
1 23

Bulletin of Mathematical Biology
A Journal Devoted to Research at the
Junction of Computational, Theoretical
and Experimental Biology Official
Journal of The Society for Mathematical
Biology
 
ISSN 0092-8240
Volume 74
Number 11
 
Bull Math Biol (2012) 74:2676-2691
DOI 10.1007/s11538-012-9772-7

Monogamy Has a Fixation Advantage
Based on Fitness Variance in an Ideal
Promiscuity Group

József Garay & Tamás F. Móri



1 23

Your article is protected by copyright and

all rights are held exclusively by Society

for Mathematical Biology. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you

wish to self-archive your work, please use the

accepted author’s version for posting to your

own website or your institution’s repository.

You may further deposit the accepted author’s

version on a funder’s repository at a funder’s

request, provided it is not made publicly

available until 12 months after publication.



Bull Math Biol (2012) 74:2676–2691
DOI 10.1007/s11538-012-9772-7

O R I G I NA L A RT I C L E

Monogamy Has a Fixation Advantage Based on Fitness
Variance in an Ideal Promiscuity Group

József Garay · Tamás F. Móri

Received: 16 July 2012 / Accepted: 6 September 2012 / Published online: 3 October 2012
© Society for Mathematical Biology 2012

Abstract We consider an ideal promiscuity group of females, which implies that all
males have the same average mating success. If females have concealed ovulation,
then the males’ paternity chances are equal. We find that male-based monogamy will
be fixed in females’ promiscuity group when the stochastic Darwinian selection is
described by a Markov chain.

We point out that in huge populations the relative advantage (difference between
average fitness of different strategies) determines primarily the end of evolution; in
the case of neutrality (means are equal) the smallest variance guarantees fixation
(absorption) advantage; when the means and variances are the same, then the higher
third moment determines which types will be fixed in the Markov chains.

Keywords Bet-hedging · Concealed ovulation · Monogamy · Promiscuity · Fitness
variance · Fixation probability · Markov chain

1 Introduction

In this paper, we consider the following question: During human evolution, when the
egalitarian, sexually active males live together, can females’ concealed ovulation give
advantage of males’ monogamy over males’ promiscuity? In other words, can males’
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monogamy and promiscuity strategies coexist? There are four different research fields
that represent the background of this question.

First, it is widely accepted that Homo sapiens appeared about 250,000 years ago,
and was a hunter-gatherer until around 10,000 years ago (Marlowe 2005), and that an-
cestors of humans were possibly also hunter-gatherers. Sexually active males and fe-
males lived in the same hunter-gatherer group. Hunter-gatherer societies tend to have
relatively non-hierarchical, egalitarian social structures. Egalitarianism may have an
important role in the evolution of human cooperation (Boehm 1999). For instance,
equal sharing of food is always assumed in public good game (e.g. Archetti and
Scheuring 2012) and it is also observed in hunter-gatherer bands (e.g. Bird et al.
2011). From the point of view of evolution of sexual selection egalitarianism should
mean that sexually active males have more or less the same chance to fertilize the per-
ceptive females. Moreover, human mating strategies are diverse: some are monoga-
mous, some polygynous, some promiscuous (Schmitt 2005). Based on egalitarianism,
we only consider the monogamous, and the promiscuous mating strategies of males.
We have the following reasoning to exclude polygyny. Not only humans, but the an-
cestors of humans used tools and fire. Using these things, a single subdominant male
(without mating possibility) easily killed or injured the sleeping alpha male (who
monopolized the overwhelming majority of females), thus in a small group of human
ancestors stable polygyny seems unlikely. Moreover, human envy is sex dependent
and connected with sexual competition, e.g. men’s envy is motivated by financial
resource, status, and sexual power (Hill and Buss 2006); and envy is an egalitarian
behavior (Garay and Móri 2011).

Second, our species has no reproduction period; we are sexually active during
the whole year. Women have concealed ovulation: they can be partly aware of their
ovulation along the menstrual phases (without obvious swelling of the genitals), but
men are essentially unable to detect ovulation in women, although ovulation is not
absolutely concealed (Andelman 1987). Moreover, mating cannot guarantee that a
perceptive woman will become pregnant, because spontaneous abortion may follow.

Thirdly, Bateman (1948) emphasized that the difference of fitness variances be-
tween males and females is important in intra-sexual selection, and it is generally
higher for males.1 This is the key in explaining why males are the most strongly sex-
ually selected. For instance, a single gorilla male can monopolize a harem; thus the
fitness variance of males is higher than that of gorilla females. Clearly, harem mo-
nopolization includes cooperation between sexually active gorilla males, since there
is only one sexually active male in each gorilla group. Now, we will concentrate on
the fitness variance between males’ different mating strategies, cf. Calsbeek et al.
(2001).

Fourth, there is no doubt that the fitness variance has some kind of role in evolution
(e.g. Garay and Varga 1999). For instance, Gillespie (1973, 1974, 1975, 1976) pointed
out that in the long term, the so-called geometric mean fitness is better estimation of
the growth rate than the arithmetic mean. The main point is that the geometric mean
of fitness depends on both the arithmetic mean and the variance. The basic intuition

1Bateman’s principle was already used in a study of human mating system by Brown et al. (2009), who
argue that human mating systems are unlikely to conform to a single universal pattern.
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is clear: in case when mating distributions of different mating strategies are different,
not only the mean of fitness but also its variance may have role in stochastic Dar-
winian selection. In this paper, we will not follow Gillespie’s idea directly, since we
do not consider the geometric mean of offspring. We will consider a general Markov
process, and prove general theorems for the case where different phenotypes have the
same average fitness, while the fitness distributions are different.

In this paper, we strictly follow Darwin’s view in the following sense: we assume
that the offspring is always larger than the carrying capacity of the territory, thus
the overwhelming majority of offspring cannot reach the reproductive stage. We can
assume that all juvenile males’ survival probabilities are equal; indeed, the survival
rate of juvenile males does not depend on their sexual behavior, since during juvenile
life stage, sexual behavior does not have any role. It is intuitively clear that when
the number of juveniles is much higher than the carrying capacity, and the different
phenotypes’ fitness averages do not differ strongly, then the randomness of survival
has an important effect on the fixation of different phenotypes. Based on that, we will
build up a general Markov process to describe random Darwinian selection.

We will consider this problem in the case of the following simplified situation.

2 Paternity in an Ideal Promiscuity Group

Let us consider a group of individuals of males and females with 1:1 sex ratio. Fol-
lowing the Darwinian setup, assume that the group size n is fixed during generations,
and each female has more than one offspring. Based on egalitarianism, males are
equivalent in fight for females, thus there is no possibility for any male to monopo-
lize more than one female (i.e. there is no social rank order for the males, and females
do not form subgroups so that a single male cannot monopolize a group of females).
The use of weapons also has an egalitarian effect, since without weapons the question
is who is the stronger male in the group; with weapons, the question is who can kill
the other males? We can assume that using a weapon a subdominant male can kill an
inattentive stronger male, implying egalitarianism between males in small groups.

We are well aware that the female mating strategy must have an important effect
on human sexual evolution. But for simplicity we will concentrate only on the males’
strategy, while the females’ strategy is fixed. Females have concealed ovulation (nei-
ther the females themselves nor the males have information about the receptiveness of
females; in other words, there is no sexual swelling; see, e.g. Nunn 1999). Moreover,
females have (though not absolutely) synchronized ovulation. Females are continu-
ously active sexually. In the group, there is ideal promiscuity: (1) Females care about
offspring alone (the survival probability of offspring does not depend on male’s care).
(2) Females accept all males2 (e.g. if the genetic quality of males is the same then
the females are not choosy (Yasui 2001)). (3) A female mates with only one male
during her fertile period (e.g. a female needs a short courtship period before the next

2When male monogamy is not complete, then each male is not sure which offspring belongs to him, which
decreases infanticide by males (Borries et al. 2010). This is a potential reason for females’ promiscuity
(for other reasons, see, e.g. Yasui 1998).
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copulation, and this courtship and conception period are more or less of the same
length).

Under our assumptions, each male has the same number of mates, and since the
male has no information which female is fertile at the moment, all males have the
same average fitness. According to our knowledge, this special case (when there is
difference between males in variance) has not been studied yet in papers based on
Bateman’s (1948) principle.

Now let us consider two male strategies. (A) “Monogamous” male has monopo-
lized a female, i.e. he mates with only one female, and there is no other male who
mates his female3; (B) “Casanova” male has not monopolized a female, thus he mates
randomly with “free” females.

Now the question arises: Is there any advantage of the strategy of monogamy over
Casanova? Our assumption and question are also motivated by the fact that there
are arguments suggesting that concealed ovulation correlates with either monogamy
(Alexander and Noonan 1979; Dunbar 1988), or promiscuity (Hrdy 1981).

In the next section, we will consider a Markov process so as to study stochastic
Darwinian selection with equal survival rate of juveniles of different phenotypes. We
allow different fitness distributions; in addition, we do not even assume that the av-
erage fitness is the same for both male mating strategies. We have to consider the
problem in this generality, since we have no proper information on fitness distribu-
tions. Let us emphasize that our results, though we only apply them to the case where
the fitness means are close, are valid under more general conditions.

3 General Models

Consider a population of n males, each belonging to one of two types, A (monoga-
mous) and B (Casanova). At every step (time unit) some of these males produce a
random number of offspring. Since we are interested in males, under offspring we
only mean male descendants. The size of the offspring produced by a male at a given
time is independent of the history of the process, and of the other males present at the
moment. The distribution of offspring size can only depend on the type of the male: it
is identical with the distribution of a non-negative integer valued random variable X

for type A, and Y for type B . Note that the equality of the means is not required. The
type of the offspring is equal to the father’s type.4 After the phase of reproduction,
the population size is cut back to n by deletion of the necessary number of males. The
survivors are selected in a completely random way, by drawing without replacement.

Two simple models will be analyzed. In Model I, at every step only one individual,
chosen at random, can produce offspring (cf. Moran process, see e.g. Ewens 2004).
In Model II, each existing individual reproduces at every step (cf. Wright–Fisher
process, see, e.g. Ewens 2004). In spite of apparent similarities, the two models differ
in the sense that the benefit of the majority type is greater in the first one.

We are interested in extinction probabilities.

3Flinn (1988) pointed out that mate guarding by male is an important aspect of reproductive competition
in Caribbean villages.
4This is the case when the male’s mating strategy is inherited in the Y chromosome.
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Theorem 1 In both models, one of the types becomes eventually extinct with proba-
bility 1.

Proof The number of type A males forms a homogeneous Markov chain with state
space {0,1, . . . , n}. Here, 0 and n are absorbing states; all other states form a transient
class. Hence, the process terminates with probability 1. �

Theorem 1 only says that in the long run only one phenotype gets fixed, if the
stochastic Darwinian evolution can be described by a Markov process.

Let Z(t) denote the proportion of type A at time t , and � the probability that type
A survives, that is, type B gets extinct. Firstly, we deal with Model I.

Theorem 2 In Model I, � > Z(0), � = Z(0), or � < Z(0) according that C > 0,
C = 0, or C < 0, resp., where

C = E

(
n

n + Y

)
− E

(
n

n + X

)
= E

(
X

n + X

)
− E

(
Y

n + Y

)
.

Proof Let us start with k males of type A, and suppose that type A progeny of size
X is added. Then, after deletion, the number of remaining A type males follows
hypergeometric distribution with parameters n+X, k +X, n. Thus, the (conditional)
expectation of the number of remaining A type males is equal to

n
k + X

n + X
= n

(
1 − n − k

n + X

)
.

If, instead, Y males of type B arise, then the (conditional) expectation of the number
of remaining A type males is equal to

n
k

n + Y
.

Hence, the conditional expectation of the number of type A males, provided that the
size of type A was k in the beginning, is equal to

kE

(
1 − n − k

n + X

)
+ (n − k)E

(
k

n + Y

)

= k + k(n − k)

[
E

(
n

n + Y

)
− E

(
n

n + X

)]
,

thus,

EZ(t + 1) = EZ(t) + C E
[
Z(t)

(
1 − Z(t)

)]
.

Since P(Z(t)(1 − Z(t)) > 0) > 0 (this is the probability that neither type gets extinct
in t steps), we obtain that EZ(t) is strictly decreasing, constant, or strictly increasing
according that C > 0, C = 0, or C < 0, resp. Clearly, Z(t) → Z with probability 1
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as t → ∞, where Z = 0 when type A, and Z = 1 when type B becomes extinct. By
the boundedness of Z(t), we have

EZ(t) → EZ = P(Z = 1) = �,

thus completing the proof. �

Looking at Theorem 2, one can naturally ask how much the fixation probability �

of type A can deflect from the initial frequency Z(0). Can this effect be significant at
all?

It does not seem easy to compute the difference � − Z(0) exactly, but it can be
estimated in the following way. Suppose C > 0; since the roles of X and Y are inter-
changeable, this can be supposed without loss of generality. Comparing � = EZ with
EZ(1) instead of EZ(0), we obtain the following estimation:

� − Z(0) > CZ(0)
(
1 − Z(0)

)
, (1)

provided C > 0 (when C < 0, the opposite inequality is valid for �). From (1), it is
clear that the effect of difference in offspring distributions is adequately measured
by C. Now the question is: How big can C be, if the mean fitnesses EX and EY are
prescribed?

Theorem 3 Let x and y be arbitrary positive numbers. There exist nonnegative inte-
ger valued random variables X and Y with EX = x and EY = y such that

C = E

(
X

n + X

)
− E

(
Y

n + Y

)
≥ n

n + 1
· x

n + x
. (2)

On the other hand,

C <
x

n + x
(3)

always holds.

Note that neither estimate depends on y.

Proof Equation (3) easily follows from the Jensen inequality:

C < E

(
X

n + X

)
≤ EX

n + EX
.

For the opposite inequality, let us construct X and Y . Let �x� and {x} = x − �x�
denote the integer and fractional parts of x, resp., and

P
(
X = �x�) = 1 − {x}, P

(
X = �x� + 1

) = {x}.
Then

x

n + x
− E

(
X

n + X

)
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= (
1 − {x})

(
x

n + x
− �x�

n + �x�
)

+ {x}
(

x

n + x
− �x� + 1

n + �x� + 1

)

= {x}(1 − {x})n
(n + x)(n + �x�) − {x}(1 − {x})n

(n + x)(n + �x� + 1)

= {x}(1 − {x})n
(n + x)(n + �x�)(n + �x� + 1)

≤ x(1 − {x})
(n + x)(n + 1)

.

Let N be an integer greater than y, and

P(Y = 0) = 1 − y

N
, P(Y = N) = y

N
.

Then EY = y, and

E

(
Y

n + Y

)
= y

n + N
,

which can be forced below x{x}
(n+x)(n+1)

by choosing N sufficiently large. From all
these, (2) will follow. �

Remark 1 It can be shown that the above construction for X gives the maximal pos-
sible value of E( X

n+X
).

Remark 2 As we have seen, the sign of C decides which type has the advantage.
Consequently, E( n

n+X
) is a better measure of fitness than EX or any combination of

EX and VarX, including the geometric fitness EX − 1
n

VarX (which was derived
by using a limiting argument as the population size tended to infinity; see Gillespie
1974). However, when the population size n is large compared to the offspring sizes
X and Y , the following approximation can be applied. By Taylor expansion

n

n + X
= 1 − X

n
+ X2

n2
− X3

n3
+ −· · · ;

hence that type has the advantage for which the expected offspring size is bigger. In
case of equal offspring means, the smaller offspring variance will (approximately)
decide. If both the mean and the variance are equal, then the type with the greater
skewness (third moment of the standardized random variable) is more viable.

From a biological view point, Theorem 2 claims that the fixation probability of a
given phenotype is determined by the “ratio advantage” (denoted by C) and not by a
classical relative advantage (which is the difference of the average fitness of different
phenotypes; see, e.g. Garay 2007). This is true independently of the population size.
However, we have to remark that in the case of a huge population a continuous time
approximation with a diffusion process is justified as well, and Gillespie’s geometric
mean fitness can also be used for controlling the fixation probabilities.

In the following example, let us emphasize that all these approximations are only
valid for large n. From the biological point of view, this example is motivated the by
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following standard idea: Casanova males are not investing effort into mate guarding,
thus they may be more efficient at obtaining extra-pair copulation with monogamous
males’ females. But extra-pair copulation strictly depends on the efficiency of the
mate’s guarding by the “owner” male, under ideal promiscuity. In the next example,
we assume that the probability of Casanova males to have extra-pair copulation with
monogamous males’ females is not zero, but small. This implies that the average
paternity of Casanova males is a little bit higher than that of monogamous ones.

Example 1 Consider the following simple numerical example. Let n = 4, and sup-
pose that both X and Y have two different values: P(X = 2) = 0.2, P(X = 3) = 0.8,
and P(Y = 2) = 0.7, P(Y = 5) = 0.3. Then EX = 2.8, EY = 2.9, that is, the average
number of descendants of type A is less than that of type B . However, since

E

(
4

4 + X

)
= 0.590 . . . , and E

(
4

4 + Y

)
= 0.6,

(with variances VarX = 0.16, VarY = 1.89), we can see that type A has the advan-
tage in spite of its smaller offspring size. More precisely, by computing the absorption
probabilities in the Markov chain formed by the number of type A individuals we ob-
tain

Initial proportion
of type A

0.25 0.5 0.75

Probability that type
B becomes extinct

0.264. . . 0.535. . . 0.764. . .

Now the question arises: what is to be meant under “small population size”. From
the mathematical point of view, this question is connected with the speed of conver-
gence in limit theorems. Generally speaking, in our model, the speed of convergence
depends heavily on the actual distributions. Thus, in different situations, where the
conditions of selection determine different offspring distributions, we may have dif-
ferent notions of small population size. Therefore, this question cannot be answered
in a unified way, and we will not consider it either.

Biologically, this example shows that the higher average fitness of a Casanova does
not necessarily guarantee higher fixation probability in our random Darwinian selec-
tion setup, in small population. At first glance, this is unusual in evolutionary theory,
but here we mention two results which are in harmony with that. First, that popula-
tion size is an important factor during fixation process was emphasized by Gillespie
(1974, 1976), who pointed out that geometric mean fitness in a group of size n is

μ − σ 2

n
(where μ is the mean and σ 2 is the variance). Second, Calsbeek et al. (2001)

found a biological example and presented a simulation model in which difference
in variance maintains two alternative phenotypes despite the unequal mean fitness in
small population. We remark that in our case the coexistence of two different types
is not possible according to Theorem 1. These seem to be in contradiction. More
generally, one has to face the same kind of contradiction whenever Markov chains
on a finite state space with absorbing states (corresponding to the extinction of one
type) are used for modelling a phenomenon involving different types of individuals.
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If all non-absorbing states are transient, the chain gets stuck sooner or later, regard-
less of the initial state. How can this be reconciled with the observed coexistence of
types? Quite often the answer is contained in the length of the time until absorption.
Depending on the size of the state space and the structure of the transition matrix, it
can be quite large compared to the period of observation; therefore, in the short run
a Markov chain may look like being in equilibrium though it is actually progressing
toward absorption in the long run. (For similar arguments applied to another model,
see Gillespie (1974).)

How long does it take until fixation in our model? In the following theorem, we
address ourselves to the order of magnitude of the mean fixation time.

Let 0 < ε < 1/2 and N(ε) the (random) number of steps where the proportion of
type A is bounded away from 0 and 1; more precisely, it lies between ε and 1 − ε.
Formally,

N(ε) = #
{
t ≥ 0 : ε ≤ Z(t) ≤ 1 − ε

}
.

Theorem 4 EN(ε) ≤ 1
|C| ε(1−ε)

.

Proof From the proof of Theorem 2, we have

EZ(t + 1) − EZ(t) = CE
[
Z(t)

(
1 − Z(t)

)]
.

Summing this equality for t = 0,1,2, . . . , and using that EZ(t) → � as t → ∞, we
get that

� − Z(0) = CE

[ ∞∑
t=0

Z(t)
(
1 − Z(t)

)]
.

The absolute value of the left-hand side is majorized by 1, while the infinite sum
in the right-hand side can be estimated from below by ε(1 − ε)N(ε). Hence,
1 ≥ |C|ε(1 − ε)EN(ε), as needed. �

If X and Y are relatively small compared to the population size n (e.g. if we fix
the offspring size distributions and let n tend to infinity), then |C| = O(n−1), thus the
upper bound of Theorem 4 is of order n.

Let us turn to Model II.

We say that Y is smaller than X in the increasing concave order (notation
Y ≤icv X), if Eϕ(Y ) ≤ Eϕ(X) for all increasing concave functions ϕ : R → R, pro-
vided the expectations exist. It is well known5 that Y ≤icv X if and only if

∫ a

−∞
P(Y ≤ u)du ≤

∫ a

−∞
P(X ≤ u)du

5Theorem 3.A.1 in Shaked and Shanthikumar (2007).
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holds for all a for which the integrals exist. In addition, Y ≤icv X implies EY ≤ EX,
and if EY = EX, then VarX ≤ VarY , whenever the left-hand side is finite.6 An-
other remarkable property of the increasing concave order is that it is closed under
convolution7

Theorem 5 Suppose that in Model II Y ≤icv X holds for the offspring distributions.
Then � ≥ Z(0).

Proof Since translation does not affect the increasing concave order, we can sup-
pose that the father is included in the offspring size, thus X and Y are positive (this
is just a technical supposition without any biological content, only for the sake of
convenience).

Similarly to the proof of Theorem 2, we start with k males of type A. Let
X1,X2, . . . ,Xk denote their offspring sizes, and Y1, Y2, . . . , Yn−k the progeny of type
B males. Introduce the partial sums Si = X1 + · · ·+Xi and Ti = Y1 + · · ·+Yi . Then
the distribution of the number of remaining A type males after the deletion stage is
hypergeometric again with parameters Sk + Tn−k , Sk , n. Therefore, the (conditional)
expectation of the proportion of type A after deletion is equal to

E

(
Sk

Sk + Tn−k

)
= 1 − Efk(Tn−k), where fk(x) = E

(
x

Sk + x

)
;

this is an increasing concave function for every k = 1,2, . . . . Since Tn−k ≤icv Sn −Sk ,
we obtain that

E

(
Z(t)

∣∣∣∣ Z(t − 1) = k

n

)

= E

(
Sk

Sk + Tn−k

)

= 1 − Efk(Tn−k) ≥ 1 − Efk(Sn − Sk) = E

(
Sk

Sn

)
.

Let us notice that

1 = E

(
Sn

Sn

)
= E

(
X1

Sn

)
+ · · · + E

(
Xn

Sn

)
= nE

(
X1

Sn

)

by symmetry, hence

E

(
Sk

Sn

)
= E

(
X1

Sn

)
+ · · · + E

(
Xk

Sn

)
= k

n
.

Thus, E(Z(t) | Z(t − 1)) ≥ Z(t − 1), consequently, EZ(t) is increasing. Now the
proof can be completed in the same way as for Theorem 2: Z(t) → Z with probability

6Ibid, Theorem 3.A.16(b).
7Ibid, Theorem 3.A.5(d).
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1 as t → ∞, where Z is the indicator of the fixation of type A (it is 1 if type A gets
fixed and zero otherwise), and EZ(t) → EZ = P(Z = 1) = � by boundedness. �

Remark 3 Since ϕ(x) = x
n+x

is an increasing concave function, Y ≤icv X implies
C ≥ 0, i.e. the ratio advantage of monogamous over Casanova is non-negative.

4 Conclusion

Based on concealed ovulation in ideal promiscuity, the average of paternity of each
monogamous and each Casanova male is the same, but the variance of paternity of
a Casanova male is higher than that of a monogamous one. Using our theorems,
we get that the fixation probability of monogamous strategy is higher than that of a
Casanova one. From a biological point of view, our result claims that in spite of that
monogamous and Casanova phenotypes are neutral (having same average fitness),
they cannot coexist, since the extinction probability of Casanova is higher.8 Our result
is not only true for the situation considered in Sect. 2, but for all cases, when two
phenotypes have the same average fitness, but the fitness distributions are different;
furthermore, even the equality of means can be relaxed.

4.1 About Our General Theorems

Theorems 2 and 5 imply that fixation (absorption) probability of a given type depends
on the difference of the means, the difference of the variances, and the difference in
skewness of fitness distributions of different types, though to a different extent. This
is in accordance with Gillespie’s result, namely, that in the diffusion process approxi-
mation the geometric mean fitness, which depends on both the mean and the variance,
determines the fixation. In huge populations, there is a hierarchy between these quan-
tities: in the first order, the relative advantage (difference between the average fitness
of different strategies) determines the final state of evolution (see Maynard Smith
1982; Garay 2007); in the case of neutrality (means are equal) the smallest variance
guarantees fixation advantage; and when both the means and the variances coincide,
the higher third moment guarantees which type will be fixed during the considered
stochastic processes.

At first glance, from the perspective of evolutionary theory, our question seems a
very special case, since we consider two phenotypes having the same average fitness.
We have two comments on that.

Firstly, in the evolution of human cooperation, weak selection (when the different
phenotypes’ average fitnesses are very close to each other) is widely used (e.g. Nowak
et al. 2004; Ohtsuki et al. 2007). According to our knowledge, we are the first to point
out any connection between weak selection and bet-hedging strategy (which reduces
the variance at the expense of the average offspring size) in human evolution, see

8The highest fixation probability is a widely accepted measure of evolutionary success, cf. Masel (2005),
Taylor et al. (2004).
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Example 1.9 However, this is only possible in small groups, which is also a standard
assumption of models of the evolution of human cooperation (e.g. Nowak et al. 2004;
Ohtsuki et al. 2007). We are planning to return to this question in a forthcoming paper.

Secondly, in the standard evolutionary theory, for the co-existence of two pheno-
types the equality of the fitness means is a must. Thus, our general theorems will
be useful in studying the co-existence of two different phenotypes in stochastic Dar-
winian evolution models. In addition, in the standard definition of Maynard Smith’s
ESS, the stability condition determines if a single “neutral” mutant is selected out
(here “neutral” also means that the residents and the single mutant have the same
average fitness). According to our knowledge, in the framework of stochastic pro-
cesses, we are the first to consider the following question, analogous to that of May-
nard Smith: What happens in stochastic Darwinian selection (described by a Markov
process) if the phenotypes have the same average fitness? We find that the smaller
variance then ensures fixation advantage.

4.2 About Our Result in the Light of Human Mating System

We use Markov processes. Bateman’s principle was only a motivation of our ques-
tion. Under our special assumptions, male based monogamy will be fixed in spite
of females’ promiscuity. Apparently, we are the first to recognize that male mating
strategy can be considered as a bet-hedging strategy.10

Now the question arises: Is there any biological evidence to support our results, in
spite that the human mating system is known to be a mixture (Schmitt 2005)?

Genetic evidence. Labuda et al. (2010) measured the ratio of recombination on the
X chromosome which reflects to the female-to-male breeding ratio. They found that
this ratio is consistent with a high prevalence of monogamy and limited polygyny in
the human population.

Evidence from present hunting gathering societies. Based on cross-cultural sam-
ple, Marlowe (2003) pointed out that the majority of foraging societies are slightly
polygynous, and exclusively monogamous societies are rare: The majority of mar-
riages within all, but the most polygynous societies are monogamous. For instance,
Marlowe (2004) wrote about Hadza:

Monogamy is the norm, with only about 4 % of men having two wives at once,
and those marriages often do not last long (. . .). The divorce rate is fairly high,
especially in the first marriages (. . .), so serial monogamy is the best way to
describe the mating system. However, perhaps 20 % of Hadza stay married to
the same person their whole life. Divorce often results when a man is pursuing
an extramarital affair that his wife will not tolerate. If he is gone from camp too
many days, his wife may hear gossip and suspect he is seeing another woman

9According to our knowledge, bet hedging is usually based on varying and unpredictable environments
(e.g. King and Masel 2007; Uitdehaag 2011). Whereas we consider general Markov processes, and the
fitness distribution depends on the strategies and not the environmental fluctuation. Specifically, the differ-
ence between variances comes from the concealed ovulation, all in all.
10Bet-hedging hypotheses have been proposed to explain the evolution of multiple mating by females (see,
e.g. Fox and Rauter 2003).
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and decide the marriage is over. When the husband returns, he may find that
she has a new husband, but he may still consider her his wife.

Of course, we do not claim that fixation advantage of monogamy is explained ex-
clusively on the basis of variance difference (see, e.g. Mealey 2000; Kappeler and
van Schaik 2004); we only claim that the fitness variance among males also has some
evolutionary consequence, like the difference between fitness variances for males and
females (see Bateman 1948). Finally, without complete overview, we refer to a few
biological factors that can increase the relative advantage of monogamy over promis-
cuity: males preventing food theft (Wrangham et al. 1999); infanticide (Borries et al.
2010); paternal provisioning (Dunbar 1995; Quinlan 2008); or decreasing pathogen
infection (Barber 2008); allocation of resources to the next generation (Fortunato and
Archetti 2010); cultural evolution in modern societies (Henrich et al. 2012).

4.3 Outlook to Human Mating System

In this paper, we consider a simplified and partial version of the problem of evolution
of human mating strategy. A naturally arising question is: What happens if we change
our starting assumptions?

Firstly, although in the human population the genetic sex ratio is 1:1, the dif-
ferent survival rate of sexes may change that. This is the case when, either during
hunting and territorial defense the survival rate of males is smaller than that of fe-
males; or during territorial defense males abduct females from other group. If surplus
females (e.g. widows or abducted women) can increase the survival rate of their off-
spring by joining a given male, then monogamy and polygyny structure will emerge.
This mixed structure could maintain the sexual dimorphism in humans. However,
polygynous mating structure contradicts egalitarianism, which is our basic assump-
tion.

Secondly, if the survival probability of the offspring does depend on male’s care as
well, then we think that female’s monogamy can ensure the paternity of males, if the
survival of offspring of females is more dependent on the care of the male partner than
on the genetic material of the biological father. However, there is a conflict between
males and females in child-rearing, since males can increase their genetic fitness by
shortening child-rearing period by desertion when their contribution to the survival
of their offspring is not a must.

Third, extra-pair copulations during the fertile period of females radically change
the paternity. We think that monogamy can be destroyed by a high level of extra-pair
copulations during the fertile period of females in the case when extra-pair copula-
tions may be connected with females preferring at least one male’s trait. We have to
mention that in the monogamy system concealed ovulation can increase the possi-
bility of extra-pair copulations for a female, since her fix mating pair has no perfect
information on her period when escorting her is crucial for the male (cf. Benshoof
and Thornhill 1979). However, women who were near ovulation reported greater
extra-pair flirtation and greater mate guarding by their primary partner (Haselton and
Gangestad 2006).

Fourth, in spite of that rape is one of males’ mating strategies (Thornhill
and Thornhill 1983); the females’ mating strategy must have an important role
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(cf. Alvergne and Lummaa 2010). Thus, evolutionary game theory can help with
understanding the human mating system. There are several games on the evolution
of mating. We only mention two games which are relevant to our paper. Although
egalitarianism is not common among primates, leveling coalition is possible where
male mating competition has only a moderate contest component (Pandit and Schaik
2003). We agree with Nakahashi and Horiuchi (2012) in that the females’ and males’
fitness must depend on the “strength of the group”, since the human mating systems
vary according to the selection situation; e.g. Marlowe (2003) found that polyg-
yny among foragers is positively correlated with a group’s dependence on gather-
ing.
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