalentd n 1 ( +1),the number of signalers is greater thaso both types punish
on the rst interaction and cooperate and punish on subseqoeeraction. Ifi + ] = | or
equivalentif = n 1 | thefocal +1 individuals do not punish during the rst period and
only thej P individuals punish nonsignalers during the rst period.uslsoP ., individuals
act like liars. During subsequent periods ¥ j > ,orl<n 1 , heither type punishes
or cooperates.

Thus the expected tness of a rdPe;; individuals is:

Wi (xX) = W e Pr(ljP )L
+1 o (Q . JF 41 n_ 1)z |
n e nek '
ljP +
+ B Pr(ljP 1) (b (1 e n e

Now compare this to the value & now expressed as a functionlof

n Ik
= li
W (x) Wo ¢ ~ Pr(ljP )(n e |
w "X . nek '
+ T w Pr(IjP ) (b ol e 7“] I+1)a ep

Now, note thatPr(ljP .1) = Pr( |jP ) since the probability that each individual among the
othern lindividualsinbothcases{d r)(1 x). Thus

W Wa = er=n 1) 2K
W nek i
+ T w (b o1 e ( +1)a ep

That is,W ., individuals give up the bene ts in groups in which there axaatly punishers.
But this is exactly the only group size in whit#t individuals have a payoff advantage relative
to N. So the bene ts of cooperation in this group size have to eddbe costs of punishing in
this group size.

Numerical Analysis
We have not been able to use the tness functions presentacab derive expressions for the

equilibrium frequencies of Punishers and Non-punishemvéver, it is easy to compute these
numerically, and in this section we present a range of resilitained in this way.



Parameter values

We chose the parameter values based on the following re&gsoni

The cost of cooperation €): This sets the units of the payoff parameters used in the
simulation, so all further parameters will be in unitsofWe chosec = 0:01, with a
baseline tness oW, = 1 so that selection coef cients are on the order of a few petrcen

The per capita bene t of full cooperation (b): We consider two values, weakly bene -
cial b= 2cwhich would only be favored by kin selection among full siasdb = 4c¢ so
that altruism would b e favored by kin selection among hdd§si

The cost of being punishedf): This value must be greater thamn order to motivate
individuals to cooperate. We assume that 1:5c.

The cost of punishing to a single punisherk): Many people think that punishment is
less costly to the punisher than to the punishee. This iatuihay be based on the fact
that punishment is often collective. We simulate over timadaes ofk, :5p, p, and2p.

The cost of signalling €): The theory above suggests that the cost of signalling must be
greater than the expected cost of being punished. This igteed ifg = p, and as we
will see the expected cost is often quite clos@,teo we assumg = p.

The effect of number of punishers on the cost of punishingd): We simulate two
values:a = 1 which means constant per capita cost of punishing, a baseltatsallows
comparison with previous models, aad= 2 which means that the cost of punishing
decreases linearly with the number of punishers.

The error rate (e): We simulate three values= 0:01, e=0:1, ande=0:2.
Group size (): We simulate three group sizes= 18, n = 36, andn = 72.
Number of interactions (T): We assumd =10, T = 25, andT = 50.

Within group relatedness (): We simulate three values random group formation or
r =0, r = 0:035 andr = 0:07, the latter being the average relatedness in hunter
gatherer groups estimated by Bowl&sience 314, 1569, 2006).

These are varied one parameter at a time from the base caseqiar seftb=2c;a=2;e=

0:1;n = 18;T = 25;r = 0:0g For the most part we set the base case so that it is the worst
case for cooperation, i.e., the bene t cost ratio is onlyh, tost of punishment is the same as
the cost of being punished, and 10% of the cooperators defectistake meaning that there
are signi cant costs of punishing even in the long run. Thestrimportant exception is the
parametea which means that there are economies of scale in punishment.
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Figure 1: The bene tlf) of collective action varies. Increasibgncreases the bene t of cooper-

ation induced by punishment, and thus frequency of Purssdtedhe stable internal equilibrium

(red dots) and decreases the minimum frequency necess&yricshers to increase (blue dots).
Note that this minimum value is low whenis small.
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Figure 2: The scale economies in punishme)tvary. Whena = 1 there are no economies
of scale in punishment. Whemn= 2 doubling the number of punishers halves the total cost of
punishment. Without economies of scale, punishment is nnuate costly when us small,
and thus Punishment can persist at equilibrium only fordargjue of .
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Figure 3: The cost of punishmerk)(varies. Increasing the cost of punishment decreases in-
creases the cost of inducing Non-punishers to cooperadalaa increases the cost of punishing
errors in the longer run. Thus increasing the cost of punesttreduces the range of conditions
under which punishment can evolve.
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Figure 4: The error rateef varies. Higher error rates increase the frequency andlieusost of
punishment in the long run and thus decrease the bene t gd@@dion induced by punishment.

As aresult, as error rates increase, cooperative eqailéxist only at higher values of
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Figure 5: Group sizen varies. Larger groups increase the cost of punishment ofmishers
during the initial period and errors during later periodau¥ increasing decreases the range
of conditions which allow for punishment and cooperatior@uilibrium.
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Figure 6: The expected number of periodg {n an interaction varies. Increases in the ex-
pected number of interactions increase the long run berdd tooperation and thus increase
the range of conditions which allow for stable punishmert emoperation. This gure shows
why experiments of ten rounds often nd that the availapibf a punishment option lowers
payoffs (punishment occurs and is costly, but does not sactecoordinating on the interior
cooperative equilibrium resulting in a net loss.)

Figure 7: The relatedness)(@mong group members vary. In the base case, groups aredorme
at random, and that means that Punishers are rare, theyoaeeialgroups and can only induce
cooperation if they are willing to act alone. Increasingeans that there is a positive probabil-
ity that more than one punisher will be together in groupsievken Punishers are rare. Thus
for small values of , punishment can increase when rare even whenassumed to be be-
tween 0.035 and 0.07 the latter being the mean value meaanredg contemporary foraging
populations.
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Figure 1 plots results for this model. Each gure gives thegible equilibria as a function
of the value used by Punishers. Red dots are stable equilibriaplsddots are unstable
equilibria marking the boundaries between the basins td@tbn of adjacent stable equilibria.

These results are surprisingly insensitive to variatiomwst of the parameter values. For
most of the range of parameters simulated, there is a miniwaloe of . For values slightly
greater than that value the minimum frequency necessaryunishers to increase is low, and
nearly maximum average tness is achieved.

For the most part variation among results, can be undersisaésulting from a tradeoff
between the rst-period costs of inducing Non-punishersdoperate, and the long run bene t
from the cooperation thereby induced. Note that the madaitfp is determined by—the
cost of being punished only has to be suf ciently large touoe Non-punishers to cooperate.
The cost of punishing is scaled relativekkoThe other parameters t into two categories. The
parameters, e, b, n andT affect the cost of punishing and the long run bene t. Thefeef
can be understood in terms of how they affect this balance.€fect ofa is especially strong
because it has a very large effect on how the cost of punisfarnigs as the number of Punishers
in the groups increases. The parametss ects the population structure, and has large effects
when Punishers are rare. S m all positive values ateate a plausible set of conditions allows
punishment to increase when rare. This is especially true fo 0:07, it is nearly true for
r = 0:035and is true for larger values of
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