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ABSTRACT A stochastic model of gene—culture coevolu-
tion, suggested by the ‘‘culture historical hypothesis’® of
Simoons and McCracken, is presented. According to this
hypothesis, adult lactose absorption, believed to be an auto-
somal dominant trait, attained a high frequency in some human
populations due to the positive selection pressure induced by
culturally determined milk use in those populations. Two-
dimensional Kolmogorov backward equations with appropri-
ate boundary conditions are derived for the ultimate fixation
probability of milk users, of the gene for adult lactose absorp-
tion, and of both jointly, and for the average time until fixation
of the gene. These boundary value problems are solved
numerically by the Gauss-Seidel method. I define a theoretical
measure of the correlation between gene and culture in terms
of the three ultimate fixation probabilities. Monte Carlo
simulations are conducted to check and extend the numerical
results and also to obtain the first arrival time at gene frequency
0.70, which is approximately the highest observed frequency in
any population. Two results that pertain to the culture histor-
ical hypothesis are obtained. First, the incomplete correlation
observed between adult lactose absorption and milk use does
not necessarily constitute evidence against the hypothesis.
Second, for the postulated genetic change to have occurred
within the 6000-year period since the advent of dairying, either
the effective population size was of the order of 100, or, if it was
of larger order, the selection coefficient probably had to exceed
5%.

It has been proposed that the high frequency of adult humans
able to digest and absorb the sugar lactose (adult lactose
absorption, ALA) in some populations is the evolutionary
consequence of a positive selection pressure induced by
culturally determined milk use in those populations. Assum-
ing a genetic basis for ALA, the ‘“‘culture historical hypoth-
esis,”’ independently proposed by Simoons and McCracken
(1-3), stands mainly on the observed correlation between the
degree to which adults in a population have traditionally
consumed and been dependent on milk and the frequency of
lactose absorbers in that population. It has also been pointed
out, on the basis of deterministic calculations with a purely
genetic model in which all lactose absorbers are tacitly
assumed to be milk users, that there has been sufficient time
for the genetic trait to have evolved since the advent of
dairying some 6000 years ago (4, 5).

Unfortunately, a precise coevolutionary perspective is
lacking in the arguments of Simoons and McCracken, thus
eliciting some pertinent criticisms (6). By a coevolutionary
perspective, I mean an interactive view of genetic and
cultural variation, such that the evolutionary increase of a
genetic variant and an associated cultural variant are mutu-
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ally dependent. In this paper, I present and analyze a
gene—culture coevolution model of ALA and milk use. This
problem in ‘‘cultural genetics’’ (3) is very suitable for the
interplay between theory and observation for the following
reasons. First, present evidence strongly suggests an auto-
somal dominant mode of inheritance for ALA (7, 8). This
justifies a simple monogenic model, and the predictions from
such a model are realistic. Second, archaeological and
zoological data exist delimiting the time available for genetic
change (see ref. 9 for review). Third, there exist extensive
data on the codistribution of the genetic trait and the cultural
characteristic, as mentioned above.

The model is stochastic, including the effects of random
sampling drift, to allow for the possibly small size of local
human populations of prehistoric times. I address three
questions pertaining to the culture historical hypothesis,
although definite answers are, unfortunately, not forthcom-
ing. The first question concerns the correlation expected
between ALA and milk use. It is shown that the incomplete-
ness of the observed correlation, sometimes adduced as
evidence against the hypothesis (10), is actually to be ex-
pected on a stochastic model. The second question concerns
the average time until fixation of the gene for ALA. When
selection is induced by culture, the rate of gene frequency
change may be slower than for a purely genetic trait (11, 12),
and quantitative estimates of the retardation effect will be
obtained. The third question concerns first arrival time. It
should be noted that for populations from which large
samples have been obtained, the estimated frequency of the
gene for ALA lies mostly between 0.05 and 0.70 (2). The
reason why the gene has not disappeared from some popu-
lations or approached fixation in others is not clear. The
average time required for the gene initially at frequency 0.05
to reach frequency 0.70 for the first time (first arrival time) is
compared with the 6000-year estimate of the time available
(9) to test the consistency of the hypothesis.

THE MODEL

Assume two physical phenotypes, adult lactose absorption
and malabsorption, determined by a single autosomal locus
with two alleles A and a. A is completely dominant over a;
genotypes AA and Aa are lactose absorbers, and genotype aa
is a malabsorber. Next, assume two cultural phenotypes,
adult milk use and nonuse, corresponding to alternative
‘“‘culturgens’’ of Lumsden and Wilson (12). Thus, four
physical-cultural phenotypes exist. I assume that milk use
confers a selective advantage only if the individual is a lactose
absorber. Relative to a fitness of 1 for this phenotype, the
other three phenotypes are assigned a selective value of
1 — s (Table 1).

payment. This article must therefore be hereby marked ‘‘adverti.
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

2929

Abbreviation: ALA, adult lactose absorption.



2930 Evolution: Aoki

Table 1. Fitness scheme for the four phenotypes

Cultural phenotype
Physical Milk Milk
phenotype user nonuser
Lactose absorber 1 1-s
Lactose malabsorber 1-+ 1-5

The model life cycle, depicted in Fig. 1, has discrete
generations with partial overlap to permit cultural transmis-
sion. The variables y, y’, and Y stand for the (relative)
frequency of milk users; p, p’, and P for the frequency of the
gene for ALA. An individual of the offspring generation
adopts either of the two cultural phenotypes by observational
learning from the adults of the parent generation (‘‘oblique
transmission,’’ ref. 13). A lactose absorber becomes a milk
user with probability Ay), in which y is the frequency of milk
users among the adults of the parent generation, and a
nonuser with probability 1 — f{y). The corresponding prob-
abilities for a malabsorber are g(y) and 1 — g(y). Since
malabsorbers may develop disagreeable symptoms upon
drinking milk, it is reasonable to assume Ay) = g(y).
Although there are four phenotypes (and six pheno-geno-
types, see Table 2), the assumption of oblique transmission
permits us to describe the dynamics in terms of the two
variables y and p (14).

Cultural transmission is followed by natural selection
according to the scheme described previously. The deter-
ministic equations for the change in y and p after random
mating, cultural transmission, and natural selection are

Wy =1 - df(y + A - 5)ge(y) (1a]

Wp' = p{f(» + A - 91 - fMIL [1b]
where ¢ = 1 — p, and W is the mean fitness defined by
W=1-3s1-01-AfO). (2]

Putting Ay = y' — y, Ap = p' — p, a(y) = f(3) — y, b(y) =
g(y) — y, Egs. 1a and 1b become

WAy = 1 - gYa(y) + (1 — 5)g*b(y)

+ 5 = g)yll —y — a)] [3a]
W-Ap = spg’ly + a(y)]. [3b]
parent
generation offspring generation
’ random Y
random cultural natural sampling of
mating transmission selection individuals
p f (y) ’g ( y) S p’ N P
(expectod) <random )
values variables
@ @

F1G. 1. Stage 1: Adults of parent generation of which there are N
individuals. Frequency of milk users is y, that of the gene for ALA
is p. The adults mate at random to produce an infinite number of
offspring, who are enculturated by the adults with oblique transmis-
sion functions f(y) and g(y) and then subjected to viability selection
with selection coefficient s. Stage 2: After these deterministic
processes, the expected value of the frequency of milk users is y’ and
that of the gene for ALA is p’. Stage 3: N individuals are randomly
sampled from among the survivors to produce the adults of the new
generation. Y and P are random variables representing the frequen-
cies of milk users and the gene for ALA, respectively.
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Table 2. Multinomial probabilities for the stochastic model:
Expected frequencies of the six pheno—-genotypes

Cultural phenotype
Genotype Milk user Milk nonuser
Lactose absorber _
AA P)/W_ Pl —- fIA - s)/W_
Aa 2pqf(y)/W 2pqll - fMIA - s)/W
Lactose malabsorber _
aa ey — /W 11 — gIA - 5)/W

The crucial assumption to be elaborated below is that a(y)
and b(y) are both small in absolute value. In particular, the
assumption on a(y) implies that not all lactose absorbers are
necessarily milk users. I also assume that the selection
coefficient, s, is small. Thus the frequency of milk users and
the gene change gradually over the generations. These
assumptions are technically necessary to justify the diffusion
approximation made below. Moreover, they are what make
the model truly coevolutionary. Since a(y) is assumed small,
Eqgs. 2 and 3b show that the rate of gene frequency change can
be very slow when y is small.

After the deterministic processes just described, random
sampling of N individuals occurs from among the survivors
at stage 2. The sampling follows a multinomial distribution
with probabilities given in Table 2. A Markov chain can be
constructed on the two-dimensional state space of points (y,
p). However, this approach is in general tedious, and we
proceed immediately to a stochastic treatment in terms of the
two-dimensional Kolmogorov backward equation.

By standard techniques (ref. 15, p. 429; ref. 16, p. 171; ref.
17, p. 25; refs. 18 and 19) it can be shown that the appropriate
differential operator L is

2 2
L=1v,Zlv, L imylim,l, @
2 Tt 2 T op? ay op
where

Vs = y(1 — y)/N, Vs, = p(1 — p)/2N,

Ms, = a(y)1 = ¢) + b(y)g* +s(1 — ¢yl — y),
Ms, = spqy, (5]

with g =1 — p. M, and V, are the first and second moments
of Y — y, and M, and Vi, are the first and second moments
of P — p. Three properties of this operator are worth noticing.
First, the denominator of V,, is N rather than 2N since
individuals rather than genes are sampled. Second, the
covariance term (ref. 16, p. 171) is missing. Third, whereas
M3, contains s, Ms, does not involve a(y) and b(y).

Two-dimensional diffusion occurs on the square domain of
points (y, p) sichthat 0 = y = 1and 0 = p = 1. I have
neglected mutation since the time scale of interest is several
hundred generations. The two boundaries p = 0 and 1 are
therefore absorbing. In what follows, I assume that the form
of a(y) and b(y) are such that the remaining two boundaries
y = 0 and 1 are also absorbing. Thus, all sample paths
eventually terminate in one of the four corners. I assume the
same frequency-dependent cultural transmission function for
lactose absorbers and malabsorbers:

a(y) = b(y) = cy(1 — y)2y — 1), [6]

with ¢ nonnegative and small. This is an example of a ‘‘trend
watching’’ function (12). When ¢ > 0, Eq. 6 implies resistance
to a ‘“‘culturgen’’ when rare, with accelerated acceptance
after it achieves a majority. The function does not include the
effect of innovation, which is mathematically analogous to
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mutation. Neither does it include the effect of cultural
diffusion from neighboring populations, which most prob-
ably occurred as milk use spread from its primary origin.

ANALYSIS

Correlation. I define a correlation between ALA and milk
use in terms of three ultimate fixation probabilities. Let u.(y,
p) and u,(y, p) be the ultimate fixation probabilities of milk
users and of the gene for ALA, respectively, and let u;(y, p)
be their joint fixation probability. The arguments y and p
stand for the initial frequency of milk users and of the gene,
respectively. Then the correlation can be defined as

r = [uy — upuq)/lun1 = upus — ug)l? [n

where the arguments have been suppressed. This is the

correlation between two two-valued random variables as-

signed the values 0 or 1 corresponding to loss or fixation.
The partial differential equation satisfied by u,. is

Liu1 =0 [8]

where L is defined by Egs. 4, 5, and 6. The same equation is
also satisfied by ., and u;;. However, the boundary condi-
tions differ. Let G(y, s) = exp{—2[Ncy* + N(s — ¢)y]} and
H(p, s) = exp{—2Nsp(2 — p)}. Then the appropriate boundary
conditions on . are

10, p) = 0,111, p) = 1 [9a]

1

Yy
u(y, 0) = J GO» Oy / I GO, 0)dy

and

y 1
u(y, 1) = JOG(Y, s)dy/ J GO, 9)dy. [9b]
The boundary conditions on ., are

u1(0, p) = p, u,(1, p)

P 1
= JOH(p, s)dp/ JOH(p. s)dp [10a]
u‘l(y’ 0) = 09 “-l(}’, 1) = 1. [lob]

Finally, the boundary conditions on u;; are
u11(0, p) = 0, un(l, p)

p l
= JOH(p, s)dp/ JOH(p. s)dp [11a]

un(y, 0) = 0, upi(y, 1)
1

y
= JOG(y, s)dy/ JOG()’, s)dy. [11b]

The integrals in the boundary conditions were evaluated
numerically by Simpson’s rule.

For each ultimate fixation probability, Eq. 8 subject to the
appropriate boundary conditions was solved numerically by
the Gauss-Seidel method (18-20). (To apply the Gauss—
Seidel method, the domain0 =y = 1,0 = p = 1 is covered
by an m X m square lattice where each mesh has side length
h =1/m. Letting y = hi and p = hj, where i and j are integers
between 0 and m, the differential equation and boundary
conditions are converted into a set of finite difference
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equations. In the computations, m was usually taken to be
20.)

Average Time Until Fixation. Let 7,(y, p) be the average
time until fixation of the gene for ALA, excluding the cases
of loss, when its initial frequency is p and when the initial
frequency of milk users is y. Then, t;,(y, p) = Ti(y, p)/u1(y,
p), where Ty(y, p) satisfies

LT}]1+ui=0 [12]

(ref. 16, p. 174) with L as in Eq. 8.

It is more convenient to solve for z(y, p) = Ti(y, p)/N,
where the unit of time has been changed to N generations; z
satisfies
Ya -z pd-p) &z

2 ay? 4 9p?

+ ¥ = YINe@y - 1) + Ns(l - q’)]z—;

+ Nspgty 2+ ug =0. (3]
op
The appropriate boundary conditions on z are

2(0, p) = —4(1 — p)log.(1 — p)

and
1

z(1, p) = u(p) J wx)u(x)[1 — u(x)ldx + [1 — u(p)]
p

p
J 0w(x)[u(x)]’dx [14a]
2(y,0=0,2z2(y,1) =0 [14b]

where u(x) = u.,(1, x) and w(x) = 4 [§H(p, s)dp/[x(1 — x)H(x,
s)]. The integrals in Eq. 14a were evaluated numerically by
Simpson’s rule. v

In applying the Gauss—Seidel method to this boundary
value problem, a striking discretization error occurs. It was
found that the error could be made negligible by assuming the
following ad hoc boundary condition at p = 1 (i.e., j = m).
Letting z;; = z(hi, hj), put z;, = 4Q2Qlog,2 — 1)/mfor0 =i =
m rather than the more natural z;,, = 0. In fact, this ad hoc
condition is a necessary condition for the analytical solution
of the neutral case Ns = Nc¢ = 0 to satisfy the corresponding
finite difference equations at the interior points (i, m — 1) of
the lattice. The validity of this correction factor was checked
for some sets of parameter values by solving with m = 100
subject to the more natural boundary condition.

There are effectively two parameters Ns and Nc¢ in the
specific model defined by Eq. 6. The population size N does
not occur independently. In applying the results from the
idealized model to reality, it should be remembered that N is
an effective population size, which is not equivalent to the
census size. Although an effective size has not been rigor-
ously defined in a gene—culture coevolution model, for our
purposes it seems safe to say that it is about one-third the
census size.

RESULTS

The main results are presented in Figs. 2 and 3. In both figures
the initial frequency of the gene for ALA is 0.05. Partial
justification for this choice is the aforementioned observation
that the estimated allele frequencies lie between 0.05 and
0.70. The initial frequency of milk users was also taken to be
0.05. When milk use is first introduced into a population by
either innovation or cultural diffusion, the frequency of users
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Fi1c. 2. Ultimate fixation probability of the gene for ALA, u,
(continuous lines), and the correlation between gene and culture, r
(broken lines). Initial frequencies of the gene and of milk users are
both 0.05. Functional dependence on Nis is illustrated for the two
cases Nc = 0 and Nc = 10. N, effective population size; s, selection
coefficient; c, cultural transmission coefficient. For comparison, the
ultimate fixation probability of a completely dominant gene with
constant selective advantage is also given (top continuous line
labeled n.c. = no culture). Results of Monte Carlo simulations are
plotted as squares (n.c.), circles (Nc = 0), and triangles (Nc = 10).
Ultimate fixation probability is given by open symbols and correla-
tion by closed symbols.

is expected to be low. The particular choice was dictated by
computer limitations and human patience.

In Fig. 2, the ultimate fixation probability of the gene
u.1(0.05, 0.05) is plotted as a function of Ns by continuous
lines for the two cases Nc = 0 and Nc¢ = 10. The correlation
r(0.05, 0.05) is plotted by broken lines for the same two cases.
The accuracy of the numerical methods employed did not
permit a solution beyond Ns = 16. In Fig. 3, the average time
until fixation of the gene, in units of N generations, is plotted
by continuous lines. Monte Carlo simulations were conduct-
ed as a check on numerically obtained values as well as to
extend the solution to greater values of Ns. I used a
population size of 100 in the simulations with a minimum of
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FiG. 3. Average time until fixation of the gene for ALA in units
of N. Initial frequencies of the gene and of milk users are both 0.05.
Relationship between the average time, t,/N, and Ns is illustrated for
the two cases, Nc = 0 and Nc = 10, and also for the case of a
completely dominant gene with constant selective advantage, labeled
n.c. N, effective population size; s, selection coefficient; c, cultural
transmission coefficient. Results of Monte Carlo simulations are
plotted as squares (n.c.), circles (Nc = 0), and triangles (N¢ = 10).
The open symbols verify and extend the numerical solution for the
average time. The closed symbols give the first arrival time at géne
frequency 0.70.
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1000 replications for each point (cases of loss excluded for the
average time). In Fig. 3, the results of simulations giving the
first arrival time at gene frequency 0.70 are indicated by solid
symbols.

To fully understand the implications of the results, let us
consider in detail the particular case of Ns = 10 and Nc¢ = 10.
For example, this case would correspond to N = 100 with s
= ¢ =0.1, orto N = 500 with s = ¢ = 0.02. First, the ultimate
fixation probability of the gene for ALA is 0.057, which is not
much greater than the value of 0.050 for a selectively neutral
allele. By contrast, a completely dominant allele with con-
stant selective advantage is fixed with probability 0.850. One
might argue that the maximum frequency of the gene in any
human population is only about 0.70—i.e., that it is never
fixed. According to the simulation, however, the gene should
attain this frequency with probability 0.076, not much higher
than the fixation probability.

Second, the correlation expected between ALA and milk
use is 0.302. In fact, milk users and the gene for ALA are
cofixed with probability 0.006, both are lost with probability
0.941, the former is fixed and the latter lost with probability
0.001, and the former is lost and the latter fixed with
probability 0.052.

Third, the average time until fixation is 3.704N generations
and the first arrival time is 1.841N generations. If N = 100,
these values correspond to 370 and 184 generations, implying
that there should have been sufficient time since the advent
of dairying for the genetic change to have occurred. On the
other hand, if N = 500, these values correspond to 1852 and
921 generations. If one human generation is 25 years, the first
arrival time in the latter case becomes about 23,000 years,
which seems too long. For a completely dominant gene with
constant selective advantage, the average time until fixation
is 1.723N generations and the first arrival time is 0.597N
generations. Thus, the cultural retardation factor, defined as
the ratio, is 2.15 for the average time until fixation and 3.08
for the first arrival time.

In the special case a(y) = b(y) = 0(i.e., ¢ = 0) with s small,
a useful deterministic formula giving the time required for the
gene frequency to incréase from p, to p can be obtained from
Egs. 2, 3a, and 3b by approximating the difference equations
by differential equations:

p
t= J ,lspg’[l — Kqexp(=1/9)}"dp, (15)

where ¢ =1 — p and K = (1 — yo)exp(—1/qo)/qo (yo and go
are initial values). For example, the number of generations
required for the gene frequency to increase from 0.05 to 0.70,
given an initial frequency of milk users of 0.05, turns out to
be 19.67/s generations. The corresponding time for a com-
pletely dominant gene with constant selective advantage s is
6.07/s generations (ref. 15, equation 5.3.14). Thus, the
cultural retardation factor is 19.67/6.07 = 3.24. The retarda-
tion factor for the first arrival time in the stochastic model can
be computed from the values plotted in Fig. 3. When Nc =
0, some values are given in Table 3. It appears that the
deterministic value of 3.24 is an appropriate limiting value.

Table 3. Cultural retardation factor for the first arrival time
(c=0)

Retardation
Ns factor
0 1.00
10 2.25
20 2.93
30 3.11
© 3.24
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DISCUSSION

Using a stochastic model of gene—culture coevolution, I
considered some theoretical questions raised by the culture
historical hypothesis. The results suggest that an incomplete
correlation between the frequency of lactose absorbers in a
population and a traditional dependence on milk by that
population does not necessarily constitute evidence against
the hypothesis. However, for the genetic change to have
occurred within the time available since the advent of
dairying, Fig. 3 suggests that the effective population size
must have been about 100, or if much larger, say even 500,
that the selection coefficient in favor of the ALA milk use
phenotype probably had to exceed 5%. It goes without saying
that for smaller initial values of y and p, the time will be
longer.

The maximum rate of gene frequency change is achieved
when all lactose absorbers are milk users, and thus the
retardation effect should be smaller if a(y) and b(y) are
positive. However, although one may assume a(y) > 0, it
seems realistic- that b(y) < 0. That is, milk use may be
attractive to lactose absorbers but not so to malabsorbers.
Let a(y) = ay(1 — y) and b(y) = by(1 — y) with constant a >
0 and b < 0 (details of this attraction-repulsion model will be
published elsewhere). Then, an equation analogous to Eq. 15
giving the deterministic time for genetic change can be
obtained. Interestingly, if a = 0.01, » = —0.01, and s = 0.1,
and if initially y = p = 0.05, the time required for the gene
frequency to increase to 0.70 is 248 generations, giving a
retardation factor of 4.09. The retardation effect is larger than
if a(y) = b(y) = 0, which is the case considered in detail
above.

Most likely, dairying and milk use originated in northern
Mesopotamia (21). However, the gene for ALA probably
existed in low frequencies in other areas as well. With the
spread of culture (and genes) into Europe and elsewhere,
coevolution of the type considered in this paper may have
occurred in the local populations. Genetic and cultural
migration, which I have ignored in this paper, should be taken
into account in a more refined model. Furthermore, it is
believed that the milk use culturgen spread to northern
Europe within about 1000 years of its origin (9, 21), which
seems to imply that it was attractive. This observation and
my assumption 6 are apparently inconsistent, but recall the
above discussion on the attraction-repulsion model. There
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remain many unanswered questions, including the exact
nature of the selection factor (8, 22, 23).
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on the finite difference method; Drs. J. F. Crow and Y. Iwasa for
comments on an early draft; and Drs. Y. Tateno and T. Yasunaga for
assistance with part of the computation.
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