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abstract: Explaining altruistic cooperation is one of the greatest
challenges faced by sociologists, economists, and evolutionary biologists. The problem is determining why an individual would carry
out a costly behavior that benefits another. Possible solutions to this
problem include kinship, repeated interactions, and policing. Another solution that has recently received much attention is the threat
of punishment. However, punishing behavior is often costly for the
punisher, and so it is not immediately clear how costly punishment
could evolve. We use a direct (neighbor-modulated) fitness approach
to analyze when punishment is favored. This methodology reveals
that, contrary to previous suggestions, relatedness between interacting individuals is not crucial to explaining cooperation through punishment. In fact, increasing relatedness directly disfavors punishing
behavior. Instead, the crucial factor is a positive correlation between
the punishment strategy of an individual and the cooperation it
receives. This could arise in several ways, such as when facultative
adjustment of behavior leads individuals to cooperate more when
interacting with individuals who are more likely to punish. More
generally, our results provide a clear example of how the fundamental
factor driving the evolution of social traits is a correlation between
social partners and how this can arise for reasons other than genealogical kinship.
Keywords: kin selection, neighbor-modulated fitness, repression of
competition, public-goods game, human evolution, policing.

Explaining cooperation at all levels of biological complexity remains one of the greatest problems for evolutionary
biology (Hamilton 1964; Buss 1987; Maynard Smith and
Szathmáry 1995). The question is, Why would an individual perform a costly altruistic behavior that benefits
another individual? The solutions to this problem that
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have attracted the most attention are when social partners
are related (kin selection, in a general sense; Hamilton
1963, 1964, 1970) or when there is some mechanism for
repressing competition between groups (see table 1), such
as through repeated interactions/reputation (reciprocity;
Trivers 1971; Alexander 1979, 1987; Frank 2003), policing
(Ratnieks 1988; Frank 1995, 2003), and systems of rewards
or punishments (Oliver 1980; Sigmund et al. 2001). The
fundamental similarity between all these mechanisms is
that they involve positive correlations between the behaviors played by social partners, which are crucial for the
evolution of social behaviors (Hamilton 1975; Grafen
1985; Nee 1989; Frank 1998; Woodcock and Heath 2002).
Here, we are concerned with whether and how punishment can favor cooperation and how this translates into
a selective benefit for punishers. The possible role of punishment has recently attracted much theoretical attention,
especially with respect to its possible role in favoring cooperation among humans (Hirshleifer and Rasmusen
1989; Boyd and Richerson 1992; Sober and Wilson 1998;
Sell and Wilson 1999; Fehr and Gächter 2000). However,
the mechanism underlying these previous models is often
not clear, and the models have been developed with little
reference to related theory such as in the animal punishment literature (Clutton-Brock and Parker 1995; CluttonBrock 1998) and Frank’s (1998, 2003) recent synthesis of
social evolution theory. The basic idea is that if punishment is sufficiently frequent and harsh, it can successfully
maintain cooperative behavior. However, this solution
forces us to consider the motivation of the punisher. Since
a behavior that promotes a public good such as cooperation is in itself a second-order public good and is not
expected to be without cost to the actor, punishment is
open for exploitation by second-order free-riding individuals who cooperate but who fail to punish defectors (Oliver 1980). Punishment of second-order free riders can be
invoked, but this opens up the possibility of third- and
higher-order free riding (Ostrom 1990). Failure to maintain participation in a high-level public-goods game unravels participation in the lower levels. At first glance,
punishment seems not to be a helpful addition to the
problem of cooperation because all that is achieved is the
replacement of one public-goods dilemma for another.
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Table 1: A simple classification of some mechanisms that promote the evolution of cooperative behaviors
Selection pressure
Kin selection
Reciprocal altruism
Policing
Punishment

Fundamental concept
Relatedness between social partners
Repression of competition
Repression of competition
Repression of competition

However, it is generally true that punishment is cheap
relative to the cost of cooperation. Consequently, it has
been argued that any mechanism invoked to explain participation in public-goods games will more easily favor
punishing (and hence also cooperation) than it would cooperation alone (Sober and Wilson 1998).
A Darwinian account of the evolution of cooperation
through punishment requires that the punisher directly or
indirectly receives a net benefit through punishing. Although costly punishment can ultimately enhance the direct fitness of the punisher if interactions tend to be extended or repeated with the same social partner (Frank
2003; e.g., sanctioning in plant-rhizobium mutualisms:
Denison 2000; West et al. 2002b, 2002c; Kiers et al. 2003),
animals including humans punish even when there is no
mechanism ensuring repeat encounters (Fehr and Gächter
2002). Genealogical relationship between social partners
is often considered low or absent, and so kin selection is
given little attention in the existing literature. The favored
Darwinian mechanisms that have received the most attention are group selection (Gintis 2000) and cultural
group selection (Heinrich and Boyd 2001). A recent simulation study (Boyd et al. 2003) has suggested that since
the incidence of defection declines as punishment becomes
more frequent, the costs of punishment decline as it becomes common, so that even modest group selection may
plausibly maintain punishment in humans.
In this article, we show that the evolution of punishment
and cooperation may be investigated using the powerful
direct fitness maximization techniques of Taylor and Frank
(1996) and Frank (1998). This allows us to clarify the
mechanisms at work and link previous theory to Frank’s
(1998, 2003) general framework. In particular, we link kin
selection, group selection, and cultural group selection in
terms of a generalized view of relatedness. We then reveal
that it is not the relatedness between social partners per
se that facilitates the evolution of punishing behavior.
What is crucial is that there is a positive correlation between the punishment strategy played and cooperation
received by an individual. Although such an association
could arise from viscous population structure and interactions between kin, it may arise for other reasons. In
particular, we demonstrate that even in the absence of
relatedness it is possible for such an association, due to

Costs
Cost for actor
Cost for actor
Cost for actor
Cost for actor
and recipient

Benefits
Benefit for recipient
Future benefit for actor
Benefits for group
Indirect benefit through increased
cooperation

facultative adjustment of cooperative behavior, to maintain
punishment through selection acting at the level of the
individual, rendering group selection and elaborate cultural practices unnecessary. More generally, the fact that
a positive correlation between the behaviors of social partners is the fundamental factor favoring cooperation has
been obscured by a focus on how this correlation can be
produced by kinship, through the interactions of close
relatives (Hamilton 1975; Frank 1998). Our results provide
a clear example of how such positive correlations can arise
without kin association.
Models and Analyses
Basic Model
We now present a simple model describing the coevolution
of cooperation and punishment. This is intended to elucidate the general selection pressures involved—it is the
simplest model that captures the essentials of the problem.
We discuss our model in terms of humans because this is
where much of the recent theoretical literature has been
focused. However, the implications are general and could
be applied to a variety of organisms. A role for punishment
in the evolution of cooperation has been suggested in a
variety of animals, including insects, birds, primates, and
other mammals (Clutton-Brock and Parker 1995). We give
some specific examples in the discussion when considering
how our model may be tested empirically.
For simplicity, we suppose that individuals interact in
pairs, with one (random) member of the pair being denoted player 1 and the other player 2. Player 1 may choose
to cooperate (e.g., sharing food), in which case she loses
fitness c and player 2 gains fitness b, or to defect (e.g.,
refusing to share food), such that neither player loses nor
gains fitness from the interaction. Player 2 may respond
to defection in two ways: either she punishes (e.g., by
physically injuring player 1) at a cost a to herself in order
to reduce player 1’s fitness by d, or else she forgives (e.g.,
does nothing) in which case neither player gains nor loses
fitness. The expected direct fitness of a focal individual
might then be written as
w p a ⫺ cx ⫹ bX ⫺ (1 ⫺ X)ya ⫺ (1 ⫺ x)Yd,

(1)
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where the constant a is baseline fitness, x is the frequency
with which that individual cooperates, X is the mean frequency of cooperation among her social partners, y is the
frequency with which the individual punishes, given that
her partner defects, and Y is the mean punishment strategy
played by her social partners, that is, the probability that
the focal individual is punished given that she defects. We
assume that all competition is global. An important point
is that punishment acts to directly reduce both the fitness
of the actor and the fitness of her social group. Punishment
is therefore fundamentally different from the policing
models of Frank (1995, 1996, 2003) because policing directly reduces actor fitness but increases group fitness.
Coevolution of Cooperation and Punishment
We will consider the simultaneous evolutionary optimization of cooperation and punishment analogous to the
evolution of policing analysis of Frank (1995), using the
direct (neighbor-modulated) fitness maximization method
of Taylor and Frank (1996) and Frank (1998). A small
increase in a behavior is favored by selection if the derivative of fitness with respect to that behavior (termed “marginal fitness”) is 10 and disfavored when this derivative is
!0. Differentiating the focal individual’s fitness function
(eq. [1]) with respect to her cooperating (x) and punishing
(y) strategies obtains
dw
dX
p ⫺c ⫹ Yd ⫹
(b ⫹ ya)
dx
dx
⫺

dy
dY
(1 ⫺ X)a ⫺ (1 ⫺ x)d,
dx
dx

(2a)

dw
dY
p ⫺(1 ⫺ X)a ⫺ (1 ⫺ x)d
dy
dy
dx
dX
⫹
(Yd ⫺ c) ⫹
(b ⫹ ya).
dy
dy

(2b)

The terms dX/dx and dY/dy are the coefficients of relatedness, with respect to cooperation and punishment,
respectively, between the focal individual and her social
partners (Taylor and Frank 1996; Frank 1998). Technically,
the derivative is of the conditional expectation of the social
partner’s strategy, given the strategy played by the focal
individual, with respect to the latter. The other derivative
terms are dy/dx and dx/dy, which are the regression of an
individual’s punishing strategy on its own cooperation
strategy, and vice versa, and dY/dx and dX/dy, which are
the regressions of a partner’s punishing strategy on its own
cooperation strategy and a partner’s cooperation strategy
on its own punishment strategy, respectively.
Let us consider first the origin of cooperation and pun-
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ishment in a population that is otherwise fixed for defection (x¯ r 0) and forgiveness (y¯ r 0). In such circumstances the trait-on-trait regressions are always nonnegative, which is important for interpretation of the analytical results that follows. To see why, consider the regression of cooperation received on cooperation strategy
¯
¯ ≈ X/x. Since cooperaplayed: dX/dx p (X ⫺ x)/(x
⫺ x)
tion strategies are nonnegative, the numerator (X) is nonnegative, and since the variant by definition plays a different cooperation strategy from the wild type (which plays
zero cooperation), the denominator (x) is positive. Hence,
dX/dx ≥ 0. The same argument can be used to show that
this is true for the other trait-on-trait regressions. Assum¯ y ≈ Y ≈ y¯ ; Taylor and
ing only minor variants (x ≈ X ≈ x,
Frank 1996; Frank 1998) and making the substitutions
x¯ r 0 and y¯ r 0, the marginal fitness with respect to cooperation (eq. [2a]) reduces to
dw
dX
dy
dY
p ⫺c ⫹
b ⫺ a ⫺ d.
dx
dx
dx
dx

(3)

This shows there is a direct cost (c) and a kin-selected
benefit (dX/dx # b) of cooperation, plus costs relating to
the associated increase in costly punishing (dy/dx # a) and
also in being punished (dY/dx # d); see figure 1A. Cooperation is maintained even in the absence of punishment
when Hamilton’s (1964) rule dX/dx # b 1 c holds, so we
will consider the more interesting situation where it does
not, such that equation (3) is always negative.
Similarly, the marginal fitness with respect to punishment (eq. [2b]) is
dw
dY
dx
dX
p ⫺a ⫺ d ⫺ c ⫹
b.
dy
dy
dy
dy

(4)

Again, this is easily understood. Punishing incurs a direct cost (a) and indirect costs (dY/dy # d from being
punished by related individuals and dx/dy # c from the
correlated commitment to cooperation). The benefit
dX/dy # b is gained through the association between the
punishment strategy played and the cooperation received
(see fig. 1B). Only when this is sufficiently large may a
rare variant with some small frequency of punishing behavior be able to invade. In other words, a positive association between the punishment strategy played and the
cooperation received by a focal individual is a necessary
but not sufficient condition for the evolutionary origin of
punishment.
Result 1. A positive association between punishment
strategy played and cooperation received is crucial for the
evolutionary origin of punishing behavior.
We will now investigate the evolutionary maintenance
of cooperation and punishment by considering x̄ r 1 and

Figure 1: A, Selective value of cooperation (dw/dx ) as a function of relatedness and the resident punishing strategy ( y¯ ) when there is no association
between traits (dy/dx p dY/dx p 0); dw/dx 1 0 indicates that enhanced cooperation is favored, and dw/dx ! 0 indicates that it is disfavored. Increasing
relatedness (r) enhances selection for cooperation; in the absence of punishment, cooperation is favored when rb 1 c . Increasing punishment also
favors cooperation, so cooperation may be favored even when relatedness is 0, if ȳ 1 c/d . B, Selective value of punishment (dw/dy ) as a function of
relatedness and the resident cooperation strategy (x̄ ); dw/dy 1 0 indicates enhanced punishment is favored, and dw/dy ! 0 indicates that it is disfavored.
Assuming no association between traits (dx/dy p dX/dy p 0 ), we see that punishment is always disfavored, that increased relatedness enhances the
selective disadvantage of punishment, and that increased cooperation reduces the selective disadvantage of punishment. Punishment may be favorable
if there is a positive association between the punishment strategy played and the cooperation received by an individual (dX/dy 1 0 ); the broken line
indicates dX/dy p 0.2. For A and B, we assume a p 0.1, b p 2, c p 1, and d p 3.
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ȳ r 1. Again, the trait-on-trait regressions will all be non¯
¯ ≈ (X ⫺
negative: for example, dX/dx p (X ⫺ x)/(x
⫺ x)
1)/(x ⫺ 1). Cooperation received (X) cannot be 11, so the
numerator (X ⫺ 1) is ≤0. Since the cooperation variant
does not play the wild-type strategy (always cooperate)
and cannot play a more cooperative strategy than that, the
denominator (x ⫺ 1) is always negative. Hence, dX/dx ≥
0. Making the substitutions x¯ r 1 and y¯ r 1, the marginal
fitness with respect to cooperation (eq. [2a]) is now given
by
dw
dX
p ⫺c ⫹ d ⫹
(b ⫹ a).
dx
dx

(5)

Here cooperation carries a direct cost (c) and a benefit (d,
due to avoiding punishment) when punishment of defectors is assured. It also gives kin-selected benefits
(dX/dx # b and dX/dx # a) due to the correlated cooperation received from social partners and the fitness
saved from not having to punish defectors. Punishment
cannot be an effective deterrent when the fitness of a punished defector is greater than that of a cooperator, so that
we will restrict attention to the situation d 1 c. Here, the
marginal fitness will always be positive, and so selection
will act to maintain cooperation. The marginal fitness with
respect to punishment (eq. [2b]) is
dw
dY
¯ ⫺ (1 ⫺ x)d
¯
p ⫺(1 ⫺ x)a
dy
dy
⫹

dx
dX
(d ⫺ c) ⫹
(b ⫹ a).
dy
dy

(6)

The costs of punishment include the direct cost ([1 ⫺
¯ # dY/dy # d)
x̄] # a) and the kin-selected cost ([1 ⫺ x]
plus the cost incurred by the associated cooperation
(dx/dy # c). The benefits of punishment are due to the
correlated decrease in one’s own defection and hence the
frequency with which the focal individual is punished
(dx/dy # d) and also the correlated increase in cooperation received from social partners (dX/dy # b) and, conversely, the fitness saved by not having to punish partners
(dX/dy # a). If dx/dy p dX/dy p 0 so that there is no
correlation between the punishment and cooperation
played by an individual, nor between the punishment
played and cooperation received, then the marginal fitness
with respect to punishment is small but negative, and
hence full punishment is not stable. It is interesting to
note that relatedness dY/dy works to undermine the stability of punishment; as an individual’s punishment strategy is increased, so too is the punishment received from
social partners. If the between-trait associations are positive and of sufficient magnitude, then full punishment
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can be evolutionarily stable. Otherwise, selection will act
to reduce punishment in the population.
Result 2. A positive association between punishment
strategy played and cooperation received is crucial for the
evolutionary maintenance of punishing behavior.
We now check to see whether punishment is easier to
maintain than it is to initially invade an otherwise forgiving
population, by evaluating dw/dyFx,¯ yp1
⫺ dw/dyFx,¯ yp0
, that
¯
¯
is, subtracting the right-hand side (RHS) of equation (4)
from the RHS of equation (6) to obtain

d

(

) (

)

dY dx
dX
⫹
⫹a 1 ⫹
,
dy dy
dy

(7)

which is positive, so that RHS equation (4) is less than
RHS equation (6), and hence the condition for increased
punishment to be favored (dw/dy 1 0) is more easily satisfied in a population of cooperators and punishers than
in a population of defectors and forgivers. Similarly, the
RHS of equation (3) is always negative under the relevant
circumstances (i.e., when dX/dx # b ! c), and the RHS of
equation (5) is always positive, so that the condition for
enhanced cooperation to be favored (dw/dx 1 0) is also
more easily satisfied in punishing populations than in populations rife with defection and forgiveness.
Result 3. Punishing behavior is more easily maintained
than it is originally evolved. Note that this assumes that
relatedness and the between-trait regressions are constants.
A fully dynamic analysis relaxing this assumption would
require that we specify a more detailed (and hence less
general) model and so is not pursued here because we aim
only to abstract and elucidate the selection pressures involved in the evolution of punishment and cooperation.
Example: Cooperation as a Facultative
Response to Punishment
The Model. We have found that relatedness between social
partners is not crucial for costly punishment to be favored
(indeed, increasing relatedness disfavors punishment) and
that it is another association, the regression of the cooperation received on the punishment strategy played, that
provides the benefit of punishment. To illustrate these
findings, we examine the evolution of punishment when
there is no relatedness between individuals (dY/dy p 0)
and when cooperation is facultatively adjusted to one’s
punishment environment (which we will see can give
dX/dy 1 0).
We assume that individuals are randomly organized into
social groups of size N, such that relatedness between
group members is 0. In each social encounter, individuals
pair with a random member from their group, with one
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of the partners playing the role of player 1 and the other
being player 2. In contrast with the previous model, we
consider the cooperation strategy of player 1 to be facultative and hence a function of her punishment environment. Assuming no partner recognition and therefore no
adjustment of cooperation to her current partner’s punishment strategy, the cooperation strategy played by the
focal individual (in half of her social interactions) is expressed as a function of the average punishment strategy
¯ . Since each
played by all of her social partners: x p f(y)
of her social partners experiences a punishing environment
that includes the focal individual (and hence average punishment strategy among their social partners is ȳ ⫹ [y ⫺
ȳ]/[N ⫺ 1]), they will play cooperation strategy X p
¯
f(y¯ ⫹ (y ⫺ y)/(N
⫺ 1)).
If individuals cooperate optimally, we expect the function f(Y) to be such that it maximizes the fitness of player
1 when player 2 plays punishment strategy Y. It is easy to
show that this optimum is given by

{

c 1 Yd

0

f ∗(Y ) p

1

if

,

(8)

(

¯ ⫹ bf y¯ ⫹
w p a ⫺ cf(y)

[ (

⫺ a 1 ⫺ f y¯ ⫹

¯
(y ⫺ y)
(N ⫺ 1)

)

¯
(y ⫺ y)
y
(N ⫺ 1)

)]

¯ ¯
⫺ d(1 ⫺ f(y))y.

(10)

The mean fitness of the population is
¯ p a ⫺ cf(y)
¯ ⫹ bf(y)
¯
w
¯ ¯ ⫺ d(1 ⫺ f(y))y,
¯ ¯
⫺ a(1 ⫺ f(y))y

(11)

so we expect a rare variant playing punishment strategy y
to increase in frequency in a population with mean punishment strategy ȳ when the fitness differential Dw p
¯ is positive, that is, when
w⫺w
¯
(y ⫺ y)
¯
⫺ f(y)
(N ⫺ 1)

[(
) ]
[ (
)

Dw p b f y¯ ⫹

⫺ a 1 ⫺ f y¯ ⫹

¯
(y ⫺ y)
¯ ¯ 1 0.
y ⫺ (1 ⫺ f(y)y
(N ⫺ 1)

]

(12)

c ! Yd

such that defection is favored when the cost of cooperation
outweighs the threat of punishment (c 1 Yd), and cooperation is favored when the cost of cooperation is outweighed by the threat of punishment (c ! Yd). This step
function is both mathematically inconvenient and biologically unreasonable, so we will use the model of McNamara
et al. (1997; see also Kokko 2003) to describe nearly optimized cooperation as

Origin of Punishment. We first consider the evolutionary
stability (Maynard Smith and Price 1973) of forgiveness,
by determining under what circumstances no variant with
punishment strategy y 1 0 can invade a population with
mean punishment strategy ȳ r 0. Substituting the cooperation function (eq. [9]) into the fitness differential (eq.
[12]) obtains

[

Dw p b

1
1
f(Y ) p
p
,
1 ⫹ exp (⫺D/)
1 ⫹ exp [⫺(Yd ⫺ c)/]

(9)

where  is the degree of behavioral error and D p
dw/dx p Yd ⫺ c ensures that the frequency of nonoptimal
behavior declines as its impact on fitness becomes more
important. The facultative cooperation function (eq. [9])
approaches the step function (eq. [8]) for vanishing behavioral error ( r 0), and for larger error ( 1 0), it takes
a continuous sigmoidal form which flattens out to a constant 1/2 as the error tends to infinity (fig. 2). For mathematical convenience, we will assume vanishing (but nonzero) behavioral error ( r 0).
Altering fitness function (eq. [1]) for this example
model, we have the fitness of an individual who plays
punishment strategy y, in a population with mean punishment strategy ȳ, given by

]

1
1
⫺
1 ⫹ exp ({c ⫺ [y/(N ⫺ 1)]d}/) 1 ⫹ exp (c/)

[

⫺a 1 ⫺

]

1
y.
1 ⫹ exp ({c ⫺ [y/(N ⫺ 1)]d}/)

(13)

Recalling that the behavioral error is vanishingly small
( r 0), we find that when the threat of punishment posed
to social partners of the punishing variant is less than the
cost of cooperation ([yd]/[N ⫺ 1] ! c), then equation (13)
reduces to ⫺y a, which is negative, and hence the rare
variant cannot invade. This is because defection is the rule
in the social groups of both the wild type and the variant,
giving population mean fitness w̄ ≈ a and rare variant
fitness w ≈ a ⫺ ya. When the threat of punishment is
greater than the cost of cooperation ([yd]/[N ⫺ 1] 1 c),
then equation (13) reduces to b, which is positive, and
hence the rare variant can invade. Here, the rare punisher
has managed to push her social group over the punishment
threshold such that cooperation is now the optimal strat-
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Figure 2: Frequency with which an individual cooperates (x) as a function of the punishment strategy of its social partners (Y) and the degree of
behavioral error (), according to the example facultative model. Values are obtained numerically, assuming c p 1 and d p 3 . The bold lines indicate
 p 0, 0.1, and 0.5.

egy. The average social group is fully defecting, so w̄ ≈
a, but the rare variant is now a recipient of cooperative
behavior and only rarely encounters a defector requiring
punishment, so that her fitness is w ≈ a ⫹ b. Note that
although the variant receives cooperation, she maximizes
her fitness by always defecting (since her unrelated social
partners are all forgivers) and hence pays no cost of cooperation. If no y satisfies the above invasion condition,
then forgiveness is an evolutionarily stable strategy (ESS;
Maynard Smith and Price 1973). This is assured when
(N ⫺ 1)c 1 d, so that not even a fully punishing variant
(y p 1) can invade. Evolutionary stability of forgiveness
is therefore assured unless
d 1 (N ⫺ 1)c.

(14)

Result 4. In the above model, punishment is unlikely to
invade forgiveness unless the population is structured into
very small groups.
Maintenance of Punishment. To determine whether punishment is an ESS, we let the wild type adopt the strategy
of full punishment (ȳ r 1) and consider the success of

rare variants playing y ! 1. Substituting the facultative cooperation function (eq. [9]) into the fitness differential
(eq. [12]) obtains

{

Dw p b

⫺

1
1 ⫹ exp ({c ⫺ [1 ⫺ (1 ⫺ y)/(N ⫺ 1)]d}/)

} {

1
1
⫹a 1 ⫺
1 ⫹ exp [(c ⫺ d)/]
1 ⫹ exp [(c ⫺ d)/]

[

⫺ 1⫺

]}

1
y .
1 ⫹ exp ({c ⫺ [1 ⫺ (1 ⫺ y)/(N ⫺ 1)]d}/)

(15)

First consider “ineffective punishment” (c 1 d). When behavioral error is vanishing ( r 0), the fitness differential
(eq. [15]) reduces to a(1 ⫺ y), which is positive, and hence
the more forgiving variant will always invade. This is because even when defection is always met with punishment,
the defector has greater fitness than the cooperator, so that
in all social groups defection is rife. The resident strategy
incurs the cost of full punishment, and so the mean fitness
of the population is w̄ ≈ a ⫺ a, whereas the more forgiving
variant avoids this at least part of the time, giving fitness
w ≈ a ⫺ ya. Now consider “effective punishment” (d 1 c),
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Figure 3: Maximum group size (N) permitting the evolutionary stability of punishment (ȳ p 1 ) as a function of behavioral error () and the cost
of punishing (a), according to the example facultative model, assuming b p 2 , c p 1 , and d p 3 . Upper line, a p 0.01; middle line, a p 0.10;
bottom line, a p 0.50.

such that punished defectors receive lower fitness than
cooperators. The resident now enjoys the benefits of cooperation and only infrequently encounters erroneous defection requiring punishment. If the rare variant forgives
to such a degree that her social partners optimize by defection; that is, when c ⫺ [1 ⫺ (1 ⫺ y)/(N ⫺ 1)]d 1 0, the
fitness differential (eq. [15]) reduces to ⫺(b ⫹ ya) since
she loses the benefits of cooperation and punishes a proportion y of her social partners. This is negative, and so
the rare variant cannot invade. If the variant’s forgiveness
is not sufficient to warrant a switch to defection among
her social partners, equation (15) becomes ⫺(b ⫹
ya) exp {c ⫺ [1 ⫺ (1 ⫺ y)/(N ⫺ 1)]d}, which is vanishingly
small but nevertheless negative, and hence the rare variant
cannot invade. This is true because with vanishing behavioral error ( r 0) the frequency of defection in the
fully punishing group is a vanishing fraction of the frequency of defection in the more forgiving group, so that
the fitness saved from not punishing so frequently does
not outweigh the fitness lost through the reduction of
received cooperation. Relaxation of the infinitesimal error
assumption (fig. 3) shows that this result is robust, even
for large social groups. The variant can therefore only

invade an otherwise fully punishing population when punishment is ineffective, so that punishment is an ESS when
d 1 c.

(16)

Result 5. In the above model, punishment is maintained
by selection once it has become common if the cost of
cooperation (c) is less than the cost of being punished (d).
Discussion
Punishment and Cooperation
We have shown that full punishment can be an evolutionarily stable strategy only if there is a positive association between the punishment played and the cooperation
received by an individual. This could arise if populations
are viscous so that social partners tend to be genealogical
relatives, but other mechanisms are possible, for example,
when individuals facultatively adjust their level of cooperation in response to the local threat of punishment. We
have also provided analytical support for the suggestion
of Boyd et al. (2003) that the cost of punishment declines
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as it becomes common in the population and hence punishing behavior might be maintained more easily than it
is initially evolved.
These results suggest three general implications. First,
it can be easier for some cooperation to evolve by another
mechanism (e.g., altruism between relatives) and then
punishment evolve to favor and maintain higher levels of
cooperation. An analogous conclusion has been made for
some other mechanisms that do not rely on interactions
between relatives, such as group augmentation (Kokko et
al. 2001; Griffin and West 2002). Second, within the specific context of explaining human cooperation, punishment could have evolved at a time when social structure
was more conducive to punishment (small groups of interacting individuals). Once common, punishment could
be retained even when interactions began to occur within
much larger groups of humans. Third, the opposite frequency dependence is true for systems based on rewarding
cooperation rather than punishing defection—the cost of
rewarding escalates as more individuals cooperate, whereas
we have shown the cost of punishing decreases as more
individuals cooperate. This might go some way to explaining why punishment as opposed to rewarding is prevalent in nature (e.g., Clutton-Brock and Parker 1995).
How can our model be tested? Our major result is that
costly punishment can be favored if there is a positive
association between the punishment played and the cooperation received by an individual (results 1 and 2). This
could be hard to test directly, especially experimentally,
because of limitations on how an individual’s level of punishment could be manipulated. However, some of the fundamental assumptions and predictions of our model that
underly this result could be tested more easily. In particular, are lower levels of cooperation more likely to lead to
punishment, as appears to occur in superb fairy wrens
(Mulder and Langmore 1993), naked mole rats (Reeve
1992), and Polistes wasps (Reeve and Gamboa 1987)? Second, are individuals more likely to cooperate when they
are punished, as may occur in Polistes wasps (Reeve and
Gamboa 1987)? Third, do individuals try to signal that
they cooperate more than they actually do, as occurs in
white-winged choughs (Boland et al. 1997)? Fourth, do
systems in which social partners are more related tend to
display less punishment, analogous with Frank’s (1995,
2003) result that investment into policing correlates negatively with relatedness?
Relatedness and Kin Selection
This analysis has made use of the understanding that the
coefficient of relatedness appropriate to the direct fitness
formulation of Hamilton’s rule is a regression measure
describing the association between actor and social partner
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phenotypes (reviewed by Seger 1981; Michod 1982; Grafen
1985; Queller 1985; 1992; Frank 1998). Such associations
are generally due to genealogical closeness and hence genetic similarity, so that the maximization of neighbormodulated or inclusive fitness is popularly referred to as
“kin selection” (Maynard Smith 1964). Group selection
can be responsible for the evolution of an altruistic trait
only insofar as the benefit to the group is large enough,
the cost to the individual is low enough, and there is
substantial between-group as opposed to within-group
variation in trait values. Since the proportion of the total
variance that is attributable to between-group differences
is the coefficient of relatedness appropriate for wholegroup traits, Hamilton’s rule can be used to predict when
group selection will favor the trait (i.e., when relatedness # benefit 1 cost). Thus, kin selection and group selection are mathematically equivalent ways of conceptualizing the same evolutionary process, a point that
previously has been analyzed in much detail (Price 1972;
Hamilton 1975; Wade 1985; Frank 1986, 1998; Queller
1992; Reeve and Keller 1999). Consequently, it is puzzling
that kin selection has been largely ignored in the human
altruistic punishment literature on the grounds that relatedness is too low, while group selection has often been
regarded as important (e.g., Gintis 2000). Furthermore,
because relatedness is a regression of recipient phenotype
on actor phenotype, it transcends genetics and applies even
when the cause of phenotypic similarity is simply imitation, for example, as in the cultural group selection proposed by Heinrich and Boyd (2001). In this sense, “kin
selection” is something of a misnomer because it draws
attention to only one cause of the statistical association
that is relatedness, as Hamilton (1975) realized.
As this analysis has shown, positive relatedness is not
really the key ingredient for the evolutionary success of
punishment. Punishing behavior is costly to the individual and protects the social group from the breakdown of
cooperation, and hence it has been described as a form
of altruism (Sober and Wilson 1998). It might then be
expected that where it is successful, altruistic punishment
is being maintained by kin selection. However, punishment is quite a different form of public good from cooperation—it is directly disadvantageous at the group
level because it reduces the fitness of the focal individual
and her social partners. The benefit it brings is indirect
because it merely creates a coercive social environment
in which cooperation is favored. It therefore differs from
Frank’s (1995, 1996, 2003) recent models of competitionrepression in which investment into policing behavior
translates directly into enhanced group fitness. In our
model, punishment is only of selective value when there
is a sufficiently strong correlation between punishment
strategy played and cooperation received (dX/dy; fig. 1B).
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This highlights a fundamental nonequivalence of firstand higher-order public goods.
A positive correlation between punishment played and
cooperation received might arise in a viscous population
where genealogical kin tend to associate with each other,
so that the social partners of punishers are also punishers
(dY/dy 1 0) and therefore punishers are expected to be
coerced into cooperating more than forgivers (dx/dy 1 0).
This association combines with relatedness to ensure that
an increase in punishing behavior is associated with
an increase in the amount of cooperation received
(dX/dy 1 0). The pressure for enhanced punishment is
therefore not strictly kin selection but rather something
more akin to “niche construction” (Odling-Smee et al.
1996), in the sense that the behavior modifies the social
environment in such a way as to alter the selective pressures acting upon other traits. It is worth noting that localized competition in viscous populations adds extra
complexity to models of kin selection (see Taylor 1992a,
1992b; Wilson et al. 1992; Queller 1994; Frank 1998; Griffin and West 2002; West et al. 2002a; Gardner and West
2004 for extensive discussion of its impact on the evolution
of social behaviors). In our analysis, we have assumed that
all competition occurs at the level of the whole population,
and we leave local competition as an open problem for
the future.
We may easily demonstrate that relatedness is not necessary for the evolution of costly punishment by considering mechanisms that generate positive associations between the punishment played and the cooperation received
despite zero relatedness, for example, the facultative model
of cooperation introduced above. We discovered that in
the absence of relatedness, partner recognition, reputation,
and any mechanism whereby an individual may bias her
interactions or tailor her behavior in response to her immediate social partner, punishment might be maintained
by selection acting directly at the level of the individual.
This is because when punishment is already frequent, the
fitness saved by forgiving is minimal and may be overwhelmed by the concomitant decline in the amount of
cooperation received because of the decrease in selection
for cooperation among social partners. This example
model is intended for illustration only and is designed to
demonstrate how a net benefit for punishment might be
achieved even when individuals do not interact with relatives. More complicated scenarios are therefore possible,
and of particular interest is the effect of enhanced behavioral error (increasing ). Numerical analysis of the example model reveals that increasing the frequency of maladaptive behavior reduces the likelihood that individual
level selection will be able to maintain altruistic punishment in very large groups (fig. 3), although the results
presented above are qualitatively robust so long as behav-

ioral error () and the cost of punishing (a) are small.
The degree to which individuals are expected to behave
optimally is contentious, but punishment is indeed characterized by its cheapness (Sober and Wilson 1998).
Conclusion
We have given analytical support to the suggestion that
the cost of punishment declines as it becomes a common
strategy, so that punishment is more easily maintained
than it is originally evolved. We showed that it is not
relatedness per se that is important in ensuring that punishing behavior enhances fitness but rather that a positive
correlation between punishment played and cooperation
received by an individual is crucial. We also revealed that
facultative adjustment of cooperation can give rise to such
a positive association even in the absence of relatedness
between social partners. Finally, we demonstrated that the
direct benefits accrued when cooperation is facultative may
be large enough for selection acting at the individual level
alone to maintain punishment among humans, rendering
elaborate population dynamics and cultural practices unnecessary. More generally, our results provide a specific
example of how positive correlations between the behaviors played by social partners can arise and favor cooperation for reasons other then kinship. Major tasks for the
future include clarifying the links between punishment and
reproductive skew theory (Johnstone 2000; Clutton-Brock
et al. 2001; Langer et al. 2004) and developing more specific models for specific situations or organisms.
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