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Culturally transmitted ideas or memes must have had a large e¡ect on the survival and fecundity of early
humans. Those with better techniques of obtaining food and making tools, clothing and shelters would
have had a substantial advantage. It has been proposed that memes can explain why our species has an
unusually large brain and high cognitive ability: the brain evolved because of selection for the ability to
imitate. This article presents an evolutionary model of a population in which culturally transmitted
memes can have both positive and negative e¡ects on the ¢tness of individuals. It is found that genes for
increased imitative ability are selectively favoured. The model predicts that imitative ability increases
slowly until a mimetic transition occurs where memes become able to spread like an epidemic. At this
point there is a dramatic increase in the imitative ability, the number of memes known per individual and
the mean ¢tness of the population. Selection for increased imitative ability is able to overcome substantial
selection against increased brain size in some cases.
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1. INTRODUCTION

A meme is an element of culture which can be passed on by
imitation (Dawkins 1976, 1993; Dennett 1995; Blackmore
1999; Fog1999). Memes can be trivial (e.g. catchy tunes) or
can have huge in£uence (e.g. religious faiths). Memes can
be abstract (e.g. the principle of democracy) or down to
earth (e.g. stone axes). Certain memes, such as new
methods of crop cultivation and new techniques for
making tools and weapons, would have had a signi¢cant
e¡ect on the ability of individuals in primitive societies to
survive and bring up children. Thus, the acquisition of
memes a¡ects the ¢tness of individuals. Blackmore (1999)
argued that memes provide an explanation for the
unusually large brain size and intelligence of our species.
Individuals with genes which confer a better ability to
learn by imitation are more likely to acquire memes which
increase their ¢tness and, hence, are more likely to pass on
their genes. Thus, imitative ability increases due to natural
selection. Large brain size and high cognitive abilities are
therefore seen as necessary for successful imitation.

Much e¡ort in the ¢eld of animal behaviour has gone
into determining to what extent various animal species
can imitate and into distinguishing true imitation from
simpler phenomena such as stimulus enhancement (see the
review by Byrne & Russon (1998)). Although particular
examples of imitation have been identi¢ed in species such
as the great apes, it seems clear that humans have an
ability to imitate which is more accurate and more general
than any other species. Donald (1991,1993) called ape-like
culture èpisodic’ and supposed that, around ¢ve million
years (Myr) ago, Australopithecus had an episodic culture.
The ¢rst stone tools appeared with Homo habilis around
2.5 Myr ago. Approximately 1.5 Myr ago Homo erectus
arose with a substantially larger brain and a more
advanced `mimetic’ culture. The word mimetic emphasizes
that cultural traits spread between individuals by imita-
tion. Thus, somewhere between 2.5 and 1.5 Myr ago our
ancestors passed through a mimetic transition where
imitative spread of culture got under way.

Several authors have produced mathematical treat-
ments of cultural evolution (Cavalli-Sforza & Feldman
1981; Lumsden & Wilson 1981; Boyd & Richerson 1985,
1995; Durham 1991; Laland 1992). It is generally
assumed that the human population possesses a high
imitative ability and, thus, that memes have the ability
to spread. The focus of the theories is therefore to ask
which memes will spread and consider the competition
between memes with di¡erent properties. In contrast,
the model presented here considers a situation in which
the population has a very low imitative ability and
memes tend to die out. The model shows that imitative
ability is selectively favoured in these conditions and,
thus, provides theoretical support for the `big brain’
argument of Blackmore (1999). It is shown that imitative
ability increases gradually under the action of selection
until a mimetic transition point is reached where memes
have the ability to spread like an epidemic. The model
predicts a sudden change at this transition point where
the number of memes known per individual increases by
orders of magnitude and the imitative ability of the
population also rises dramatically.

One reason why the evolution of a large brain size is
puzzling from an evolutionary point of view is that brain
tissue has a high metabolic energy requirement in
comparison to most other organs of the body. This should
provide a downward selective pressure on brain size in
the absence of other selective e¡ects. In addition, in
humans the brain size has become large enough to lead to
a signi¢cant number of problems at childbirth. These two
factors imply that there are substantial costs associated
with having a large brain (at least for present-day
humans) and, hence, that there must also be relatively
large selective bene¢ts from the brain in order to counter
these costs. The ¢rst part of this paper ignores these costs
and demonstrates that there is a selective advantage to
imitative learning in the absence of costs. In the second
part of the paper, costs are introduced and it is shown
that selection for imitative ability is able to counter costs
of a substantial size.
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2. A MODEL FOR THE EVOLUTION OF IMITATIVE

ABILITY

The model studied here considers a population of
individuals in which memes are constantly being invented
and passed between individuals by imitation. There is a
¢xed population size of N individuals and generations are
treated as non-overlapping. Each individual in the
population has a biological ¢tness w and a cultural ¢tness
v. The biological ¢tness determines the probability of
reproduction and, hence, of passing genes to the next
generation. The cultural ¢tness determines the probability
of being imitated and passing memes to the next
generation. It is a measure of status and the ability to
in£uence others. This is equivalent to the Boyd &
Richerson (1985) de¢nition of cultural ¢tness. It is
assumed that both the biological and cultural ¢tnesses of
an individual are determined by the set of memes that he
or she knows. Each meme (m) has a biological ¢tness
e¡ect wm ˆ 1 + sm and a cultural ¢tness e¡ect vm ˆ 1 + cm.
These quantities represent the e¡ects of the meme on the
¢tness of the individual. For each meme the values of sm
and cm are determined randomly from normal distribu-
tions with mean zero and standard deviations ¼s and ¼c.
Extreme cases with wm (or vm) less than zero are treated
as wm (or vm) ˆ 0. The biological and cultural ¢tnesses of
an individual are w ˆ Pmwm and v ˆ Pmvm, where the
products are over the set of memes known by the indivi-
dual. A `naive’ individual knowing no memes has
w ˆ v ˆ 1. For simplicity it is assumed that the ¢tness
e¡ects of di¡erent memes are multiplicative, i.e. a meme
always has the same relative e¡ect, independent of which
other memes are known.

The ability to learn by imitation is determined using
the simplest possible, one-locus, diploid genetic system.
Variant alleles are present at this locus, each of which
speci¢es a learning ability l. An individual has a learning
ability which is the average l-value of the two genes
possessed. O¡spring inherit one or other of the l genes at
random from each parent. Mutation occurs with
probability u per gene per generation. When a mutation
occurs the new allele has a learning value lnew ˆ lold + ¯l,
where ¯l is chosen from a normal distribution with mean
¯l and standard deviation ¼l. Alleles with negative l-
values are not permitted and are set to l ˆ 0.

Whilst genes are inherited from biological parents only,
memes are inherited from both biological parents and
cultural parents. Cultural parents are de¢ned as non-
related individuals in the parental generation from whom
the children copy memes. Each new individual created in
the population has two biological parents randomly
chosen from the previous generation with a probability
proportional to their biological ¢tness (i.e. roulette wheel
selection) and K cultural parents randomly chosen from
the previous generation with a probability proportional to
their cultural ¢tness. The K + 2 adult models for any one
child must all be di¡erent. However, an individual in the
parental generation may be chosen any number of times
as a parent or cultural parent of di¡erent children.

An individual with learning ability l has a probability
L(l) ˆ 17 exp(7l) of successfully learning a meme from
any one of its K + 2 models. This probability is obtained
by the following argument. Suppose that the individual

has n occasions of seeing the meme demonstrated by the
adult model and that there is a small probability al of
successful imitation on each occasion. The probability of
acquiring the meme is the probability of successful imita-
tion on at least one of the n occasions: L(l) ˆ 17 (17 al)n.
Assuming n441, al551and na ˆ 1gives L(l) ˆ 17 exp(7 l).
Setting na to 1 merely sets a scale to the l-values; hence, it
can be done with no loss of generality. We already have
parameters ¯l and ¼l governing the size of mutations in l;
therefore, we do not require the extra parameters n and a.
Note that L(0) ˆ 0 (i.e. an individual with no learning
ability has zero probability of acquiring a meme) and L(l)
tends to 1 when l is very large (i.e. an individual with
extremely high learning ability can always acquire any
meme).

In order to determine the set of memes known by an
individual in a new generation, each of the memes of the
¢rst parent is considered in turn and acquired with prob-
ability L(l). The memes of the second parent and the
cultural parents are then considered in turn and are
acquired with probability L(l) if they have not already
been learned. An individual cannot learn the same meme
twice. However, he or she may have more than one
attempt at learning one meme if more than one of the
adult models knows the meme. After attempting to learn
memes by imitation, an individual also has a probability
pinv of inventing a new meme. New memes have values of
s and c determined randomly and independently of
previous memes.

3. RESULTS: THE MIMETIC TRANSITION

Run 1 of the imitator model considers the case where
the cultural and biological ¢tness e¡ects of memes are
equal (c ˆ s for all memes). This situation arises if we inter-
pret biological ¢tness as determining the probability of
survival to adult reproductive age and if cultural parents
are chosen randomly from among viable adults. This is
the simplest situation because there can be no con£ict
between genes and memes. The simulation begins with a
population of moderately innovative individuals
(pinv ˆ 0.1) with very little ability to learn by imitation
(l ˆ 0.01). The values of the other parameters are given in
the notes to table 1. Figure 1 shows the evolution of the
mean learning ability ·l, the mean biological ¢tness w, and
the mean number of memes known by an individual m.
Initially, m ˆ pinv because the only memes known by an
individual are those he or she has invented personally.
Newly invented memes are equally likely to have positive
and negative ¢tness e¡ects and, hence, w ˆ 1. In the
initial part of the simulation there is a general steady
increase in ·l indicating that selection is favouring indivi-
duals with a higher learning ability. For most of the simu-
lation m is only slightly larger than pinv, i.e. most
individuals fail to imitate memes. The fate of most new
memes (even those with an advantageous e¡ect on ¢tness)
is to die out in a few generations. Whilst l is low, memes
cannot spread through the population because the
average number of o¡spring (either biological or cultural)
who inherit a meme from a single adult is less than one.

A sudden change happens after ca. 3200 generations, as
shown in ¢gure 1. At this point the mean learning ability
reaches a high enough value for memes to be able to
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spread like an epidemic. From this point onwards most
new memes will rise to a high frequency. The number of
memes known per individual suddenly shoots up and
would continue to rise inde¢nitely if the simulation were
not halted. We de¢ne the mimetic transition as the point
at which m ¢rst rises above unity. In independent simula-
tions with the same parameters the time taken to the
mimetic transition varied considerably, but the transition
always occurred. The mean time taken T is given in
table 1. The minimum value of l necessary for an
epidemic-like spread of memes is calculated in
Appendix A.

Table 1 also lists the mean transition times for various
other sets of parameters for comparison with run 1. The
range of ¢tness e¡ects of memes in run 2 is ¼s ˆ 0.4,

which is twice as much as in run 1. This speeds up the
transition as would be expected, since the selective advan-
tage to higher l-values is now larger. The transition time
also depends on the mutation rate u. Run 3 di¡ers from
run 1 in that u is reduced by a factor of ¢ve and T is
substantially increased. The transition time also depends
on the population size N. In run 1, N was 500. In runs 4
and 5, N is set to 100 and 2000, respectively. The time to
the transition decreases as the population size increases.
This is because high-l alleles are advantageous. Standard
population genetics theory shows that the rate of ¢xation
of advantageous alleles increases with N, whereas for
deleterious alleles the rate of ¢xation decreases with N.
The faster the ¢xation of high-l alleles in the population,
the sooner ·l reaches the threshold necessary for meme
spread.

Figure 2 shows the mean learning ability in three inde-
pendent runs with N ˆ 100 and N ˆ 2000. These curves
show that there is considerable variability in the time
taken to the transition when the simulation is repeated
with the same parameters. This is because there are
several stochastic elements to the model. The times at
which new learning alleles arise by mutation are random,
as are the l-values of the new alleles. The selective e¡ect of
each newly invented meme is also random. In small popu-
lations random sampling of parents at each generation
leads to substantial genetic drift in the gene frequencies.
This is seen in the curves for N ˆ 100, where ·l drifts up
and down before the transition takes e¡ect. For N ˆ 2000
genetic drift is less signi¢cant and a steady upward trend
is seen in learning ability. As ·l increases in each simula-
tion run, the number of memes in the population that are
available to be imitated also increases. If an individual
has a slightly higher l than average, the number of extra
memes that the individual learns compared to average
will be proportional to the number of memes in the
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Table 1. The transition times for runs 1^8

(The simulations begin with all learning alleles having an
identical value of l ˆ 0:01 and consider populations with
pinv ˆ 0:1 and K ˆ 2. In run 1, N ˆ 500, u ˆ 0:001, ¯l ˆ 0,
¼l ˆ 0:05 and ¼s ˆ 0:2. In subsequent runs most parameters
are as in run 1 and parameters which di¡er from run 1 are
given in the notes column. The transition times are given as
means plus or minus the standard error in the mean
(estimated from 100 independent runs for each set of
parameters).)

run transitiontime T notes

1 5270 § 320 standard parameter set
2 1850 § 100 ¼s increased to 0.4
3 19 600 § 1000 u decreased to 0.0002
4 8590 § 490 N ˆ 100
5 3050 § 100 N ˆ 2000
6 7770 § 460 c and s independent,

¼s ˆ 0.2 and ¼c ˆ 0.2
7 21 300 § 1500 c ˆ s and ¼s ˆ 0.2
8 17 000 § 1000 ¯l ˆ ¡0:25
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Figure 1. The results of a typical simulation of the imitator
model with the parameters as in run 1.
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Figure 2. The mean learning ability as a function of time for
three typical simulations with N ˆ 100 (top) and N ˆ 2000
(bottom). These correspond to runs 4 and 5 in table 1.



population. This means that the strength of selection for
increasing l also increases as the mean l increases. At the
end of the runs, the number of memes is large and this
leads to a strong directional selection on l which domi-
nates genetic drift, even for N ˆ 100.

It is worth considering in more detail exactly how
selection operates to increase l. If an individual with
higher than average l happens to acquire a positive meme
(with s 4 0), that individual will have more o¡spring
than average. Hence, high-l genes will increase in
frequency. The o¡spring of this individual also have a
higher than average chance of acquiring the positive
meme from their parent and, hence, of having a higher
than average ¢tness in the next generation. Of course,
high-l individuals are also more likely to acquire negative
memes (with s 5 0) as well as positive memes. High-l
individuals have a wide spread of ¢tnesses, whilst low-l
individuals all have ¢tnesses close to one. What matters is
that the highest ¢tness individuals will be among those
which have the highest l; hence, there is selection to
increase l.

This argument assumes that there is a range of memes
of both positive and negative ¢tness e¡ects and that indi-
viduals imitate memes with equal probability, regardless
of their e¡ects. In reality, individuals must have some
ability for discriminating between positive and negative
memes and are more likely to imitate memes which they
perceive to be bene¢cial. Simulations were also carried
out in which individuals were allowed to discriminate
positive from negative memes and had a lower probability
of imitating negative memes than positive ones. The result
was as expected (therefore details will not be given): the
greater the discriminatory ability, the less likely it is that
high-l genes become associated with memes of negative s,
hence the greater the selective advantage to imitation and
the shorter the time to the mimetic transition. The occur-

rence of the mimetic transition in the simple simulations
with no discrimination is therefore quite a strong result.
Even if memes are equally likely to have a positive or
negative e¡ect, and even if individuals imitate blindly,
there is still a selective advantage to imitation.

The criterion for meme spread given in Appendix A
shows that memes of positive e¡ect spread more easily
that memes of negative e¡ect (even with blind imitation).
Hence, the majority of memes in the population after the
transition will be positive ones. Therefore, the mean
¢tness w increases exponentially with the number of
memes known (note the logarithmic scale in ¢gure 1). It
should be remembered that these ¢tnesses are measured
relative to a naive individual with no memes. Individuals
after the transition are at a tremendous advantage rela-
tive to those before. However, the competition between
individuals is much stronger after the transition. It is
assumed that the population size is controlled by limited
resources. The number of o¡spring of an individual is
thus proportional to his or her ¢tness relative to the mean
of the current generation and not relative to the naive
individuals of previous generations. The new high-¢tness
memes are necessary for surviving after the transition,
whereas before the transition it was not necessary to have
memes because no-one else had them either.

4. FACTORS ACTING AGAINST THE MIMETIC

TRANSITION

So far the biological and cultural ¢tness e¡ects of the
memes have been set equal. However, there is no reason
why this should necessarily be the case. A meme with a
positive e¡ect c on the cultural ¢tness is (by de¢nition)
one which makes the individual more likely to be
imitated. This could be by conferring status, power or
communicative ability on the individual or simply by
making him or her more fashionable. These characteris-
tics are not necessarily correlated with the biological
¢tness. Since the transmission of memes is not necessarily
reliant on the successful transmission of the genes of their
host, there is a potential coevolutionary con£ict between
the memes and the genes. Dawkins (1993) called memes
`viruses of the mind’ for this reason. Appendix A shows
that memes with a positive cultural ¢tness e¡ect could
spread relatively easily, even if they had a negative biolo-
gical ¢tness e¡ect.

Simulations were therefore performed in which both c
and s were determined randomly and independently of
each other (run 6 in table 1). The principal result was that
the mimetic transition still occurred, but it took signi¢-
cantly longer than for run 1 since the cultural and
biological ¢tnesses were now sometimes in con£ict with
each other. In order to maximize this con£ict the simula-
tions in run 7 were performed, in which s was determined
as usual and c was set equal to 7s, i.e. all memes with a
positive biological ¢tness e¡ect had a negative cultural
¢tness e¡ect. The mean transition time in run 7 was
substantially longer than the other cases, but once again
the transition still occurred.

Figure 3 shows typical simulations with independent c
and s and with c ˆ 7 s. The curves for learning ability
and the number of memes per individual appear as in the
previous cases. The top graph shows both the mean
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Figure 3. The results of one typical simulation with c and s
independent (transition occurring close to time 4600) and one
typical simulation with c ˆ 7 s (transition occurring close to
time 9600). The standard parameter set is used except that
N ˆ 2000.



biological and cultural ¢tnesses. When c and s are inde-
pendent both w and ·v shoot up at the transition. These
quantities remain almost equal to one another and, there-
fore, only one curve can be distinguished on the graph.
This means that the memes which spread e¡ectively after
the transition are those which have both s and c positive.
In contrast, for the example with c ˆ 7 s, w increases at
the transition but v decreases. This shows that the biolo-
gical ¢tness e¡ect of the memes is driving the mimetic
transition despite the counteraction of the cultural ¢tness
e¡ect. Memes with positive s are transmitted vertically to
biological o¡spring even though the oblique transmission
of these memes occurs at a reduced rate. The result is to
reduce but not eliminate the selective advantage to
increased imitative ability. This is reminiscent of the
`leash principle’ (Lumsden & Wilson 1981; Dennett 1995;
Blackmore 1999) which argues that cultural evolution is
kept on the leash by biological evolution. A more apt
metaphor for the situation here is that the memes are
dragging the genes along by the leash. The memes cannot
proceed if the genes do not follow because it is the high-l
genes which allow the memes to spread. However, it is
selection on the memes which drives the genetic evolution
towards a high learning ability.

Another factor acting to prevent the mimetic tran-
sition is mutational bias. In runs 1^7, the mutations
were such that l was as likely to increase as to decrease.
We might expect that there are more ways that learning
ability could be decreased by mutations than ways in
which it could be increased. Thus, there should be
biased mutation towards a low l. In run 6 the mean
change in l per mutation was set to ¯l ˆ 7 0.025. With
this value, only ca. 30% of mutations increase l, so if
there were no selection for an increased learning ability
the mean l of the population would remain very close
to zero (i.e. use it or lose it). The mimetic transition
still occurred in run 8, although with a substantially
longer waiting time than run 1. This demonstrates that
there is a positive selection towards increased l which is
su¤cient to overcome substantial downward mutational
bias.

The main factor acting against the mimetic transition
has been left until last. This is the selective cost against
increased brain size because of increased energy expendi-
ture and possibly because a large head size causes
increased risk at childbirth. To model this e¡ect it is
supposed that the relative cost of the brain for an indivi-
dual with learning ability l is 1 + f (l), where the level of
energy expenditure for an individual with no learning
ability is 1 and the additional cost due to increased brain
size is f(l). The biological ¢tnesses of individuals are
assumed to vary inversely with this cost, i.e. we set

w ˆ F(l)
Y

m

wm, (1)

where F(l) ˆ 1/(1 ‡ f (l)).

Initially, suppose the additional cost is linear in l, i.e.
f(l) ˆ l/l0, where l0 is a parameter determining the
magnitude of the cost. The results are shown in table 2.
An in¢nite l0 corresponds to no cost. As l0 is reduced the
costs are increased and the time to the transition is
increased. For l0 below around 15 no transition occurred.
Thus, small linear costs can be overcome by the selective
advantage of the memes, whereas larger costs prevent the
transition from occurring.

It may be more reasonable to suppose that the costs are
nonlinear with l because the brain size may not be not
directly proportional to l and because the costs may not be
directly proportional to the brain size. In particular, we
might expect that the costs are very small for a small l and
then increase rapidly if l becomes too large. For example,
di¤culties at childbirth would only become apparent if the
head were larger than a threshold size. It could also be
argued that brains are required for many things other
than imitation and that a low imitative ability could be
obtained with an existing brain at no additional metabolic
cost. The additional costs of imitation would only set in
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Table 2. The e¡ects of the costs of a large brain size on the
mean time to the mimetic transition

(The simulations have the same parameter values as in run 1,
with the addition of a cost function with the parameters given
above. One hundred replicate runs were performed with each
cost function. The simulations were halted after 100 000
generations if no transition occurred. Where a mean and
standard error are quoted this implies that a transition
occurred in every one of the 100 replicates. In the case of
linear costs with l0 ˆ 15, a transition occurred before 100 000
generations in 76 out of 100 replicates. In the cases denoted as
`no transition’ there was no transition in any of the 100
replicates.)

linear cost exponential cost

l0 transition time T l0 ­ transitiontime T

1 5270 § 320 0.50 100 5140 § 320
500 5630 § 390 0.30 100 5150 § 330
200 6350 § 420 0.26 100 6810 § 340
50 7820 § 560 0.24 100 10 310 § 540
30 13 670 § 970 0.22 100 no transition
15 ca. 100 000 0.30 50 6950 § 370
10 no transition 0.30 40 19 260 § 1000

0.30 30 no transition
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Figure 4. The ¢tness functions F(l) for various types of cost
functions. Curve (a), linear costs with l0 ˆ 50. Curve (b),
linear costs with l0 ˆ 15. Curve (c), exponential costs with
l0 ˆ 0.3 and ­ ˆ 100. Curve (d), exponential costs with l0 ˆ 0.3
and ­ ˆ 40.



once the brain size became signi¢cantly larger than that
which was required for other purposes. Simulations were
therefore performed with an exponential cost function
f(l) ˆ exp(­ (l7 l0)). For both exponential and linear
functions f(l) ˆ 1 when l ˆ l0. The e¡ect of these costs on
the ¢tness are determined by the function F(l) which
multiplies w and v. Examples of this function are shown in
¢gure 4.

The results in table 2 show that, when ­ ˆ 100 and
l0 4 0.3, there is no signi¢cant di¡erence in the mean tran-
sition time from the case with no cost. A decreasing l0
corresponds to shifting curve (c) in ¢gure 4 to the left. This
causes a signi¢cant increase in the transition time and
eventually prevents the transition altogether. Similarly, if
l0 remains at 0.3 but ­ is decreased, the costs begin to take
e¡ect at smaller l (as in curve (d) in ¢gure 4). This again
causes the mean transition time to increase and eventually
prevents the transition.

The results with the nonlinear cost function are much
more encouraging than those with the linear cost
function. Curve (b) in ¢gure 4 is the maximum strength
of the linear costs for which the transition was observed
(l0 ˆ 15), i.e. even rather small linear costs are su¤cient to
prevent the transition. On the other hand, when the costs
are nonlinear, selection in favour of imitation can over-
come substantial costs. The results of two runs of the
simulation with ­ ˆ 100 and l0 ˆ 0.3 are shown in
¢gure 5. The initial parts of the runs are as before, but
growth in the learning ability is stopped at a point after
the transition where the costs become su¤cient to prevent
further increase. This results in a corresponding halt to
the increase in the number of memes known. The value of
l reached in this example is ca. 0.3, which means that F(l)
is ca. 0.5. Thus, there is a twofold disadvantage to the
large brain in this example and selection in favour of
imitation is su¤cient to counter this. Simulations with a
power law cost function f(l) ˆ (l/l0)k for exponents k

greater than unity were also carried out and produced
results similar to those with the exponential cost function.

The strength of the selection against increasing l is
proportional to the slope of the cost function dF/dl. This
slope is approximately constant for linear costs, i.e. the
costs take full e¡ect even when l is small. When l is low
and memes are rare the selective advantage to increased l
is small and, hence, selection for imitation can only beat
the costs if the slope is small. For linear costs, if the costs
beat selection for imitation initially then l is driven down
to an optimum of zero. If imitation beats the costs initi-
ally, then it will gain an even greater advantage later in
the simulation. Linear costs are therefore not su¤cient
for preventing the rapid rise of l once the transition has
occurred. However, for nonlinear costs, if the slope is
initially small then imitation will win initially and the
transition will occur. A rapid rise in the costs after the
transition can then check the growth in brain size, as
happens in ¢gure 5. This situation may well apply to the
human species, where the costs of the large brain have
become signi¢cant, but clearly the advantages are
su¤cient for outweighing these costs. The sensitivity of
the transition to the shape of the cost function may also
go some way to explaining why the mimetic transition
has not happened in other species.

5. CONCLUSIONS

This model gives theoretical support to the big brain
argument given qualitatively by Blackmore (1999,
pp.74^81). It shows that imitation is selectively favoured
under a range of circumstances and that selection for
imitation can overcome downward mutational biases and
the costs of a large brain size provided that these costs are
not too large when the imitative ability is very low. The
model makes the novel prediction that a mimetic trans-
ition will occur in which a sudden rise in imitative ability
and the number of memes takes place. It seems likely that
such a phenomenon took place during the evolution of
our own species, although we recognize that there are
alternative theories for the origin of culture which we
cannot attempt to review here (see, for example, Gabora
1998).

The model assumes that memes can have both positive
and negative e¡ects on ¢tness and that individuals imitate
memes blindly with no account being taken of their selec-
tive e¡ect. This has been done so that the theory is
conservative: even when memes are learned blindly there
is still a selective advantage to imitation. In reality, indi-
viduals should have some ability to discriminate good
from bad memes and to learn the good ones preferentially.
This just makes the transition happen more easily and,
therefore, does not a¡ect the main conclusions of this
paper. An increased ability to discriminate memes is
presumably a selective advantage and, therefore, discri-
minative ability is likely to increase alongside imitative
ability. In addition, the ability to create new memes will
also be a selective advantage and this aspect of cognitive
ability is also likely to increase during evolution. If pinv
were allowed to increase during a simulation, this would
also make the transition happen more easily. However, if
pinv were allowed to evolve whilst l were ¢xed at a low
value, there would be no transition. Creative individuals
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Figure 5. The results of two typical simulations with
exponential costs (l0 ˆ 0.3 and ­ ˆ 100). These costs do not
prevent the transition, but they prevent the growth of l
beyond a certain point.



would evolve which were adept at individual problem
solving, but they would have no ability to pass on their
discoveries or to bene¢t from the discoveries of others.
Following this argument, creative ability and discrimina-
tory ability are therefore both secondary to imitative
ability.

This model treats all memes as di¡erent from one
another, i.e. it does not consider that some memes are
alternative versions of the same thing. After the mimetic
transition there will clearly be many alternative competing
memes for any aspect of human culture. Theories of
cultural evolution after the transition therefore need to
account for competition between alternative memes and
for the evolution of memes that arise by the modi¢cation
of old ones. Some of these e¡ects are considered in other
theories and simulations (Cavalli-Sforza & Feldman 1981;
Lumsden & Wilson 1981; Boyd & Richerson 1985; Gabora
1995). However, these aspects are not important before
culture gets under way. When the average number of
memes known is less than unity, any individual is unlikely
to know two memes for the same thing.When most memes
die out after a few generations there is no time for them to
be modi¢ed to alternatives. Thus, without unnecessary
complexities, this model clearly shows that imitative
ability is at an advantage when that ability is low and that
this creates the situation in which meme spread and
cultural evolution can get under way. More complex
models will be needed to consider meme evolution after
the transition.

APPENDIX A

If the variation in learning ability between individuals
is small, then the condition for meme spread can be
calculated as a function of the average learning ability of
the population. Consider a meme with biological and
cultural e¡ects s and c. Let the fraction of individuals who
know this meme at time t be x(t) before selection. The
frequency of the meme in the biological parents after
selection is

xB(t) ˆ x(t)
(1 ‡ s)

w
ˆ

x(t)(1 ‡ s)
1 ‡ sx(t)

. (A1)

The frequency of the meme in the cultural parents after
cultural selection is

xC(t) ˆ x(t)
(1 ‡ c)

·v
ˆ

x(t)(1 ‡ c)
1 ‡ cx(t)

. (A2)

Similar equations to these were used by Cavalli-Sforza &
Feldman (1981). The probability that an individual learns
the meme from any one of its biological (or cultural)
parents is xB(t)L(l) (or xC(t)L(l)). This is just the probability
that the parent knows the meme multiplied by the learning
probability. The frequency x(t + 1) of the meme at the next

generation before selection is given by the probability that
an individual learns the meme from at least one parent:

x(t ‡ 1)ˆ 1¡ 1¡
x(t)(1‡ s)L(l)

1 ‡ sx(t)

2

1¡
x(t)(1‡ c)L(l)

1 ‡ cx(t)

K

.(A3)

A meme will increase in frequency when rare if
x(t + 1) 4 x(t) when x(t)551. This gives the criterion

(2(1 ‡ s) ‡ K(1 ‡ c))L(l)4 1. (A4)

When condition (A4) is true the meme reaches a non-
zero stationary frequency which is the solution to
equation (A3) with x(t + 1) ˆ x(t). When condition (A4) is
not true the only solution to equation (A3) is x ˆ 0, i.e.
the meme dies out. Condition (A4) shows that memes
spread more easily when K is higher, that memes with
positive s and c spread more easily than those with nega-
tive ¢tness e¡ects and that memes with negative e¡ects
can still spread if L(l) is large enough. In run 1, a neutral
meme with s ˆ c ˆ 0 can spread if l 4 0.288. A positive
meme with s ˆ c ˆ 0.4 (two standard deviations above the
mean) can spread if l 4 0.197. This seems consistent with
the simulation in the ¢gure, in which ·l ˆ 0.22 when m
reaches 1.
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