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larva in the colony, W', = (1 - g,) is the fitness of a male
in the colony, m are the number of males produced over
a colony’s lifetime, vy and v, are the individual repro-
ductive value of female larvae and males, and re and r,,
are the regression relatedness to them, respectively.
Simplifying by dividing everything by vy yields aW// Bgij
+(n-1).0 W’f/ 9g;Rp+ moW', /og,.R,, where Ry=reand
R, =r,.(v,/ vf) are the life-for-life relatedness to females
and males, which are defined as the product of regression

relatedness and relative reproductive value (Hamilton
1972, Taylor & Frank 1996, Taylor et al. 2007a). Observing
that (v,,/ vf) =(c,,/ cf).(uf/ u,)=(c,/ cf).(n/ m) and setting
the inclusive fitness effect to zero and solving for 8;i=8
g =g =g" obtains the ESS g* = (1- rf)/(l +(c,/ cf).rm).
Other examples of class-structured kin selection mod-
els involving interactions between different age classes
are discussed by Charlesworth and Charnov (1981),
Taylor and Frank (1996) and Taylor ef al. (2007a).

U:

the social insects

eggs. Why is this so?

when more reproduce.

G(g).q/(ng(1-p)+q).

Box 6.2 A model and an empirical test: worker male production in

In order to illustrate the predictive power of social evolution theory, we here describe
a model and associated data for a classic problem in sociobiology: the evolution of
worker sterility. Specifically, we are focusing on the evolution of male production by
workers. The eusocial Hymenoptera (bees, wasps and ants) are haplodiploid: males
are haploid and females are diploid. This means that unmated workers in many spe-
cies are able to lay unfertilised, haploid eggs that would develop into males if reared.
Nevertheless, despite this ability workers in many species appear to refrain from laying

Wenseleers et al. (2004a, 2004b) analysed this problem using an inclusive fitness
model. Specifically, they asked what are the factors that determine the frequency of
workers that attempt to lay eggs in insect societies. We review the model here because
its specific predictions have subsequently been shown to hold in real systems. Let n
be the number of workers in the colony, p the probability that a worker-laid male egg
is removed by another individual (the queen and workers remove or ‘police’ worker-
laid eggs in many species: Wenseleers & Ratnieks 2006a), and ¢ the fecundity of the
queen relative to a single reproductive worker in terms of laying male eggs. Assume
that a focal worker j in colony i activates her ovaries to lay eggs with probability g;, and
that each of its n - 1 nestmates activates her ovaries with probability &y S0 that the
colony contains ng; egg-laying workers where g, is the average probability with which
workers activate their ovaries, g, = (1/ n)g,.j +((n-1)/n)g ;- We can now write the total
number of males produced by this focal worker and by each nestmate worker as W,
G(g)-.8,(1-p)/(ng{1-p)+q)and W, =G(g,).8 ;(1-p)/(ng(1-p) +q), where G(g)
is the colony productivity (total number of males reared) as a function of how many
laying workers there are in the colony (egg-laying workers generally perform less work
and so decrease total colony productivity) and the terms following G represent the pro-
portion of all males that are workers’ sons. That is, the total number of sons of the focal
and other workers that survive policing, divided by all surviving males, which includes
both workers’ sons ((ng; (1 - p)) and queen’s sons, laid in proportion to the relative rate
q at which these are produced. For simplicity, we will assume that worker reproduc-
tion linearly reduces colony productivity, i.e. G = 1 - g, because fewer workers will work

By a similar argument, the total number of males produced by the queen is W,

mw ™

mq
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Box 6.2 Continued

Finally, the total amount of female reproduction by the colony (winged queens,
or swarms for swarm-founding species such as honey bees Apis mellifera) is also a
decreasing function of g, For simplicity, we assume that worker reproduction reduces
queen and male production equally. Hence, the total number of queens or swarms pro-
ducedis W;=G(g)=1-g;

The inclusive fitness effect of increasing the probability of becoming a laying worker
for a focal individual is given by oW,/ 9g,.v,,,1,, + (n - 1).(OW',,,,/ 98,).-V . Tsoppiers +
@ W/ agy)~vrn~rl;ror;m+(a wy/ agij)‘vj‘ Tsister

Finally, in haplodiploids, one must make adjustments for the fact that males only
carry half the genes of females, i.e. males will often have a lower reproductive value
than females (reviewed in Bourke & Franks 1995). This gives so-called ‘life-for-life
R
, where v, is the relative reproductive value of males to females, which is

relatedness coefficients’ of R, =71 ,.v,, =1.v,,
v, =(1/2)y,

1/2(2 - v) where 1 is the population-wide proportion of males that are workers’ sons

=T v,, and Rbrolher

nephew sister “m = Throther

m

(Pamilo 1991). In our case, it can be seen that ¢ = ng (1 - p)/(ng S + q), where g is the
average proportion of laying workers in an average colony in the population. Setting
the inclusive fitness effect to zero and solving for g, = &', = g;= g = g* obtains the ESS:

o —B+JB—4AC
§ 24
with A=2n(1- p)(+r,,) (6.87)

B=2(1-p)q(+n—ry,, +4nry,,) + (n=Dn( =1, )(1=p))

C=q(g(+4r,,,)—n(l-p))

The solution makes a number of predictions (Wenseleers et al. 2004a, 2004b) but here
we will focus on two main insights. Firstly, species with the strongest policing, in which
the queen or other workers efficiently remove worker eggs, should have the lowest pro-
portion of laying workers. Intuitively, this is because the benefit to a worker of laying
(ow,

! 98;) declines when fewer of her eggs are reared. Second, in the absence of egg

removal by policing, the proportion of laying workers should decrease with increased
relatedness among workers, because high sister-sister relatedness decreases the
relatedness gain of replacing nephews with sons (Bourke 1988). Empirical data from
wasps and bees have been shown to support both of these predictions (Wenseleers &
Ratnieks 2006b; Fig. 6.2).

6.3.2 Non-additive fitness interactions
and frequency-dependent selection

In many situations the fitness consequences of the
cooperative behaviour of actors and recipients do
not simply add up (Queller 1984, 1985, 1992b). For
example, consider a scenario where individuals
interact in pairs in which each social partner chooses
whether to cooperate or defect, and with cooperation
carrying a personal cost C to the actor, giving a benefit

B to the recipient, and additionally giving an extra
benefit D if the other individual also cooperates, in
addition to a baseline fitness of 1. The quantity D has
been described as the ‘synergy’ effect, and might be
positive (benefit) or negative (cost) (Queller 1984,
1985).

If the cooperation phenotype is controlled in a prob-
abilistic way, and a focal individual’s genes encode
a strategy value g such that the individual cooperates
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with probability g and defects with probability 1 - g,
then we can express fitness as

w=1-C.g+B.g'+D.g.g (6.16)

where g’ is the social partner’s breeding value for the
cooperation trait. If we make the assumption that gis a
quantitative character with vanishing variation around
the population average of g, then we can employ the
usual derivation approach to determine the costs and
benefits of cooperation in Hamilton’s rule (Box 6.1;
Taylor & Frank 1996, Frank 1998), yielding the result
that an increase in the level of cooperation will be
selected for when
ow  ow
+

A =(-C+Dg)+(B+DZ)r>0
o0g 0Og'

(6.17)

This identifies an equilibrium point at g* = (C - Br)/
(D(1 + r)) which, when it takes an intermediate value
(between 0 and 1) is unstable for D > 0 and stable for
D < 0 (Grafen 1979, Queller 1984, Wenseleers 2006).
Note that while the cooperation and defection pheno-
types have selective value that is frequency-dependent,
the minor genetic variants that alter the probabilistic
expression of these phenotypes are governed by selec-
tion that is frequency-independent.

Alternatively, the cooperation phenotype of an indi-
vidual might be fully determined by its genotype, with
some individuals carrying a cooperation allele (g = 1)
and others carrying a defection allele (g = 0; for simpli-
city, we assume haploidy). In this case, the assumptions
underlying the differentiation approach fail, and so we
use the more general version of Hamilton’s rule instead
(inequality 6.5), Bugg * Bug ¢Bgq > 0, where the costs
and benefits of cooperation are defined as the partial
regression coefficients ﬁwgg’ and ﬁngg (Gardner et al.
2007). These coefficients are defined so that fitness is
predicted as a linear function of one’s own and one’s
social partner’s breeding value:

W=W+B,, . (8§-8)+B (8'-8) (6.18)

and where mean fitness w = fj; w, + fi; Wy, + fo; Wy
+ foo Woor Jxy 18 the frequency of XY pairs in the popu-
lation, and wy,, is the fitness of an individual playing
strategy X against an individual playing strategy Y. The

proportion of fitness variance that is not explained
by the linear model is given by the average squared
residual S=3"  fo, (W, —W|,_, )" We obtain the
partial regression coefficients by the usual method of
least squares, i.e. the values of ﬁwg, ¢ and ﬁwg,g that min-
imise S and for which BS/aﬁwg'g, = aS/a/swgg =0, and
Gardner et al. (2007) show that these are equal to

Boow=—c=—C+ %D (6.19)
.Bu‘g'.g =b= B+—r+1(1_r)g D (6'20)

+r

Hence in this case cooperation spreads when —c + b.r
=-C+Br+D.(r+(1-r)g) >0, a condition that can be
verified using a standard population-genetic approach
(Grafen 1979, Queller 1984). The three parts in this
equation split up additive and non-additive effects on
fitness. Increasing one’s level of cooperation incurs
a cost -C but also results in a benefit B.r as a result of
the cooperation received from neighbours. In addition,
increasing one’s level of cooperation will incur an extra
non-additive benefit D insofar as one’s partner is also a
cooperator, which will be the case in a proportion (r +
(1-r)g) ofall interactions. This third effect is due to the
combined action of own and social-partner genes, the
former being of relative importance 1 (the association
between own genes and own phenotype) and the latter
being of relative importance r (the association between
own genes and partner’s phenotype), and so a propor-
tion 1/(1 +r) of the effect is attributed to own genes and
a proportion r/(1 + r) is attributed to partner’s genes.
Hence the direct fitness effect is —c=-C + (1/(1 +71)).(r
+(1-7r)g).D, and the indirect fitness effect is b.r = B.r +
(r/(1 +1)).(r+ (1 -r)g).D. Thus, in contrast to what has
sometimes been claimed (Queller 1984, Bulmer 1994,
Wenseleers 2006), Hamilton’s rule -¢ + b.r > 0 does hold
for situations where strategies are discrete and selection
is strong (major as opposed to minor genetic variants),
provided that the fitness effects b and c are calculated
according to their proper least-square-regression defi-
nitions (Gardner et al. 2007).

In contrast to typical models of kin selection, which
assume that selection is weak and hence frequency-
independent (Hamilton 1995, Rousset 2004, 2006,
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Ross-Gillespie etal. 2007), allowing for discrete strategies
and strong selection generates frequency-dependent
kin selection. In the above example, selection acting
upon the cooperation gene (g = 1) depends on the fre-
quency of this gene in the population (g). If the synergy
term D is positive, then selection is positively frequen-
cy-dependent: either cooperation or defection or both
cooperation and defection are evolutionarily stable,
depending on parameter values, and there is no stable
polymorphism between the two alleles. However, if
the synergy term D is negative, then selection is nega-
tively frequency-dependent, and depending on param-
eter values the population will evolve either towards
complete cooperation, complete defection, or a stable
polymorphism between the two whereby cooperation
is maintained at intermediate frequency g* = (C - (B +
D)r)/(D(1 - r)) (Grafen 1979, Queller 1984, Wenseleers
2006).

In principle, the same approach as outlined above
could be used to deal with frequency dependence in
an inclusive fitness or a levels-of-selection framework
(Breden 1990). Nevertheless, it is fair to say that more
work remains to be done on frequency dependence
in social evolution models (see Grafen 2006, 2007a
and commentaries on Lehmann & Keller 2006a). This
is perhaps surprising, given that in economics, game
theory (Chapter 4) is almost entirely concerned with
frequency-dependent interaction, even though, in con-
trast to kin-selection models, interactions are usually
assumed to occur among non-relatives (Gintis 2000b).

6.3.3 Multilocus models and non-additive
gene action

Both kin selection (equations 6.4 and 6.6) and multi-
level selection (equation 6.11) have often been for-
mulated so that the fitness predictors g refer to the
frequency of an allele in individuals at a single locus
(Hamilton 1964, Wade 1980). This has led many to con-
clude that these methods are unrealistic, for clearly a
social trait would unlikely be controlled by just a single
locus. This criticism, however, is not well founded. First,
if one considers the evolution of continuous or prob-
abilistically expressed traits (Box 6.1), where one looks
at the repeated invasion of mutants of small effect,

then although each invasion event would consider the
spread of a single allele at a single locus, the wild type
in each case could be controlled by any number of loci.
In addition, in recent years, there has been a tendency
to define g, as in quantitative genetics, as the breeding
value (additive genetic value) for a given trait, which is
alinear combination of the frequency of any number of
alleles at any number of loci that best predicts an indi-
vidual’s phenotype (Falconer 1981, Crow & Aoki 1982,
Frank 1998). Either way, it is not assumed that social
traits are under the control of a single locus.

A fully general and more explicit multilocus social
evolution theory was recently also developed by
Billiard and Lenormand (2005), Roze and Rousset
(2005, 2008) and Gardner et al. (2007), based on the
multilocus methodology of Barton and Turelli (1991)
and Kirkpatrick et al. (2002). This theory, which was
formulated from a neighbour-modulated fitness per-
spective, takes explicit account of the fact that the nat-
ural selection operating upon one genetic locus can
potentially spill over onto associated loci and indirectly
drive changes in gene frequencies. Within the multilo-
cus framework, such genetic hitchhiking is measured
by the association between genes within individuals
(i.e. linkage disequilibrium), and relatedness arises in
a similar way as the association between genes in dif-
ferent individuals (Gardner et al. 2007). These methods
are important, as they allow the coevolution between
different traits in the same or in different sets of indi-
viduals (e.g. parents and offspring) to be examined,
taking explicit account of the fact that some of the
genes involved in the traits may be linked, and taking
account of any type of non-additive gene interaction
(dominance or epistasis). When selection is weak and
the genes for the different traits are unlinked, however,
coevolutionary problems may also be analysed more
simply using the maximisation methods discussed in
Box 6.1 (see Frank 1995b).

6.3.4 Complex demographies and spatially
explicit models

A frequent complication is that social interactions do
not occur within family groups that reform in each gen-
eration, but instead occur locally among individuals
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that tend to stay near their natal patch. Hamilton
(1964, 1972) suggested that such population viscosity
could favour cooperation because limited dispersal
would result in interacting individuals tending to be
relatives. However, Wilson et al. (1992) later showed,
using an explicitly spatial cellular automaton model,
that in a simple-case scenario this argument does not
hold. The reason is that limited dispersal also results
in local competition, the consequence of which is that
patches of altruists would be unable to export their
higher productivity to the rest of the population. In the
model of Wilson et al. (1992) these two factors exactly
cancelled, so that population viscosity had negligible
influence on the evolution of cooperation. The same
year, Taylor was also able to confirm analytically, using
a kin-selection approach, that the effect of increased
competition between relatives exactly cancels out with
the effect of increased relatedness if the spatial scale of
competition is the same as the spatial scale of disper-
sal (Taylor 1992, reviewed by Queller 1992c, West et al.
2002). Since then, a number of theoretical models have
examined the extent to which more complex and pos-
sibly biologically realistic assumptions can reduce the
problem of local competition, and lead to limited dis-
persal favouring altruism (Kelly 1992, 1994, van Baalen
& Rand 1998, Mitteldorf & Wilson 2000, Taylor & Irwin
2000, Gardner & West 2006, Lehmann et al. 2006, 2008a).
For example, Gardner and West (2006) and Lehmann et
al. (2006) show that the effect of local competition can
be partly overcome if individuals disperse in groups
or buds, while van Baalen and Rand (1998) also show
how the invasion condition for a small cluster of altru-
ists in a cellular automata-type model reduces to a form
of Hamilton’s rule. Recent analyses using evolutionary
graph theory, whereby individuals interact in social net-
works (Chapter 9; Ohtsuki et al. 2006, Ohtsuki & Nowak
2006), have been shown to similarly fall under the remit
of inclusive fitness theory (Grafen 2007b, Lehmann et
al. 2007Db, Taylor et al. 2007b).

Typical for most models involving complex demog-
raphies is that relatedness is not just a fixed genetic
parameter, but instead depends on population demo-
graphic processes such as migration and birth/death
dynamics (Taylor 1992, van Baalen & Rand 1998,
Gardner & West 2006, Lehmann et al. 2006). Taylor
et al.(2007¢) present a recursive method for calculating

relatedness as a function of population demographic
parameters, and Rousset (2004) also presents general
methods for analysing inclusive fitness models under
complex population demographies.

6.3.5 Social and individual learning

In some situations, particularly in humans (Chapter
15), itis likely that social traits are not purely genetically
determined but are also affected by norms and beliefs
that are culturally transmitted through imitation and
social learning (Cavalli-Sforza & Feldman 1981, Boyd &
Richerson 1985). Dawkins, by analogy with genes, refers
to such cultural beliefs as memes (Dawkins 1976), and
they may be either discrete in nature (e.g. whether or
not one advocates a particular religion) or continu-
ously varying traits (e.g. hunting skill: Boyd & Richerson
1985, Henrich 2004). Using the above methods, the
spread of cultural beliefs can be modelled in much the
same way as the spread of genes within populations,
although there are some important qualifications.
First, biological fitness (w) is usually redefined as cul-
tural fitness, which is the extent to which an individual
can affect the proportional representation of a cultural
trait in the next generation or time step (Henrich 2004).
Second, mutation sometimes requires to be taken into
account, since cultural traits are liable to mutate and
change at a much faster rate than genes. This can be
done by retaining the transmission bias term of the
Price equation (equation 6.1; for an example see Frank
1998, p. 55).

Models of cultural evolution have been constructed
within both the group-selection and inclusive-fitness
traditions. From a group-selection perspective, it has
been noted that in cultural evolution among-group dif-
ferences tend to be much larger than in genetic mod-
els, since individuals that migrate to other groups are
frequently forced to adopt the customs and norms of
the group they join (conformist transmission: Boyd
& Richerson 1985, Henrich 2004). This can favour
cooperative behaviour via cultural group selection
(Boyd et al. 2003, reviewed in Henrich 2004), although
it is an open question as to whether cultural transmis-
sion will in general promote or hinder cooperation
relative to genetic transmission (Lehmann et al. 2008b,
2008c¢).
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From an inclusive fitness perspective, Allison (1992)
noted that the concept of genetic relatedness can
be readily extended to cultural relatedness, which is
defined as the likelihood that two interacting individ-
uals are more likely than chance to share the same
cultural belief. Allison (1992) showed that if cultural
beliefs are copied from a limited set of individuals in the
group (e.g. a tribal chief), as would be the case in con-
formist transmission, cultural relatedness can be very
high, and that this could promote cooperation (see also
Lehmann et al. 2007c). Using recurrence equations,
equilibrium levels of cultural relatedness under various
vertical, oblique and horizontal transmission schemes
were also provided. Clearly, the inclusive-fitness opti-
misation method may well be a promising approach for
gaining a better understanding of cultural evolution,
particularly if cultural change occurs relatively slowly
(i.e. if cultural variants have small effects and mutate
slowly). The notion of reproductive value would also
be readily applicable, given that human groups gener-
ally contain different classes of individuals (e.g. leaders
and followers, teachers and students) that have a differ-
ent influence in causing future cultural change. When
cultural variants have large effects, however, it may
be easier to resort to a traditional population-genetic
approach (Cavalli-Sforza & Feldman, 1981, Boyd &
Richerson 1985, Feldman et al. 1985).

While models of the social learning of culture bring
added realism to social evolution inhumans and derived
vertebrates, they tend, like genetic models, to assume
that individuals inherit simple and relatively fixed strat-
egies by cultural means. Many economists, however,
instead emphasise the impressive ability of humans to
modify their social behaviours by trial-and-error learn-
ing or reasoning (Rubinstein 1998). Such individual
learning can again be modelled using evolutionarylogic.
Nevertheless, the full impact of incorporating individual
learning into genetic and cultural models remains to be
determined (Lehmann et al. 2008c).

6.4 Conclusions and future directions

Close to 50 years after Hamilton’s seminal papers
(1963, 1964), the evolution of cooperation and altru-
ism remains one of the most active areas of study in

evolutionary biology. Indeed, it is considered to be one
of the most important unsolved questions in science
(Pennisi 2005). This is not to say we have not made great
progress already. The available methods now allow com-
plex demographies to be analysed (Taylor 1992, Rousset
2004, Lehmann et al. 2006, Gardner & West 2006), spa-
tial, age and sex structure to be explicitly incorporated
(Taylor & Frank 1996, van Baalen & Rand 1998, Lehmann
& Keller 2006a, Lehmann et al. 2007b, Grafen 2007b,
Taylor et al. 2007a, 2007b), the effects of synergy and
frequency dependence to be assessed (Queller 1984,
Wenseleers 2006, Lehmann & Keller 2006b, Gardner
et al. 2007), multilocus and non-additive genetics to
be incorporated (Billiard & Lenormand 2005, Roze &
Rousset 2005, 2008, Gardner et al. 2007), the conditions
to be determined under which disruptive selection and
evolutionary branching will occur (Taylor 1996, Doebeli
et al. 2004), and cultural evolution to be analysed in
much the same way as genetic evolution (Allison 1992,
Frank 1997b, Henrich 2004, Lehmann et al. 2007c). In
addition, results can often be obtained in equivalent
ways within the frameworks of neighbour-modulated
fitness, inclusive fitness or levels of selection.

Nevertheless, important challenges remain. For
example, many of the derivations require weak selec-
tion (e.g. in the calculation of reproductive value,
relatedness and between- and within-group genetic
variances), inclusive fitness theory requires strategic
equivalence (i.e. all actors being equivalent: Grafen
2006), and better methods to deal with frequency
dependence in inclusive fitness models remain to be
developed (Wenseleers 2006, Grafen 2006, 2007a).
Levels-of-selection approaches still suffer from seman-
tic difficulties that would be desirable to fix (Okasha
2006, Wilson & Wilson 2007), and as yet they struggle
somewhat to properly incorporate class structure (West
et al. 2008). Lastly, much work remains to be done on
cultural evolution (Cavalli-Sforza & Feldman 1981,
Boyd & Richerson 1985, Lehmann et al. 2007c). It is
clear that social evolution theory will remain a fruitful
topic for years to come.
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