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Females that mate with multiple males (polyandry) may reduce the risk that their eggs are fertilized by a single unsuitable male.

About 25 years ago it was hypothesized that bet-hedging could function as a mechanism favoring the evolution of polyandry,

but this idea is controversial because theory indicates that bet-hedging via polyandry can compensate the costs of mating only

in small populations. Nevertheless, populations are often spatially structured, and even in the absence of spatial structure, mate-

choice opportunity can be limited to a few potential partners. We examined the effectiveness of bet-hedging in such situations

with simulations carried out under two scenarios: (1) intrinsic male quality, with offspring survival determined by male phenotype

(male’s ability to generate viable offspring), and (2) genetic incompatibility (offspring fitness determined nonadditively by parental

genotypes). We find higher fixation probabilities for a polyandrous strategy compared to a monandrous strategy if complete

reproductive failure due to male effects or parental incompatibility is pervasive in the population. Our results also indicate that

bet-hedging polyandry can delay the extinction of small demes. Our results underscore the potential for bet-hedging to provide

benefits to polyandrous females and have valuable implications for conservation biology.

KEY WORDS: Conservation biology, female multiple mating, genetic incompatibility, infertile matings, mating systems, metapop-

ulations, risk spreading, sexual selection.

The evolution of polyandry (female mating with multiple males

within the same reproductive episode) is one of the most con-

tentious issues in the study of sexual selection and the evolution

of mating systems (Thornhill and Alcock 1983; Halliday and

Arnold 1987; Birkhead and Møller 1992; Yasui 1998; Arnqvist

and Nilsson 2000; Jennions and Petrie 2000; Hosken and Stockley

2003; Simmons 2005; Garcia-Gonzalez et al. 2015). To explain

the adaptive significance of polyandry, several potential bene-

fits for females have been proposed (Thornhill and Alcock 1983;

Halliday and Arnold 1987; Yasui 1997, 1998; Jennions and Petrie

2000; Simmons 2005). In some cases, females can obtain envi-

ronmental (also known as direct or material) benefits from males

at mating, for example, sperm supplies (Ridley 1988; Simmons

2001), fertility insurance (Sheldon 1994, Hasson and Stone 2009),

provision of food resources (Arnqvist and Nilsson 2000), defense

against predators and sexual harassment (Tsubaki et al. 1994),

or increased parental care (Birkhead and Møller 1992; Houston

et al. 1997; Ihara 2002). However, polyandry is also hypothesized

to increase female fitness by conferring genetic benefits (Yasui

1998; Jennions and Petrie 2000). For example, females may obtain

male genes that enhance the viability or competitiveness of their

offspring (good genes hypothesis: Yasui 1998; Garcia-Gonzalez

and Simmons 2005; Fisher et al. 2006). Females may also obtain

male genes that are compatible with their own genes, resulting

in higher offspring fitness (genetic compatibility hypothesis: Zeh

and Zeh 1996, 1997; Kempenaers 2007). Additionally, by mat-

ing multiply, females may obtain a diverse array of male genes

that could enhance their offspring’s genetic diversity, which could

increase the chances that some offspring within a clutch survive

in unpredictable or fluctuating environments (genetic diversity

hypothesis: Watson 1991; Yasui 1998; Garcia-Gonzalez et al.

2015).
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Figure 1. Schematic view of temporal bet-hedging in a life-

history trait. (A) Fitness of two hot summer specialist lineages

fluctuates greatly and synchronously between generations. Be-

cause they belong to the same non-bet-hedger genotype, the

small difference between two lineages is caused by the differ-

ences in individual or microenvironmental conditions. The large

between-generation fitness variance (σ2
B G) results in small geo-

metric mean fitness (WBG). (B) Fitness of two generalist (conserva-

tive bet-hedger) lineages fluctuates less than specialist’s fitness,

resulting in small σ2
B G and large WBG. They have an intermediate-

temperature preference with small phenotypic variation between

lineages. (C) Fitness of hot summer specialist and cool summer spe-

cialist phenotypes produced by a diversified bet-hedger genotype

(polyphenism). Averaging of the fitness curves results in small σ2
B G

and large WBG.

Most hypotheses to explain the maintenance of polyandrous

behavior are based on the existence of mate choice. However, mate

choice can be unreliable (Castellano 2009), for instance when the

information about male genetic or environmental quality is imper-

fect. In these situations where sire selection criteria is unreliable or

imperfect it has been suggested that polyandrous females increase

fitness through bet-hedging because by mating multiply, females

reduce the costs of mating with unsuitable males (Watson 1991;

Parker 1992; Stockley et al. 1993; Schneider and Elgar 1998;

Yasui 1998). Bet-hedging in the context of evolutionary theory is a

risk-spreading strategy that implies a reduction in mean fitness but

a benefit materialized across generations derived from a reduction

in fitness variance. That is, bet-hedging is a strategy associated

to a trade-off between the mean and variance in fitness (Slatkin

1974; Philippi and Seger 1989; Starrfelt and Kokko 2012): alleles

or traits that reduce the intergenerational fitness variance at the ex-

pense of maximizing the arithmetic mean fitness may be favored

in temporally fluctuating environments (e.g., seed dormancy,

Cohen 1966; laying eggs in multiple patches of host plant, Root

and Kareiva 1984; dispersal strategies, Kisdi 2002; and Daphnia

resting stages, Alekseev and Lampert 2001). In the context of

polyandry, by mating indiscriminately with more than one male,

females may reduce the consequences of assessment errors in

mate choice (see Yasui 1998; Garcia-Gonzalez et al. 2015). If so,

polyandrous genotypes acting as “bet-hedgers” may reduce the

probability of extinction across generations (see below).

The only formal theoretical analysis so far of multiple mating

as a bet-hedging strategy was done by Yasui (1998, 2001). Bet-

hedging by polyandrous females has been often misunderstood

(Yasui 1998, 2001); we briefly outline here the rationale upon

which it is based. Bet-hedging theory was originally developed for

the study of life-history evolution (Gillespie 1974, 1977; Slatkin

1974; Philippi and Seger 1989; Yoshimura and Clark. 1991;

Hopper 1999; Hopper et al. 2003; Starrfelt and Kokko 2012).

When generations are discrete, the mean fitness of a strategy

(genotype) within generations (WWG) and between generations

(WBG; i.e., mean of WWG across generations) should be calcu-

lated as the arithmetic and geometric (nth root of the products of

n samples) means, respectively. The geometric mean of a sample

is strongly affected by small values and large variance. More-

over, the geometric mean takes into account the multiplicative

nature of evolutionary (across-generations) fitness; if the fitness

of a given genotype (strategy) is zero in one generation (i.e., the

genotype becomes extinct), the intergenerational mean fitness of

this genotype is necessarily zero (the geometric mean of samples

including zero is zero). Imagine organisms living in temporally

changing environments. The environment (e.g., temperature in

summer) affecting individual fitness fluctuates over generations,

but all individuals within each generation are subject to the same

environmental conditions (i.e., coarse-grained environment; Hop-

per 1999; Starrfelt and Kokko 2012). In such environments, a

genotype specialized for a particular environmental type (e.g., the

hot-summer specialist or the cool-summer specialist) should have

poor reproductive output in generations with mismatched envi-

ronmental type so that within-generation mean fitness of each

genotype inevitably fluctuates between generations, resulting in

a large between-generation fitness variance (σ2
BG ; that is, vari-

ance of WWG across generations: Fig. 1A). Bet-hedging theory is
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based on the fact that, mathematically, among the strategies with

the same WWG, the one with smallest σ2
BG achieves the greatest

between-generation fitness (WBG; Slatkin 1974; Gillespie 1977;

Philippi and Seger 1989). A bet-hedger genotype may produce

either a single generalist phenotype (conservative bet-hedging:

Fig. 1B) or a mixture of multiple specialist phenotypes (diversi-

fied bet-hedging: Fig. 1C; Philippi and Seger 1989; Starrfelt and

Kokko 2012). The WWG of a conservative bet-hedger does not

fluctuate greatly between generations due to the risk-avoidance

features inherent to their generalist nature (Fig. 1B), and a di-

versified bet-hedger also achieves a higher WBG because of the

moderate WWG generated by averaging the fitness of the multiple

specialist phenotypes that it produces (Fig. 1C). If the magnitude

of environmental fluctuation is small enough to be covered by one

intermediate phenotype, conservative bet-hedgers can evolve; oth-

erwise diversified bet-hedgers would evolve (Starrfelt and Kokko

2012).

From this logic, polyandrous females can be considered to

behave as diversified bet-hedgers to incorporate several different

genotypes into a clutch, which would facilitate the response to

environmental variation (genetic-diversity hypothesis), or to re-

duce the risk that all eggs are fertilized by an unsuitable male

(good genes, genetic compatibility, or direct benefit hypotheses).

However, the case of polyandry is quite different with regard to

the environmental grain (Levins 1968, Hopper 1999) from life-

history traits such as climate adaptation (Yasui 1998). In the ex-

ample of life-history and climate adaptation, every individual in

a population within the same generation experiences equal en-

vironmental conditions (i.e., coarse-grained environment: Levins

1968), and thus the fitness of individuals of the same genotype

fluctuates synchronously, resulting in low WBG (Fig. 1A). In this

case, evolution would favor the bet-hedging strategies that effec-

tively reduce the fluctuation in the genotype’s fitness (Fig. 1B

and C). However, in the case of polyandry and associated fitness

returns, male quality variation in a population is fine-grained envi-

ronmental heterogeneity for randomly mating females (“within-

generation” bet-hedging, Hopper 1999; Fig. 2): suitable males

and unsuitable males exist simultaneously and they are there for

females following either mating strategy. For example, when the

frequency of unsuitable males (e.g., causing embryo mortality) in

an infinite population is 40%, 40% of monandrous females are

expected to mate with unsuitable males and lose all offspring, but

the remaining monandrous females (60%) are expected to mate

with suitable males and suffer no cost, whereas all polyandrous

females are expected to lose 40% of their clutches (under, e.g.,

sequential polyandry) or to lose 40% of the offspring within their

clutches (assuming sperm mixing after multiple mating). There-

fore, the failure of “unlucky” monandrous females is compensated

by the high rewards (in terms of number or quality of offspring)

of “lucky” monandrous females in the same population within a

generation (Fig. 2A). In sum, in sufficiently large populations the

monandrous genotype can achieve approximately equal fitness as

the polyandrous genotype (Fig. 2B; Yasui 1998).

However, in small populations mate-sampling variance is

expected to be smaller for polyandrous females than monan-

drous females as a result of polyandrous females sampling more

males (Yasui 1998, 2001). Thus, the advantage of bet-hedging by

polyandry should only be apparent in small populations. Using

computer simulations and an explicit mathematical model that is

rationalized from a simple statistical formulation about standard

error of means that was developed independently from Gillespie’s

(1977) life-history theory, Yasui (2001) showed that the evolution

of multiple mating by genetic bet-hedging requires very strict

conditions: a very low cost of remating (e.g., �1% decrease of

mean fitness WWG) and small female population sizes (e.g., �20).

Given that these conditions are restrictive, Yasui (1998, 2001)

concluded that the evolution of polyandry solely by bet-hedging

was unlikely (see also Holman 2016). With notable exceptions

(Fox and Rauter 2003; Sarhan and Kokko 2007; Garcia-Gonzalez

et al. 2015; Wilson and Tomkins 2015; Holman 2016), since

Yasui (1998, 2001), the study of bet-hedging, as a mechanism for

the evolution of polyandry has received little attention (reviewed

in Garcia-Gonzalez et al. 2015; see also Simons 2011). Only two

empirical studies thus far have attempted to compare single and

multiple mating payoffs using intergenerational analyses of fit-

ness, which is the question at the heart of bet-hedging theory

(Fox and Rauter 2003; Garcia-Gonzalez et al. 2015).

In this study, we revisit the power of bet-hedging as a key

mechanism in the evolution of female multiple mating. We im-

plement a metapopulation approach (i.e., population spatial struc-

ture), which was not considered by Yasui (1998, 2001) but that

has the potential to relax the original theoretical restriction on

population size as well as the low remating cost constraints

(Yasui 1998, 2001; Proulx 2000). Population structure, and struc-

ture with regards to the pool of individuals that interbreed, is

a common feature in many species (Levin 1974; Hanski 1999).

We use computer simulations to test whether bet-hedging can

work effectively in metapopulations, where individuals are scat-

tered among small connected subpopulations, or in populations in

which there is subdivision in regards to mating interactions (close

reproductive groups, behavioral subdivision, etc.). We examine

two scenarios: (1) variation in intrinsic male (mate) quality, and

(2) genetic incompatibility between parental genotypes. We find

that a bet-hedging polyandrous genotype can outcompete a non-

bet-hedging, monandrous genotype, provided that a large fraction

of males in the population are completely unsuitable (e.g., they are

infertile, sperm depleted, or otherwise unable to generate viable

offspring) or that male–female genetic incompatibilities are per-

vasive and severe. We discuss the role of bet-hedging in the context

of multiple mating and its relevance to conservation biology.
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Figure 2. Polyandry as within-generation bet-hedging. (A) Fitness of two lineages of the monandrous genotype fluctuates greatly but

asynchronously between generations, offsetting the fluctuation within the genotype. (B) Fitness of two lineages of the polyandrous

genotype fluctuates less because of averaging in clutches sired by suitable and unsuitable males. The small difference between two

lineages is caused by the sampling error of limited number of mates. Geometric mean fitness (WBG) is not greatly different between (A)

and (B), if many lineages of the same genotype exist.

Methods
We carried out individual-based computer simulations as in Yasui

(2001), but with some important modifications: (1) incorporation

of population structure, where populations are subdivided (or not)

in demes connected by migration, and (2) a genetic incompati-

bility scenario in addition to the original binomial (i.e., good or

bad) intrinsic male quality scenario of Yasui (2001). We simulate

discrete generations and metapopulation structure, where each

metapopulation includes a given number (1�50) of patches. Each

patch has a fixed carrying capacity that is constant across patches.

Subpopulation size can be smaller than the carrying capacity due

to stochastic effects such as drift or predation; thus, the carrying

capacity is the upper limit for subpopulation size. Patches are ar-

ranged in a circle to avoid edge effects and each patch is connected

to its two nearest neighbors (see the Supporting Information and

Fig. S1). We supposed a putative organism with sex-biased dis-

persal such as, for example, many mammal species (Greenwood

1980) or insects with wingless females (Hunter 1995). In each

generation, a given proportion of female offspring disperse to two

neighboring patches and immigrants and residents compete each

other for the limited carrying capacity of a patch. Male offspring

emerged from every patch are shuffled in a swarm and survivors

from density-dependent mortality are redistributed to each patch.

Females randomly mate singly or with multiple males, lay off-

spring in each patch and die. Males vary in their ability to generate

viable offspring (see next section “Male Quality and Offspring

Survivorship”). As a result of sex-biased dispersal, male qual-

ity distribution is randomized metapopulation-wide, but each fe-

male subpopulation has its own genotypic (i.e., monandrous and

polyandrous) composition. Furthermore, we suppose that male

quality distribution is constant throughout time (see below). Con-

sequently, we focus on females and treat males as a probability

vector of mate qualities that females experience (i.e., we do not

model males).

MALE QUALITY AND OFFSPRING SURVIVORSHIP

Intrinsic male quality scenario
Under this scenario, offspring survival was taken to be simply

determined by sire intrinsic ability to conceive offspring or gen-

erate viable offspring. Male quality distribution is binomial as 0

(unsuitable male leading to reproductive failure: infertile mating

or production of nonviable offspring) and 1 (suitable male result-

ing in the production of offspring) and various frequencies (0.05,

0.1, 0.22, and 0.5) of unsuitable males in the metapopulation
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were simulated. Garcia-Gonzalez’s (2004) review on the extent,

causes and consequences of infertile matings in natural popula-

tions showed that the rates of infertile matings resulting from

permanent or temporal male infertility can be substantial. In par-

ticular, based on the data on the frequency of infertile matings for

30 insects species across eight orders, Garcia-Gonzalez’s (2004)

review shows that the proportion of (genetically or environmen-

tally) infertile matings vary between 0 and 63%, with the median

being 22%. We thus adopt this median value of male suitability

ratio (unsuitable:suitable = 0.22:0.78) in most of our simulations

below. In addition to the examination of a binomial male quality

distribution, we simulated several continuous male quality distri-

butions (Fig. S2).

For each mating, each (monandrous or polyandrous) female

randomly sampled her mate from a given distribution (i.e., there

is random mating due to unreliable mate quality discrimination)

by drawing a uniform distributed random number (ranging from 0

to 1) that determines the survivorship of her offspring. When the

unsuitable male frequency is set to 0.22, a number less than 0.22

means that the mating occurs with an unsuitable male. As men-

tioned above, the distribution of male quality is kept constant over

generations. In our model, variation in male quality can be due

to either environmental (nongenetic) and/or genetic differences

between males. Thus, variation in our model can include a genetic

component, but if this is the case, we assume that this variation is

due to recurrent mutations causing infertility and that mutation-

selection balance (Maynard Smith 1998) keeps the vector of mate

qualities that females encounter stable through time. By assuming

that male quality is not heritable (because the infertile males

produce no viable offspring), the model is essentially testing

for direct benefits of bet-hedging polyandry rather than benefits

based on good genes. There is ample evidence that male quality

variation, including high levels of infertility due to male effects,

is maintained in natural populations (Garcia-Gonzalez 2004;

Hasson and Stone 2009; Rhainds 2010; Tyler and Tregenza 2013;

Forbes 2014; Greenway et al. 2015; Greenway and Shuker 2015).

Genetic incompatibility scenario
In the genetic incompatibility scenario, offspring survivorship

is determined nonadditively according to the combination of

parental genetic elements. We adopted a single-locus game-

tophytic incompatibility system, which is a widespread self-

incompatibility mechanism in angiosperms (McCubbin and Kao

2000). Full details about the simulation of this incompatibility sys-

tem are provided in the Supporting Information and in Table S1. In

the simulations, the fitness consequences of both mating strategies

were calculated by distributing all matings across polyandrous and

monandrous females according to the frequency distribution de-

picted in Figure S3 (see Supporting Information for details about

how this figure was constructed). For each mating, females draw

a uniform distributed random number (ranging from 0 to 1), and

comparing this number to the frequency distribution in Figure

S3 determines the mating type and survivorship of the resulting

offspring of that particular female. For example, in the case n = 4

(n is the number of alleles in the compatibility-controlling lo-

cus), a random number 0.7 means that a female mates with a

partially incompatible partner and that 50% of her fertilized eggs

are inviable (see Supporting Information).

PATERNITY AND REMATING COSTS

Multiple mating bet-hedging assumes that mate choice is unre-

liable. In other words, females cannot discriminate male qual-

ity. Thus, they cannot “trade-up” after remating; bet-hedging is

achieved through indiscriminative mating. Therefore, to examine

the effects of bet-hedging exclusively, we set that multiply-mating

females allocate their eggs to all partners equally (risk spreading).

As explained above, bet-hedging is defined as a trade-off between

expected (arithmetic) mean fitness and variance in fitness (Philippi

and Seger 1989). If females can skew paternity to particular males

or ejaculates after multiple mating (e.g., if the eggs left unfertil-

ized by the insemination failure of an infertile male are fertilized

by other males), this is no longer bet-hedging (stochastic process),

but postcopulatory sexual selection (deterministic process: Yasui

1998; Garcia-Gonzalez et al. 2015), because in this case the arith-

metic mean fitness of polyandry would be always higher than that

of monandry. As we are interested in testing pure bet-hedging

effects, in our simulations, after all matings (ranging from 2 to

10 for polyandrous females) are completed, all females regard-

less of their mating strategy produce the same number of eggs

(100, unless polyandry is costly—see below). If a single polyan-

drous female mates with five males, each male can fertilize up to

20 eggs. In nature, such scenario where different mates can fertil-

ize different batches of eggs can happen, for instance, in amphib-

ians or birds laying eggs in different ponds/nests with different

males fertilizing the eggs in each clutch, or generally, in multi-

parous animals. In our simulations the fate of the eggs available for

each male and the resulting offspring may vary among three cate-

gories: unfertilized eggs (because of insemination failures due to

male effects, azoospermia, apyrene sperm transfer, etc.), fertilized

eggs but inviable embryos (due to male–female genetic incom-

patibilities or intrinsic male effects leading to embryo mortality),

or fertilized eggs and viable offspring (normal development) due

to the attributes of each male. It is worth emphasizing that mating

with an unsuitable male results in an unavoidable loss of a cer-

tain proportion of eggs/offspring, irrespective of the underlying

mechanisms.

Our test would examine whether polyandrous (bet-hedger)

females exhibit smaller fitness variance at the expense of a reduc-

tion of arithmetic mean fitness, which would lead to larger ge-

ometric mean fitness over generations compared to monandrous

EVOLUTION FEBRUARY 2016 3 8 9
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Figure 3. Fixation probabilities (as a percentage) of polyandry

obtained in the simulations under (A) the intrinsic male quality

scenario with binomial male quality distributions and (B) the ge-

netic incompatibility scenario with various number of alleles in the

compatibility-controlling locus (Fig. S3). The frequency of mating

genotypes in the initial generation is 1:1 (polyandry:monandry;

SC competition). Percent costs of polyandry are equivalent to the

decrease of mean egg production in the polyandry genotype (see

Methods). General conditions: polyandry mating frequency = 5;

number of patches = 10; patch size = 10 females (i.e., metapopu-

lation size = 100); dispersal rate = 1% per generation. The horizon-

tal dotted line represents the threshold above which polyandry is

advantageous compared to monandry.

(non-bet-hedger) females. The smaller variance and reduced mean

is expected to be the consequence of averaging multiple offspring

phenotypes (i.e., viable and inviable) in each family taking into

account the costs of remating. In the simulations, the fitness cost

of the polyandrous strategy is set to take the form of decreased egg

production (e.g., a 1% cost of remating means that polyandrous

females suffer a 1% reduction in fecundity).

DISPERSAL AMONG PATCHES

Some degree of connectivity among subpopulations is an essential

feature of metapopulation structure (Levin 1974; Hanski 1999).

In our simulations, each patch received female immigrants from

two neighboring patches in every generation (Fig. S1), and we

established that a certain proportion (four migration rates simu-

lated: 1, 5, 10, or 15%) of female offspring produced in each patch

disperses (see above and Supporting Information for complete de-

tails about the setup of migration variation). In the competition for

the limiting carrying capacity of the patches, the excess number

of female offspring is assumed to die at the same rate for both

genotypes. Because each patch produces a different number of

migrants (i.e., there are more migrants from a patch containing

just by chance a greater number of “lucky” females mating with

suitable males) and mortality of individuals occurs at the set-

tlement phase in a frequency-independent manner, the selection

in this simulation represents “hard” rather than “soft” selection

(Haldane 1957; Wallace 1975; Ridley 2004). We also incorporate

random extrinsic mortality of offspring in each patch, reflect-

ing genetic drift and environmental catastrophes that may lead to

patch extinction (see Supporting Information for details).

SYMMETRICAL COMPETITION AND INVASIBILITY

ANALYSIS

Two types of competition were simulated: (1) symmetrical compe-

tition (SC); equal number of competing genotypes, where an equal

number of both strategists are present in the initial generation (e.g.,

five polyandrous vs. five monandrous females in each patch),

and (2) invasibility analysis (IA); invading genotype, where a

female with one strategy invades the population occupied by the

other strategy (e.g., one polyandrous strategist vs. 99 monandrous

strategists at the metapopulation level, with only one patch ini-

tially challenged by the invader). Each simulation included 1000

(the SC) or 10,000�50,000 (the IA) trials, and each trial continued

until the generation at which either the monandrous or polyan-

drous strategy becomes extinct at the metapopulation level.

In summary, the population parameters that were set consist

of (1) the number of patches, from one to 50 (in SC competition),

and 20 (IA competition), (2) patch size, from 10 to 50 (SC),

and five (IA), and metapopulation size (= number of patches

multiplied by patch size), from 100 to 500 (SC), and 100 (IA),

(3) the initial number of polyandrous and monandrous females in

each patch, from five to 50 (SC), and one individual of the invad-

ing genotype plus four of the defending genotype (in the patch

where mutation occurs) or five of the defending genotype (the

other patches) (IA), (4) mating frequency of polyandrous females

(degree of polyandry), from two to 10 (SC), and five (IA), (5)

migration rate, from 1 to 15% per generation (SC), and 1% (IA),

and (6) costs of polyandry, from 0 to 50% in both SC and IA

competition.

Simulations were carried out using Fujitsu F-BASIC for Win-

dows V6.0 on IBM PC/AT compatible computers at the Labora-

tory of Entomology, Faculty of Agriculture in Kagawa University,

Japan. To validate our simulations, we set the mating frequency

of polyandrous females as 1 (i.e., equivalent to monandry) and

let them (group A) compete with original monandrous females

(group B) (parameters: SC type competition, number of patches

= 10, patch and metapopulation sizes = 10 and 100 females, re-

spectively, migration rate = 1% per generation). When Group

A had no fitness costs, its fixation probabilities in 1000 tri-

als were 51.1% in the intrinsic male quality scenario (infertile
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male frequency = 0.22) and 49.5% in the genetic incompatibility

scenario (four alleles in the compatibility locus). These values

did not differ significantly from 50% expectation (Fisher’s exact

test: P = 0.655 and 0.858, respectively). However, when group A

had 3% costs, these probabilities significantly decreased (40.6%,

P < 0.001 and 40.7%, P < 0.001, respectively). Therefore, we are

confident that all simulation conditions are kept equal for the two

female strategies except for mating frequency and remating costs.

Results
Results are equivalent for the two scenarios (intrinsic male qual-

ity and genetic incompatibility) simulated (Figs. 3–5). The most

influential factor in the evolution of polyandry is the frequency of

unsuitable (due to intrinsic male quality, or genetic incompatibil-

ity) males in the population (Fig. 3). In particular, the frequency

of males causing complete female reproductive failure dictates

the benefits of polyandry via bet-hedging to a great degree. In

the intrinsic male quality scenario, when the frequency of un-

suitable males in metapopulation is less than 0.1, polyandry has

no selective advantage over monandry along the parameter space

simulated, except for the cases where polyandry bears no costs

(Fig. 3A). However, if the proportion of unsuitable males is mod-

erate or high (e.g., 0.22 or higher), polyandry achieves higher

fixation probabilities than monandry, even if it entails 10% or

higher fitness costs (Fig. 3A). Under the genetic incompatibility

scenario, when a compatibility-controlling locus has many alle-

les, meaning that the incompatibility population-load is relatively

low (Fig. S3), the advantage of polyandry is limited to the low-

cost area (Fig. 3B). However, under strong incompatibility (e.g.,

the three- and four-allele cases in Fig. S3, in which more than

15% of matings are completely incompatible), polyandry can off-

set extremely high fitness costs (ranging from 10% to over 30%;

Fig. 3B). Given these results, for the analyses regarding intrinsic

male quality scenario, we set up to explore the consequences of

following either mating strategy when the frequency of unsuit-

able males in the population is moderate (0.22; see Fig. 4A–D).

For the genetic incompatibility scenario, we focus on the results

of the four-allele six-genotype cases (Fig. 4E–H, Table S1B, and

Fig. S3). We chose these intermediate parameters, rather than

extreme settings, because this condition realizes three different

levels of compatibility (fully incompatible, partially incompati-

ble, and fully compatible), which seems a realistic condition in

wild populations (e.g., see Palumbi 1999).

SYMMETRICAL COMPETITION (SC)

In both intrinsic male quality and genetic incompatibility

scenarios, when a population including 100 females has no

metapopulation structure (i.e., when it is not divided into subpop-

ulations; open squares in Fig. 4B and F), the results are similar to

those obtained by Yasui (2001); without fitness costs, polyandry

(e.g., mating frequency = 5) has a slightly higher fixation prob-

ability than monandry. This indicates the trade-off between fit-

ness mean and variance at the heart of the bet-hedging rationale

(Philippi and Seger 1989), because if the arithmetic mean fitness

for both mating strategies is the same, a polyandrous strategy will

always outcompete monandry. With >3% costs, this advantage

vanishes. However, adding metapopulation structure can greatly

increase the benefit provided by bet-hedging, in particular when

unsuitable males are abundant in the population or when the ef-

fects of male × female genetic incompatibilities are severe. If

a metapopulation is divided into 10 patches, each including 10

females, no-cost polyandry almost always (about 90–100% prob-

ability) leads to fixation (closed squares in Fig. 4B and F). Even

with extremely high costs of 12–15%, polyandry is still highly

competitive against monandry (about 50% fixation probability).

When the degree of polyandry increases from 2 to 5, the ben-

efits of bet-hedging also increase, but mating frequency above

five does not lead to further substantial increases in the fixation

probability of a polyandrous strategy (Fig. 4A and E). This latter

result represents the law of larger numbers; the sample mean gets

closer to the population mean (but the improvement decreases)

with increased sampling.

Local extinction of small subpopulations frequently occurred

due to stochastic extrinsic mortality (see Supporting Information).

Throughout simulations under both scenarios, the extinction rate

of subpopulations including 10 and 20 females was about 6 and

2% per patch per generation, respectively, while no extinction

occurred in the (sub)populations including 50 and 100 females.

However, in many cases the temporally extinct subpopulations

recovered through recolonization by immigrants (the mean pop-

ulation fill rate at the mating phase was about 40–50% through-

out simulations, indicating that room for immigrants usually

existed).

Patch size plays an important role in determining the ad-

vantages of polyandry through bet-hedging: increases in female

patch size from 10 to 50 are associated with a decrease of the

fixation probability of polyandry (Fig. 4B and F). Likewise, high

migration rates (5% or more) reduce the bet-hedging benefits of

polyandry (Fig. 4D and H). Interestingly, when patch number is

increased (up to 50 patches) while keeping its size (10 females)

constant, polyandry is far more advantageous in the low-cost area

(�15%), but less advantageous in the high-cost area (�20%) than

monandry, generating a steeper gradient than that for the 10-patch

case (Fig. 4C and G). This means that the fitter genotype (e.g.,

polyandry entailing small costs, or monandry competing with ex-

tremely high-cost polyandry) is very unlikely to become extinct

in large metapopulations by chance (random drift).

Likewise, the number of generations until fixation increases

disproportionally as the number of patches increases. In gen-

eral, the simulations take longer if both strategies are equally
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Figure 4. Fixation probabilities (as a percentage) of polyandry obtained in the simulations under (A–D) the intrinsic male quality scenario

(unsuitable male frequency = 0.22) and (E–H) the genetic incompatibility scenario (four-allele case in the compatibility locus: Fig. S3).

The frequency of mating genotypes in the initial generation is 1:1 (polyandry:monandry; SC competition). (A) and (E) Effects of mating

frequency for polyandrous females. Number of patches = 10; patch size = 10 females (i.e., metapopulation size = 100); dispersal rate =
1% per generation. (B) and (F) Effects of divisioning pattern of metapopulation. Polyandry mating frequency = 5; metapopulation size

= 100 (i.e., patch size = 100, 50, 20, or 10 for number of patches = 1, 2, 5, or 10, respectively); dispersal rate = 1% (except for the one

population case). (C) and (G) Effects of number of patches. Polyandry mating frequency = 5; patch size = 10 (i.e., metapopulation size =
500, 200, or 100 for 50, 20, or 10 patch cases, respectively); dispersal rate = 1%. (D) and (H) Effects of dispersal rate. Polyandry mating

frequency = 5; Number of patches = 10; Patch size = 10 (metapopulation size = 100).

competitive (i.e., when the fixation rate of polyandry is around

50%). For instance, in the intrinsic male quality scenario

(Fig. 4C), under the conditions of mating frequency equal to five

for polyandry and 1% migration rates, polyandry (with 15% costs)

in the 10-patch case takes 114.63 ± 125.31 generations (mean ±

SD, n = 1000 trials) until fixation, while in the 50-patch case

polyandry (with 20% costs) takes 2966.89 ± 3079.00 generations

(n = 1000). The fivefold increase of metapopulation size results in

about 26-fold increase of the fixation time. Thus, metapopulation

structure clearly reduces the strength of selection.
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A : unsuitable male frequency = 0.50

 

B : unsuitable male frequency = 0.22

 

C : unsuitable male frequency = 0.10

 

Percentage of costs of polyandry 

E : 3 alleles (3 genotypes) in the compatibility locus

F : 4 alleles (6 genotypes) in the compatibility locus

G : 5 alleles (10 genotypes) in the compatibility locus

H : 6 alleles (15 genotypes) in the compatibility locus

Intrinsic male quality scenario 
(50000 trials) 

Genetic incompatibility scenario 
        (10000 trials) 

I : 10 alleles (45 genotypes) in the compatibility locus

1 Polyandry vs 99 Monandry 

1 Monandry vs 99 Polyandry 

D : unsuitable male frequency = 0.05

 

Figure 5. Percent probability of successful invasion by a mutant genotype (one intruder genotype competing with 99 residents at

generation 1) under the intrinsic male quality scenario with various unsuitable male frequencies (A–D following 50,000 trials) and the

genetic incompatibility scenario with various number of alleles in the compatibility locus (E–I following 10,000 trials). Number of patches

= 20; patch size = 5 females (i.e., metapopulation size = 100); mating frequency for polyandrous females = 5; dispersal rate = 1%

per generation. Fixation probabilities are small, but the important aspect to note is that probabilities of fixation for polyandrous and

monandrous strategists differ significantly.

INVASIBILITY ANALYSIS (IA)

When a newly occurred mutant genotype enters one of the patches

of the metapopulation (number of patches = 20, female subpop-

ulation and metapopulation size = 5 and 100, respectively), drift

affects rare genotypes very severely. Invader genotypes usually

become extinct within a few generations, so to detect success-

ful invasion, we run a very large number of trials (10,000 in

the genetic incompatibility scenario and 50,000 in the intrinsic

male quality scenario; Fig. 5). However, when infertile males or

severely incompatible matings abound in the population, a small

region where polyandry outperforms monandry becomes apparent

(Fig. 5A, B, E–G). Even in the case where genetic incompatibil-

ity in the population is relatively mild (Fig. 5H and I), polyandry

has an advantage over monandry unless the costs of polyandry
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are exceptionally high. In general, population structure helps bet-

hedging and the higher the frequency of unsuitable mates in the

population, the more likely the fixation of polyandry.

We obtained similar results in the intrinsic male quality sce-

nario with continuous male quality distributions, with polyandry

being favored whenever unsuitable males are abundant in struc-

tured populations (see Supporting Information).

Discussion
EVOLUTION OF POLYANDRY BY BET-HEDGING,

REVISITED

Earlier theoretical investigations of the scope of bet-hedging un-

derlying the evolution of polyandry found that the effectiveness

of this mechanism was limited to small populations (Yasui 1998,

2001; Holman 2016). The present study sheds new light on the hy-

pothesis that female multiple mating can be maintained in popula-

tions through bet-hedging benefits. Our analyses do not challenge

Yasui’s (2001) analytical model demonstrating the dependence

of bet-hedging effect on female population size, but they expand

the previous model, and explore the effectiveness of bet-hedging

polyandry under new assumptions and broader population set-

tings. Results show that if unsuitable mates are very common in a

metapopulation consisting of small patches, polyandry exhibits a

clear selective advantage over monandry. Moreover, our invasibil-

ity analyses show that newly occurred polyandrous mutants can

successfully invade the metapopulation occupied by monandrous

genotypes, whereas monandrous mutants are much less likely

to attain fixation, unless polyandry is associated with extremely

high costs. The present study demonstrates how large the force

of stochasticity (in this case associated to unreliable mate choice

criteria) is in small subpopulations. The monandrous genotype

(i.e., high-risk, high-return strategy) frequently went to extinc-

tion in subpopulations as a result of stochasticity arising from

mate sampling, while the polyandrous genotype (i.e., low-risk,

low-return strategy) persists in the same patch because of its tol-

erance to stochasticity, which comes from a reduction in the vari-

ance in fitness. Consequently, polyandrous genotypes tend to suc-

ceed in each patch and they spread across the metapopulation via

migration.

THE UBIQUITY OF UNSUITABLE MATES AND

INCOMPATIBLE MATINGS

Our results indicate that the occurrence of highly unsuitable males

in a population is a key for the evolution of polyandry via bet-

hedging. Mating failures due to male effects in natural populations

have been found to be more pervasive than previously thought

(Garcia-Gonzalez 2004; Hasson and Stone 2009; Rhainds 2010;

Tyler and Tregenza 2013; Forbes 2014; Greenway et al. 2015;

Greenway and Shuker 2015). Some factors underlying mating

failures such as insemination failures, sperm depletion, or modu-

lation of ejaculate investment by males (Garcia-Gonzalez 2004;

Greenway and Shuker 2015) can sometimes result in sperm lim-

itation for females (Wedell et al. 2002), and may be unrelated

to the genetic make-up of individuals. Others, such as azoosper-

mia, aspermia, mechanical infertility, ejaculates of low quality,

or a dysfunction of the mechanisms regulating sperm function-

ing or gamete interactions (Garcia-Gonzalez 2004) may have a

genetic basis. Genetically based highly detrimental males are tra-

ditionally considered to be quickly purged from population by

natural selection, but the reality is that mating failures are com-

mon in nature (Garcia-Gonzalez 2004; Greenway and Shuker

2015).

It is important to bear in mind that small subpopulations of-

ten harbor deleterious alleles in high frequency due to genetic

drift and inbreeding (i.e., genetic load, Crow and Kimura 1970).

In our simulations, for heuristic reasons, we adopted male quality

distributions that are constant across generations. However, we

introduced the equivalent effects to random drift in the form of

random extrinsic mortality at the settlement stage after dispersal

(see Supporting Information), producing fluctuation of male phe-

notypic frequency. In general, theory suggests that random drift

delays the fixation of fitter genotypes (Crow and Kimura 1970).

We observed, especially in large metapopulations (50 patches

each containing 10 females), that even though selection on mat-

ing frequency goes on for thousands of generations, it eventually

leads to the fixation of polyandry except when remating costs

are extremely high (Fig. 4C and G). Thus, the evolutionary force

of bet-hedging favoring polyandrous behavior may outperform

the effects of random drift (hampering the evolution of multiple

mating) in small patches (e.g., 10 females). In the genetic incom-

patibility scenario, we mainly inspected limited polymorphism

(four alleles) at the compatibility locus, which generated high fre-

quencies for incompatible matings (Fig. S3). We recognize that

the influence of bet-hedging effects under this scenario weakens

with increasing number of compatibility alleles (e.g., hundreds

of alleles are often observed in plants: Nou et al. 1993, and see

Holman et al. 2013). Nevertheless, even in such highly polymor-

phic cases, if inbreeding among close relatives frequently occurs,

this may result in fully incompatible matings. Therefore, the con-

ditions under which inbreeding is more likely to occur, such as in

small subpopulations, would promote the evolution of polyandry

by bet-hedging. Increasing empirical evidence, suggesting that

polyandry is maintained to avoid inbreeding depression (Stockley

et al. 1993; Jennions and Petrie 2000; Tregenza and Wedell 2000;

Reid et al. 2015) supports this idea. Furthermore, the genetic load

due to incompatibility cannot be purged by selection effectively

because selection itself rather works to maintain polymorphism

in genetic equilibrium (i.e., due to negative frequency-dependent

selection).
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Thus, both under the intrinsic male quality and genetic

incompatibility scenarios, natural populations exhibit high fre-

quency of unsuitable males as mates (Sheldon 1994; Palumbi

1999; Tregenza and Wedell 2000; Preston et al. 2001; Wedell

et al. 2002; Garcia-Gonzalez 2004; Hasson and Stone 2009). Un-

der these circumstances, bet-hedging can work effectively if fe-

males cannot discriminate male quality. We hope that our study

stimulates future multigenerational empirical studies to test the

predictions resulting from the present work.

POLYANDRY IN “SUBDIVIDED” POPULATIONS

Many organisms, from invertebrates to vertebrates, live in more

or less spatially structured populations (Levin 1974; Hanski 1999;

Marsh and Trenham 2001). The most intensively simulated con-

ditions in our analyses (number of patches = 10; subpopulation

and metapopulation size = 10 and 100 females, respectively;

degree of polyandry = 5 matings; migration rate = 1% per gen-

eration) seem reasonable approximations for many natural cases.

Examples of patchy-distributed insects, such as some butterfly

species, are abundant (e.g., the Glanville fritillary butterfly, Meli-

taea cinxia: Saccheri et al. 1998; Sarhan and Kokko 2007). If one

patch contains a few host plants or other resources that can only

support several clutches, it is plausible that the number of individ-

uals reaching adulthood and breeding on that patch is less than 20

(10 females and 10 males; e.g., the swallowtail butterfly Papilio

xuthus: Watanabe 1976, 1981). Moreover, in some species, fe-

males often remain close to the resources around their birthplace,

mate immediately after emergence within a patch (Thornhill and

Alcock 1983; Fagerstrom and Wiklund 1982), and disperse to

neighboring patches after mating (Hill et al. 1996). Thus, even if

the whole population includes a large number of individuals, it is

possible that at a local scale, only a limited number of individuals

are available as potential mates, creating an equivalent effect to

a “subdivided” population when it comes to the distribution of

matings. Indeed, in many species the opportunity for female mate

choice for individual females can be limited to just a few poten-

tial partners. If such few potential partners contain one or more

unsuitable or incompatible mate, indiscriminate polyandry would

be highly effective to spread the risk of total reproductive failure.

Finally, it is interesting to consider the case in which selec-

tion is “softer” than in our simulation settings. In general, soft

selection increases the mutation load of the population (Crow and

Kimura 1970; Klekowski 1982). Therefore, our study suggests

the possibility that a higher genetic load due to soft selection

would favor the evolution of polyandry to a higher extent than the

case of hard selection that we have envisaged in our simulations.

However, the relationship between the soft (or hard) selection and

the evolution of polyandry remains untested. Further theoretical

studies and detailed field investigations over multiple generations

are warranted to test these predictions in the future.

BET-HEDGING POLYANDRY AND CONSERVATION

BIOLOGY

Genetic load (accumulation of deleterious alleles), inbreeding

depression (decrease of heterozygosity in fitness-related loci),

and genetic incompatibility (loss of alleles in compatibility-

controlling locus by chance) increase especially in small pop-

ulations (Frankham 2005), in which demographic stochasticity

and random drift are prominent. Such genetic factors increase the

extinction risk of populations (Lynch and Gabriel 1990). More-

over, small populations are vulnerable to habitat loss by natural or

artificial destruction (Bender et al. 1998; Saccheri et al. 1998). Our

simulations show that both high frequencies of unsuitable males

and small patch sizes favor the evolution of polyandry via bet-

hedging. In other words, polyandrous females/species can tolerate

the extinction risk from these environmental and genetic factors

to a higher degree than their monandrous counterparts. Polyandry

also increase the genetic diversity of offspring (Yasui 1998), also

resulting in higher tolerance to extinction. Therefore, we suggest

that conservation programs of endangered species living in frag-

mented habitats (i.e., small populations with high genetic load)

need to pay special attention to mating systems (Parker and Waite

1997; Saether et al. 2004; Holman and Kokko 2013), and may

need to consider favoring multiple mating to ease the persistence

of local populations.

In short, our results provide new insights into the evolution

of female multiple mating via bet-hedging, and into the role of

this mechanism and the kind of mating system for conservation

biology. Bet-hedging can be a simple explanation underlying the

evolution of female multiple mating in situations in which there

is metapopulation structure or where mate choice opportunity is

limited, but we acknowledge that the generality of our findings

will depend in part on the extent to which female infertility due

to male effects occurs in natural populations (Garcia-Gonzalez

2004; Hasson and Stone, 2009; Rhainds, 2010; Tyler and Tre-

genza 2013; Forbes 2014; Greenway et al. 2015; Greenway and

Shuker 2015). Our results generate several interesting predictions

that need to be tested with empirical research into the interplay

between mate availability, population spatial structure, effective

population sizes, and the long-term (multigenerational) fitness

payoffs of varying mating rates.
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