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Abstract
Theory shows that polyandry (mating with multiple males within a reproductive season) works as bet-hedging to increase 
the geometric mean fitness (GMF) of polyandrous genotype over generations and avoid extinction but it was rarely tested 
empirically. In this study, we distributed the eggs of Gryllus bimaculatus females mated with 1–4 males (mating treatment) 
into 4 petri dishes with different conditions: 25 °C/fresh water, 37 °C/fresh water, 25 °C/salt water, 37 °C/salt water, simulat-
ing 4 clutches laid at the different sites are suffered environmental change. The egg hatching rate was obtained over 7 blocks 
with different females for each mating treatment. In general, significantly more eggs hatched in 25 °C than 37 °C and in 
fresh water than salt water. The reproductive failure (no hatched eggs per petri dish) frequently occurred in monandry and 
2-male polyandry. Next, we considered 7 blocks as the successive 7 virtual generations and calculated the within-generation 
arithmetic mean fitness (AMF) among females of the same treatment and the between-generation GMF of the AMF across 7 
generations. Randomization test shows that the GMF of 3- and 4-male polyandry were significantly higher than monandry. 
This study shows that the risk from mating only once can be avoided by polyandrous mating as bet-hedging.
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Introduction

In general, male fitness is positively correlated with the num-
ber of mates that he acquires, and thus, the adaptive signifi-
cance of male multiple mating (polygyny) is easily under-
standable (Thornhill and Alcock 1983; Shuker and Simmons 
2014; Simmons 2019). However, the relationship between 
female fitness and her mating frequency is not straightfor-
ward (Bateman 1948; Tang-Martínez 2019) because female 
multiple mating with different males (polyandry) or some-
times repeated matings with the same male seem unneces-
sary to secure fertilization of the limited number of eggs 
and often costly (e.g. loss of energy and time, predation and 
infection risks; Birkhead and Møller 1992; Arnqvist and 
Rowe 2005). Thus, the causes and consequences of polyan-
dry have stimulated many researchers as an unsolved enigma 
in evolutionary biology (Walker 1980; Thornhill and Alcock 
1983; Birkhead and Møller 1992; Yasui 1997, 1998, 2001; 

Arnqvist and Nilsson 2000; Simmons 2005; Jennions and 
Petrie 2007; Garcia-Gonzalez et al. 2015; Yasui and Garcia-
Gonzalez 2016; Yasui and Yoshimura 2018).

The reasons that females mate with more than one male 
are classified into (1) female benefit, in which females obtain 
some benefits from males, which are larger than the remating 
cost (Thornhill and Alcock 1983; Birkhead and Møller 1992; 
Arnqvist and Nilsson 2000) and (2) female coercion, in 
which females are coerced superfluous copulation by males 
(Arnqvist and Rowe 2005). From the female viewpoint, 
(1) is adaptive but (2) is maladaptive explanation. Among 
the adaptive hypotheses, direct or environmental benefits 
(e.g., replenishment of sperm supply, nutritional nuptial 
gift, paternal care of offspring and protection against preda-
tors or sexual harassment from other males; Arnqvist and 
Nilsson 2000) are convincing because the cost for females 
are paid within generation (Yasui 1998). However, in the 
species lacking obvious direct benefits, indirect or genetic 
benefits (e.g., acquisition of good or compatible genes and 
genetic diversity among offspring; Yasui 1998; Jennions and 
Petrie 2007) are supposed. Despite several theoretical mod-
els (Curtsinger 1991; Yasui 1997, 1998, 2001; Yasui and 
Garcia-Gonzalez 2016; Yasui and Yoshimura 2018) showed 
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that genetic benefits are possible, they remain still controver-
sial because the sufficient return at the offspring generations 
is difficult to detect empirically in many cases (Yasui 1998; 
Jennions and Petrie 2007).

Female multiple mating can be understood as a form 
of non-simultaneous female mate choice and the problem 
for the females mating multiply is the uncertainty of infor-
mation regarding male quality (Yasui 1998, 2001). For a 
given female, population would contain “unsuitable males”, 
which cause the total reproductive failure as a result for vari-
ous reasons (Sheldon 1994; Palumbi 1999; Tregenza and 
Wedell 2000; Preston et al. 2001; Wedell et al. 2002; García-
González 2004; Hasson and Stone 2009; Rhainds 2010; 
Tyler and Tregenza 2013; Forbes 2014; Greenway et al. 
2015; Greenway and Shuker 2015; Balfour et al. 2020). The 
males may have unsuitable genetic factors such as intrin-
sically bad genes, deleterious mutations or incompatible 
genetic element (Tregenza and Wedell 2000). More impor-
tantly, even in any high genetic quality males, accidental 
mating failure is always possible (García-González 2004; 
Tyler and Tregenza 2013; Balfour et al. 2020). If genital 
coupling normally occurs, sperm transfer is not necessarily 
successful (Tyler and Tregenza 2013). The male may tempo-
rally deplete sperm store and some damage or disease on his 
copulatory organ may disturb normal ejaculation (Sheldon 
1994; Preston et al. 2001; Wedell et al. 2002). Moreover, 
under the sexual conflict (Arnqvist and Rowe 2005), such 
defective males would conceal their low quality and mating 
failure from females, so that the females possibly cannot 
detect infertile mating even after its occurrence (Yasui and 
Garcia-Gonzalez 2016; Yasui and Yoshimura 2018). If these 
females have mated only once, they cannot leave offspring 
at all.

In such situations, indiscriminative polyandry can operate 
as bet-hedging, in which females spread the risk of reproduc-
tive failure over multiple males (Yasui and Garcia-Gonzalez 
2016). When the bad male frequency in population or the 
occurrence probability of mating failure is p (1 ≥ p ≥ 0) and 
females mate with n males, the probability that all n males 
mating to a female fail is pn. Thus, even if 1/5 of males 
are infertile, the females to mate with 4 males (supposing 
even paternity share) can greatly decrease the total repro-
ductive failure to 0.24 = 0.0016. In large populations these 
benefits arising from sampling more males are not likely to 
drive higher mating frequencies but that theory shows that 
bet-hedging polyandry effectively works in small female 
populations or small subpopulations in the structured meta-
populations (for the rationale see Yasui and Garcia-Gonzalez 
2016).

In the life-history evolutionary theory, bet-hedging traits 
such as egg dispersal, seed dormancy and iteroparity are 
the adaptations against unpredictable environmental fluctua-
tion (Cohen 1966; Slatkin 1974; Gillespie 1977; Philippi 

and Seger 1989; Sterns 1992; Alekseev and Lampert 2001). 
In the context of female mating strategy of insects such as 
crickets laying eggs in the soil, if hatching environments of 
eggs (e.g., temperature, salinity or pH of the soil) changed 
after oviposition, polyandrous strategy may help to cope 
with the unpredictable changes by producing genetically or 
phenotypically diverse offspring (Yasui 1998) in addition 
to the insurance against male-caused reproductive failures.

In this study, we tested the bet-hedging polyandry hypoth-
esis using the field cricket Gryllus bimaculatus. In this study, 
we intended to incorporate any possible accidents into the 
results: such as the change of salt concentration among 
blocks, the fewer number of eggs laid by some females, age 
variance, male’s mating experience and empty spermato-
phore (nonsperm representation in García-González 2004; 
Balfour et al. 2020), etc. Females face these potential threats 
of reproductive failures. In our experiment, females mated 
with 1–4 males (1 mating in each pair, thus monandry means 
single mating) and the eggs were allocated to good or bad 
hatching conditions. The egg hatching rate was compared 
among monandry, 2-, 3- and 4-male polyandry.

Materials and methods

Insects

Two strains of laboratory cultures of Gryllus bimaculatus 
were used in the experiments. One was a wild-type (black 
eye: B) population which was pooled from multiple sources 
such as a long-term mass rearing culture (being sold as prey 
of reptile pets) and wild-caught individuals in Ishigaki island 
(Okinawa Prefecture, Japan). The other was a white-eye 
mutant strain (W) that shows recessive inheritance against 
black eye (i.e., the hybrid BW expresses black eye). Each 
stock culture was maintained in a plastic container (L41 × 
W32 × H24 cm) under room temperature (ca. 25 °C) and 
natural photoperiod. The containers were partially heated by 
a bottom heater plate in winter season. The crickets were fed 
with Koi-fish (carp) food and water ad libitum.

Virgin females of W morph were obtained by the sex-
ing and isolation at the final instar nymphal stage. Seven- 
to 14-day-old virgin females were used in pairing. Natural 
male population of such highly promiscuous species as G. 
bimaculatus contains individuals of various ages, conditions 
and mating experiences. Most males would be non-virgin, 
which exhaust more or less sperm stores and may be suf-
fered injuries on genital organs compared to newly emerged 
virgin males. If only virgin males are used in mating experi-
ments, the male condition may bias the results (about the 
overestimation of the benefits that females receive from 
multiple virgin males, see Wilson and Tomkins 2014). In 
this study, because we expect that females encounter males 
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with various qualities/conditions and indiscriminately mate 
with them, the experimental males were randomly chosen 
from the stock cultures.

Mating experiments

Table 1 shows an example of the pairing. We set the four 
mating treatments (monandry, 2-male polyandry, 3-male 
polyandry and 4-male polyandry (hereafter abbreviated as 
M, 2P, 3P and 4P) as the different female strategies (vir-
tual genotypes). Single block consisted of several virgin 
females (W) and a dozen or so males (B and W) (Table 1). 
In each block, the mating order of females and males was 
randomized to avoid possible systematic bias: for example, 
if every block starts by monandrous mating, it follows that 
younger females tend to be allocated to monandry treatment 
and if the B males are always used as the first mating role, 
higher paternity of B morph and that of the first mating 
male cannot be discriminated. Pairing was carried out in 
a plastic container (L150 × W90 × H130 mm). In cricket 
copulation, males attach a spermatophore outside the female 
genital opening (Simmons 1986). Then, sperm move from 
spermatophore to female spermatheca via narrow tube (Sim-
mons 1986). The number of sperm transferred is positively 
correlated with the duration of spermatophore attachment 
and the sufficient transfer needs 30 min (Simmons 1986). 
In our experiments, during 30 min after successful sper-
matophore attachment, the mating pairs were cohabitated 
to avoid early spermatophore removal by females (males 
guard their spermatophores). Then, spermatophores were 
removed using fine forceps to adjust the maximum insemi-
nation duration. After the spermatophore was successfully 
transferred the male was no longer used in further matings. 
Even if spermatophore transfer succeeded, early detachment 
within 30 min (not removal by females) of spermatophore 
frequently occurred, but these cases were treated as mating 
itself was completed. In polyandrous treatments, females fin-
ished all (2–4) matings within 3 days. Females were allowed 
to lay eggs in a plastic cup (60 mm diameter and 25 mm 
depth) filled with wet sand for ca. 7 days.

Egg hatching conditions

Eggs were washed out from the sand with 25 °C water in a 
500-ml glass beaker. Up to 200 eggs were collected from a 
single female and divided into 4 plastic petri dishes (90 mm 
diameter and 15 mm depth, equipped wet filter paper) using 
a soft fine brush. Petri dishes each containing up to 50 eggs 
(5 rows of 10 eggs with ca. 5 mm distance) were allocated 
to 4 different conditions (normal 25 °C or hot 37 °C tem-
peratures/fresh or salty water). Salt concentration was varied 
among blocks from 0.6 to 12 wt%. This treatment simu-
lated the disaster that an unpredictable storm surge covers 
the coastal oviposition sites. The petri dishes were checked 
every day and filter papers were always kept wet until all 
eggs hatched or were confirmed dead. Egg fertilization rate 
was calculated as (no. eggs swelled with water/no. eggs col-
lected) and paternity was judged by eye-spot color of the 
developing embryos before hatching (as the same manner 
in Garcia-Gonzalez and Simmons 2007).

Calculation of fitness

Female fitness was evaluated mainly as the arcsine-trans-
formed egg hatching rate. This transformation does not 
intend to normalize the distribution but to avoid the prod-
uct of fitness values across multiple blocks at the calcula-
tion of geometric mean (see below) becoming complicate 
large decimal place (e.g., 0.5 × 0.5 × 0.5 × 0.5 × 0.5 × 0.
5 × 0.5 = 0.0078125). When comparing geometric mean 
fitness (our main concern), we used randomization test, 
which is not affected by the transformation. The appropri-
ate fitness index to evaluate adaptability of bet-hedging 
traits is the geometric mean fitness across generations 
(Yasui 1998, 2001; Yasui and Garcia-Gonzalez 2016). In 
this study, different blocks were considered as the suc-
cessive virtual generations of each mating strategy (for 
example, the females of 2P treatment can be considered 
as the same strategists mating in different generations). In 
each block, we calculated the egg hatching rate (HR) for 
each petri dish, and then, arithmetic mean of HR across 

Table 1  Pairing combinations 
of genotypes in a block

This block consisted of 4 females and 10 males
W white-eyed strain (recessive), B black-eyed strain (dominant)
a Changed in each block
b Assuming complete sperm mixing in the spermatheca (Simmons 1987)

Strategy Female Order of mating 
male(s)a

Expected proportion of the black-eyed 
offspring under random  fertilizationb

Monandry W B 1.0
2-Male polyandry W WB 0.5
3-Male polyandry W BWB 0.67
4-Male polyandry W WBWB 0.5
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4 petri dishes from each female (individual fitness; IF). 
Next, arithmetic mean (AM) of IF across all females of 
the same strategy was calculated. Finally, geometric mean 
(GM) of AM across all blocks for each strategy was evalu-
ated (about calculation example, see Appendix 1). If all 
females of the same strategy fail reproduction in a single 
generation (AM = 0), then the GM of that strategy neces-
sarily becomes zero, meaning the extinction of the geno-
type at that generation (Slatkin 1974; Philippi and Seger 
1989; Yasui 1998, 2001; Hopper 1999; Yasui and Gar-
cia-Gonzalez 2016). Because we wished to know which 
female strategy most likely led to extinction, zero-hatching 
rate was replaced with 0.000001 to compare GM among 
strategies (Yasui and Yoshimura 2018; Matsumura et al. 
2021). For statistical analyses based on arithmetic mean, 
we used JMP ver.10.0.2. There is no appropriate statisti-
cal package to analyze geometric mean fitness. Instead, 
resampling and randomization tests using PopTools ver-
sion 3.2 (Hood 2010) were conducted as follows: when 
two mating strategies such as 4P and M were compared, 
observed GM differences (4P-M) was used as the test sta-
tistic. Resampling (100,000 iterations) from the pooled 
samples (all petri dishes in the 4 mating strategies) pro-
duced null-hypothesis distribution of the test statistic. The 
location of the observed test statistic in the null-hypothesis 
distribution indicates the significance level (2-sided test) 
(see Appendix 1 for the calculation details). For multi-
ple comparisons among M, 2P, 3P and 4P strategies (6 
combinations), the probabilities were corrected by Holm-
Bonferroni sequential correction.

Blocks

The seven blocks of the experiments were carried out from 
April to December in 2019 at the Laboratory of Entomol-
ogy, Faculty of Agriculture of Kagawa University (Table 2). 
Thirty-four females in total were investigated. Block means 
the set of mating individuals at the same period. The col-
lection of eggs and tracing embryo development need a few 
weeks so mating experiments were able to be performed 
only intermittently. The uneven sample size was due to the 
difficulty to mate all pairs according to the plan. In particu-
lar, because to complete 3- or 4-male mating by the same 
female within a few days was hard task, the sample sizes 
of these treatments are smaller than the fewer-mating treat-
ments (n = 10 females in 7 blocks for M; n = 9 females in 
6 blocks for 2P; n = 7 females in 4 blocks for 3P and n = 7 
females in 5 blocks for 4P: Table 2). The change of salt 
concentration was the result of trials and errors to find mod-
erately-harsh conditions where only a fraction of the total 
number of embryos, and not all of them, die. We incorpo-
rated these accidents to dataset.

Results

Occurrence of reproductive failure

Female 3–1 (Table 2) was unable to mount a male because 
of the lack of both hind legs. Female 5–5 copulated with 
4 males but did not lay eggs and died. These females were 
omitted from the analyses as the female-caused reproduc-
tive failure (not attributable to males). Although most 
females laid more than 200 eggs, female 3–4 (4P), 3–5 
(3P) and 5–1 (4P) laid less than 200 eggs, which could 
not be allocated to all 4 treatments (see Table 2). Males 
often failed the spermatophore attachment. In such case, 
we retried the pairing with the same male after ca. 1 h rest 
or replaced the male with another one. Female 4–2 (2P), 
5–4 (M), 7–5 (M) successfully copulated and normally laid 
eggs but all of 200 eggs collected from each female were 
unfertilized. Such fertilization failure was not observed in 
the 3- and 4-male polyandry treatments. Out of 200 eggs 
each collected from female 6–2 (2P), 6–3 (2P), 7–3 (2P) 
and 7–4 (3P), 100 eggs allocated to the salinity condi-
tions were dead before the swelling but remaining 100 
eggs allocated to the fresh water condition were developed 
further. Because the allocation to 4 petri dishes was ran-
dom, these mortalities had must occur after fertilization. 
Even under extremely high salinity (12%) conditions, eggs 
from female 2–1 (2P), 2–2 (2P), 2–3 (M) and 2–4 (3P) 
developed until the eye-spot stage but did not hatch.

Figure 1 shows the developmental process of the col-
lected eggs. The high temperature and salinity caused ear-
lier decline of the number of surviving embryos but the 
4-male polyandry could tolerate such harsh conditions in 
many cases. In fact, the total reproductive failure (0 hatch-
ing rate) in the 4-male polyandry treatment occurred only 
in one petri dish (37 °C and salt in 4–4: Fig. 1d). The fer-
tilization failures (unfertilized eggs) occurred significantly 
differently among the mating treatments (contingency 
analysis in JMP10.0.2, Chi-square = 14.498, p = 0.0023; 
Table 3a) but the significance greatly decreased after 
fertilization (Chi-square = 8.115, p = 0.0437; Table 3b). 
Throughout all embryonic developments, the probabil-
ity of reproductive failures significantly differs among 
the mating treatments (Chi-square = 11.521, p = 0.0092; 
Table 3c).

Egg hatching rate varied among mating treatments and 
among environments of egg incubation (Fig. 2). Least 
square fitting (JMP 10.0.2) incorporating the number 
of mates, temperature and water conditions as the fixed 
effect and female’s ID as the random factor shows sig-
nificantly (p < 0.05) higher hatching rate in 25 °C than 
37  °C (p = 0.0009) as well as in fresh water than salt 
water (p < 0.0001). However, although egg hatching rate 
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tended to increase with the number of mates, the differ-
ences among mating frequencies were not significant 
(p = 0.1028).

Within‑generation arithmetic mean fitness

For each of 7 virtual generations, within-generation arithme-
tic mean fitness of 4 mating treatments is calculated (Fig. 3). 
The differences among the treatments were significant in 

some blocks but not in others. This experiment simulates 
a metapopulation structure, in which females lay eggs at 4 
different sites whose environments (temperature and salin-
ity) unpredictably changed after oviposition. Because low 
hatching rate in bad environments (e.g., salt water in block 
2, see Fig. 2) was offset by high hatching rate in good envi-
ronment (e.g., fresh water in block 2), the individual fitness 
(IF) of the female, and thus, arithmetic mean of IF among 
the females of the same strategy kept positive value (e.g., 
block 2 in Fig. 3).

Table 2  Mating combination and egg-hatching conditions

W white eye, B black eye
a M: monandry, 2–4P: 2 to 4-male polyandry
b Male in parentheses means that his spermatophore was detached within 30 min

Block Female (W) Strategya Order of mat- 
ing male(s)b

Total no. col-
lected eggs

No. allocated eggs to each hatching condition

25 °C Fresh 25 °C Salt (%) 37 °C Fresh 37 °C Salt (%)

1 1–1 4P BWBW 200 50 50 (0.6) 50 50 (0.6)
1–2 2P (W)B 200 50 50 (0.6) 50 50 (0.6)
1–3 3P BWB 200 50 50 (0.6) 50 50 (0.6)
1–4 M W 200 50 50 (0.6) 50 50 (0.6)
1–5 M B 200 50 50 (0.6) 50 50 (0.6)

2 2–1 M W 200 50 50 (12) 50 50 (12)
2–2 2P BW 200 50 50 (12) 50 50 (12)
2–3 M W 200 50 50 (12) 50 50 (12)
2–4 3P (W)(B)(W) 200 50 50 (12) 50 50 (12)

3 3–1 This female was unable to copulate
3–2 M (B) 200 50 50 (3) 50 50 (3)
3–3 4P BWBW 200 50 50 (3) 50 50 (3)
3–4 4P BWBW 195 50 45(3) 50 50(3)
3–5 3P WBW 50 50 0 0 0

4 4–1 2P WB 200 50 50(5) 50 50(5)
4–2 2P BW 200 50 50(5) 50 50(5)
4–3 2P BW 200 50 50(5) 50 50(5)
4–4 4P WB(W)B 200 50 50(5) 50 50(5)
4–5 M W 200 50 50(5) 50 50(5)

5 5–1 4P B(W)BW 100 50 0 50 0
5–2 2P W(B) 200 50 50(5) 50 50(5)
5–3 3P BWB 200 50 50(5) 50 50(5)
5–4 M W 200 50 50(5) 50 50(5)
5–5 4P (B)WB(W) This female died without laying eggs

6 6–1 4P WBWB 200 50 50(5) 50 50(5)
6–2 2P BW 200 50 50(5) 50 50(5)
6–3 2P WB 200 50 50(5) 50 50(5)
6–4 M B 200 50 50(5) 50 50(5)
6–5 3P WBW 200 50 50(5) 50 50(5)

7 7–1 3P WBW 200 50 50(5) 50 50(5)
7–2 M W 200 50 50(5) 50 50(5)
7–3 2P WB 200 50 50(5) 50 50(5)
7–4 3P BWB 200 50 50(5) 50 50(5)
7–5 M W 200 50 50(5) 50 50(5)
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Between‑generation geometric mean fitness

With the increase of number of mates, geometric mean 
fitness across available blocks (i.e., virtual generations) 
increased but their SE decreased (Fig. 4). The total reproduc-
tive failure (AM = 0.000001) of female 5–4 in block 5 drasti-
cally reduced the geometric mean of monandry. The rand-
omization tests detect the significant differences between 4P 
and M and between 3P and M (Fig. 4).

Paternity skew

Black-eyed males fathered significantly more offspring 
than the expected frequency (1/2) under random fertili-
zation in 2P and 4P treatments (2P; Mantel–Haenszel Chi-
square = 11.368, p = 0.000747: 4P; Mantel–Haenszel 

Fig. 1  Embryonic development in monandry and polyandry. The 
number of eggs that passed through each developmental stage are 
shown (7 blocks are pooled). Incubating conditions: 25  °C and 
fresh water (solid blue, n = 36), 25  °C and salt water (dotted blue, 
n = 40), 37 °C and fresh water (solid red, n = 25) and 37 °C and salt 

water (dotted red, n = 22). Overlapping lines: a each 4 petri-dishes 
of 5–4(M) and 7–5(M), b 4 petri-dishes of 4–2(2P) and each 2 petri-
dishes (salt water) of 6–2(2P), 6–3(2P) and 7–3(2P), c 2 petri-dishes 
(salt water) of 7–4(3P)

Table 3  The occurrence of the reproductive failure (petri dish based)

Number of mates

1 2 3 4

a. Until egg swelling
 All eggs were unfertilized No. petri dishes 8 4 0 0
 > 0 eggs were fertilized 28 36 25 22

b. After egg swelling
 All embryos were dead No. petri dishes 3 11 4 1
 > 0 eggs were alive 25 25 21 21

c. Total
 All eggs were unhatched 

(reproductive failure)
No. petri dishes 11 15 4 1

 > 0 eggs were hatched 25 25 21 21
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Fig. 2  Egg hatching rate of all petri dishes. Unfertilized eggs (e.g. 4–2) are included as the 0 hatching rate because infertile matings can be the 
result of male-caused reproductive failures. The smoother is a cubic spline with a default lambda of 0.05 and standardized X values (JMP 10.0.2)

Fig. 3  Arithmetic mean fitness in 7 blocks. Arcsine transformed 
egg hatching rates are averaged among females of the same mating 
strategy in each block. The same letters in each block indicate non-
significant differences (p > 0.05) in randomization test and post-hoc 
test with Holm–Bonferroni sequential correction. “No sample” means 

that no female was allocated to this treatment. In block 5, only one 
female (5–4) was allocated to monandrous treatment and this female 
laid 200 unfertilized eggs, so that its arithmetic mean fitness is set as 
0.000001 instead of 0 to avoid that the geometric mean across blocks 
(generations) becomes 0
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Chi-square = 55.322, p < 0.000001) but there was no sig-
nificant deviation from the expected ratio (1/3 or 2/3) in 
3P treatment (Mantel–Haenszel Chi-square = 0.85878, 
p = 0.354081) (Fig. 5).

Discussion

How to compare geometric mean fitness

This study is a rare case comparing geometric mean fit-
ness in empirical studies to test the bet-hedging polyandry 
hypothesis (but see Fox and Rauter 2003; Garcia-Gonzalez 
et al. 2015; Matsumura et al. 2021). Fox and Rauter (2003) 
did a pioneer study of this issue, however, their calculations 
of geometric mean fitness are not entirely correct in our view 
because their method tends to produce higher geometric 
mean in polyandry than monandry (see Appendix 1). We 
have established the correct method to evaluate geometric 
mean fitness in this paper.

Bet‑hedging in the field crickets

This study shows that 3 different types of bet-hedging 
worked in the crickets as follows: (1) the bet-hedging 
polyandry to avoid male-caused reproductive failures, 
(2) metapopulation bet-hedging to spread the extinction 
risks over multiple habitats and (3) reproduction itself as 
bet-hedging.

Polyandry as bet‑hedging

Compared to monandry, mating with 3 or more males 
reduced the occurrence of total reproductive failures 
(Table 3c) and achieved higher geometric mean fitness 
over multiple blocks (Fig. 4). This means that polyandry 
works as bet-hedging to reduce extinction risk of the female 
“genotype” over multiple “generations” (Yasui 2001; Yasui 
and Garcia-Gonzalez 2016; Yasui and Yoshimura 2018) 
although to separate the effects of bet-hedging (stochastic 
process) from that of sexual selection (deterministic pro-
cess) is difficult (we discuss this issue later). The trade-off 
between the mean and variance of fitness, a definition of 
bet-hedging (Slatkin 1974; Gillespie 1977; Philippi and 
Seger 1989) was not detected because the polyandrous treat-
ments showed higher arithmetic mean fitness than monan-
dry in some blocks (Fig. 3). The rationale of this definition 
is that the bet-hedging traits (e.g., seed dormancy; Cohen 
1966) suppressing intergenerational fitness fluctuation, 
which necessarily increases between-generation geomet-
ric mean fitness (GMF; the long-term persistence), should 
be costly in the term of within-generation arithmetic mean 
fitness (AMF; moment rate of increase). Consequently, 
the trade-off (negative correlation) appears between AMF 
and GMF via AMF variance across generations. This is, 
traditionally, a prerequisite to invoke bet-hedging strate-
gies. However, this requirement needs further theoretical 
testing. Such theoretical investigations are not the scope 
of the current study, but, in short, the negative correlation 
between AMF and GMF should be genetic but would not be 
necessarily realized at the phenotype level because an indi-
vidual of bet-hedger genotype with good conditions would 
be superior to that of non-bet-hedger genotype with bad 
condition in single generation. Moreover, even if the AMF 
of monandry is greater than that of polyandry as expected 
from the trade-off assumption, it can be also explained by 
the fitness cost of remating (cost associated with sexual 
selection). Therefore, we hold that the trade-off is not a 
necessary condition to confirm bet-hedging in empirical 
studies.

We focused the accidental mating failures and male infer-
tility at the phenotype level. The compensation of mating 
failure by multiple mating might have occurred in the fol-
lowing cases: 5–2, 6–3, 7–3, 5–3, 7–1, 7–4 and 5–1 (see 
Table 2). In these cases, offspring of only one morph (black 
eye or white eye) were born. If such absence of paternity 
share of a part of the mates was caused by his (their) mat-
ing failure (especially early spermatophore separation), it 
follows that it was compensated by the existence of other 
partner(s).

Fig. 4  Geometric mean fitness across blocks. Geometric mean (GM) 
is calculated as the n-th root of the products of each arithmetic mean 
fitness of n blocks (n = 7, 6, 6 and 5 in M, 2P, 3P and 4P treatments, 
respectively). To create null-hypothesis distribution in randomization 
test, egg-hatching rates in 123 petri dishes (consist of 36, 40, 25 and 
22 petri dishes in M, 2P, 3P and 4P treatments, respectively) were 
resampled (bootstrapping). Two out of 6 possible comparison pairs 
show the significant differences (two-sided test) after Holm-Bonfer-
roni sequential correction
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Polyandry corresponds to “within-generation bet-hedg-
ing” (Hopper 1999; Hopper et al. 2003) and its efficiency 
depends on the female population size (Yasui 2001; Yasui 
and Garcia-Gonzalez 2016). If the sufficient number of 
monandrous females exist in a large panmictic popula-
tion, the probability that all monandrous females unluckily 
encounter unsuitable males is low, and thus, the GMF of 
monandry is not inferior to that of polyandry (Yasui 2001; 
Yasui and Garcia-Gonzalez 2016). However, many organ-
isms live in more or less structured population (Levin 1974; 
Hanski 1999; Marsh and Trenham 2001). In metapopulations 

that consists of small patches, polyandry is favored (Yasui 
and Garcia-Gonzalez 2016). Even in single large population 
containing many males, if the opportunity of mate choice for 
a single female may be limited to a few males, bet-hedging 
polyandry can work (Yasui and Garcia-Gonzalez 2016; 
Yasui and Yoshimura 2018). In this study, where each block 
can be taken as corresponding to a single small population, 
this theory is applicable.

Fig. 5  Paternity in polyandrous clutch. The observed paternity share 
(the number of black-eyed and white-eyed offspring) in each polyan-
drous female is compared with the expected ratio (Table 1) under the 
random fertilization (complete sperm mixing). Each column shows 
the frequencies of black-eyed and white-eyed offspring produced 

from a polyandrously-mated female. For example, doubly-mated 7–3 
female (upper right) was expected to produce 50% black-eyed off-
spring and 50% white-eyed offspring but only black-eyed offspring 
were observed
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Metapopulation bet‑hedging

The egg allocation to the 4 petri dishes with different con-
ditions (temperature and salinity) can be interpreted not 
only as the unpredictable environmental changes after 
oviposition but also as the female strategy to migrate and 
distribute eggs to 4 different patches (i.e., metapopulation 
bet-hedging; Hopper 1999). In metapopulations, if some 
patches crashed completely by unpredictable catastrophe 
(e.g., pesticide spraying) but others were unaffected (i.e., 
spatial fine-grained environments), migration strategies can 
spread the risk of extinction. In fact, the 0-hatching rate in 
the block 2 salt water was compensated with the success 
of the eggs of the same genotype allocated to fresh water 
(Fig. 2). Thus, even monandrous females can tolerate the 
environmental fluctuation if they distribute offspring to mul-
tiple environments, suggesting metapopulation bet-hedging 
is more powerful than within-generation bet-hedging (Hop-
per 1999; Hopper et al. 2003).

Reproduction is bet‑hedging

Moreover, the existence of multiple females of the same 
strategy (i.e., homologous individuals descended from sin-
gle mutant) in the population offsets the fitness fluctuation 
among females. Thus, reproduction itself can be considered 
as bet-hedging to make spare individuals to offset fitness 
variance among mothers. There are no organisms lacking the 
intrinsic tendency to increase. Indeed, numbers are power.

The risk of small population when spare individual of 
the same strategy (genotype) is absent was also detected. 
Considering each block as a population in a discrete genera-
tion, block 5 contained only one monandrous female (5–4) 
and this female failed reproduction (0-hatching rate in all 
petri dishes), resulting in the extinction of the monandrous 
“genotype”. On the other hand, the fertilization failure of 
7–5(M) was compensated by 7–2(M) within the same popu-
lation. The blocks in this study can be also interpreted as the 
small population of endangered species. Yasui and Garcia-
Gonzalez (2016) suggested that the bet-hedging polyandry 
can delay the extinction of demes. Therefore, the present 
study provides good verifications of various aspects of the 
bet-hedging theory.

What causes the reproductive failures

The standard way of polyandry study has adopting the 
repeated mating with the same male as “monandry” treat-
ment (Tregenza and Wedell 1998; Simmons 2001; Garcia-
Gonzalez and Simmons 2007). It surely adjusts the number 
of mating between polyandry and monandry. However, in 
natural environment, a female of solitary insect usually does 
not mate repeatedly with the same male. In such design, even 

if the male fails single copulation, he can be eventually suc-
cessful via the repeated mating. In the bet-hedging theory, 
we should focus accidental mating failure which is unpre-
dictable and thus unavoidable for females. If we use the 
repeated mating design as monandry, the mating failure risk 
in single mating would be underestimated. Although some 
studies (Rodríguez-Muñoz et al. 2010, 2011) have shown 
the congeneric field cricket Gryllus campestris females 
frequently mate repeatedly with the same male sharing the 
same burrow, as well as showing high degrees of polyandry, 
our study does not focus cricket biology but the empirical 
test of the hypothesis using the cricket as the model sys-
tem. If mating failure in a single mating can be compensated 
with repeated mating, such cohabitation behavior as like as 
pair-bonding in birds and mammals can be interpreted as 
bet-hedging against mating failure and temporal infertility. 
Therefore, the G. campestris example enhances the bet-
hedging hypothesis.

This study shows that even in the laboratory conditions, 
which are more favorably controlled regarding, e.g., food 
supply than natural populations, reproductive failures fre-
quently occurs. Out of 34 females investigated, one was 
unable to copulate due to physical disability (loss of hind 
legs) and another one mated with four males but did not lay 
eggs. Out of 123 petri dishes obtained from the remaining 
32 females, 31 dishes (3 out of which was under the “best”, 
25 °C fresh water condition) recorded the 0-hatching rate. 
Because such reproductive failures are usually not reported 
in the literature as they are most of the times deemed incon-
venient or non-informative for the purpose of particular 
studies conducted, their prevalence and evolutionary sig-
nificance are greatly underestimated (García-González 2004; 
Greenway et al. 2015; Balfour et al. 2020). Considering 
the publication bias against negative data, analysis includ-
ing negative data like as this study is necessary to test this 
hypothesis.

Among the various causes of reproductive failures 
(García-González 2004; Balfour et al. 2020), this study 
focused on the infertile mating (fertilization failure) and 
developing environments after fertilization. Causes of the 
infertile mating may come from female-side, male-side 
or their interaction (García-González 2004). Of course, if 
females are permanently infertile because of new mutations 
and some postnatal (nongenetic) disabilities such as loss of 
legs observed at female 3–1, and obstruction of oviducts 
etc. (Rhainds 2010), polyandry cannot rescue it. The male-
side causes are genetic (e.g., deleterious mutations and 
genetic incompatibilities) or environmental (e.g., abnormal 
spermatophore attachment, spermatophore aplasia, empty 
spermatophore and early detachment of spermatophore) are 
possible (García-González 2004). Bet-hedging polyandry 
can cope with most of them.
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When analyzing the early (from copulation to egg swell-
ing) and late (from swelling to hatch) embryonic develop-
ment separately, the compensation by multiple mating func-
tioned especially in the early stage (Table 3). Hence, in this 
experiment, the bet-hedging polyandry mainly worked to 
offset mating failure but could not deal with the postferti-
lization environmental changes. To tolerate such environ-
mental changes, genetic variance about e.g., temperature 
adaptability and salinity tolerance is needed in male genes 
(i.e., genotype-by-environment interaction within multiply-
sired clutches; Yasui 1998). Because the small laboratory 
population of G. bimaculatus unlikely sustains the enough 
genetic variance, our results are reasonable. However, in nat-
ural populations maintaining genetic diversity, bet-hedging 
polyandry possibly works against unpredictable fluctuation 
of egg-hatching conditions.

Remained problem

A serious and very difficult-to-handle issue with the design 
of the study is that in the polyandry groups, females that 
failed to mate the designated number of times were dis-
carded from the treatment of original plan. This means that 
in the higher-degree polyandry groups only those females 
willing to mate a set number of times were used, these are 
unlikely to be a random sample of the population and indeed 
it is easy to imagine they might be the healthier individuals. 
This will tend to create a bias in favor of the polyandry treat-
ments. Unless using artificial insemination, it is impossible 
to coerce the unwilling female to mate. The future develop-
ment of such technique is awaited.

Conclusion: bet‑hedging is ubiquitous 
background of sexual selection

Some authors pointed out that to test bet-hedging polyandry 
hypothesis separately from sexual selection process such 
as sperm competition and cryptic female choice is difficult 
especially in internal fertilizer species (Garcia-Gonzalez 
et al. 2015; Matsumura et al. 2021). In this study, paternity 
in clutches of the polyandrous females significantly biased 
toward black-eye males from the expectation under random 
fertilization (Fig. 5). The black-eye strain is the wild type and 
superior than the mutant white-eye strain about the intrinsic 
genetic quality and competitiveness (unpublished data). Thus, 
good-sperm hypothesis (Yasui 1997), in which polyandrous 
females can indirectly choose genetically-superior male via his 
higher sperm competitiveness may explain the results. Alter-
natively, females (white eye) possibly store more sperm from 
non-kin black-eye males than the related white-eye males (our 
white-eye strain is single matriline and cryptic female choice 

toward sperm of unrelated males was suggested by Tregenza 
and Wedell 1998). However, whenever females mate with mul-
tiple males and some matings possibly result in reproductive 
failure, the bet-hedging effect always works. Thus, bet-hedging 
is a general background on which other specific mechanisms 
may work (Yasui and Yoshimura 2018). Therefore, the truth is 
the opposite: ones cannot evaluate sexual selection processes 
without considering about the bet-hedging effect working 
simultaneously. Even if the sexual selection processes choose 
good or compatible males, as long as uncertainty exists in 
their mating success (a good-gene male may fail fertilization), 
females need bet-hedging polyandry as insurance. Anyway, 
certainly we need future studies focusing on how sexually 
selected mechanisms and bet-hedging mechanisms may work 
together, possibly synergistically.

Appendix 1: Correct calculation method 
of between‑generation geometric mean 
fitness

We show the correct way to evaluate bet-hedging efficiency 
as the geometric mean fitness using a hypothetical dataset 
(Appendix Table 4). The essence of within-generation bet-
hedging (classified by Hopper et al. 2003 that corresponds 
to bet-hedging by polyandry) is that the failure of an indi-
vidual is offset by the success of the other individual (with the 
same genotype) in each generation. As implicitly suggested by 
Hopper et al. 2003, bet-hedging is not individual (or linage)-
based selection but genotype-based selection. One should not 
ask how many offspring a lineage produced but how many 
offspring a genotype produced in total in each generation. 
Therefore, the correct way is to calculate: (1) arithmetic mean 
fitness among all individuals with the same genotype (poly-
andry or monandry) in each generation; (2) geometric mean 
fitness across generations for each genotype; and (3) compare 
polyandry genotype and monandry genotype by randomization 
test, as we have done in this paper.

Our method (See Table 4):
Within-generation arithmetic mean fitness of a strategy 

(genotype) in generation 1.

Monandry AMmonoG1 =
IF1 + IF2 + IF3

3

= 0.5, AMmonoG2

= 0.5 and AMmonoG3 = 0.5

Polyandry AMpolyG1 =
IF10 + IF11 + IF12

3

= 0.5, AMpolyG2

= 0.5 and AMpolyG3 = 0.5
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Between-generation geometric mean fitness of a strategy 
(genotype) across 3 generations.

Monandry GMmono =
3
√

AMmonoG1 × AMmonoG2 × AMmonoG3 = 0.5

Polyandry GMpoly =
3

√

AMpolyG1 × AMpolyG2 × AMpolyG3 = 0.5

Table 4  Hypothetical dataset to 
calculate geometric mean fitness

Female Male Clutch Individual fitness (IF)

1 2 3 4

Egg hatching rate

Example value

Monandry
 Generation 1 F1 M1 a b c d IF1 =

a+b+c+d

4

0.3 0.3 0.3 0.3 0.3
F2 M2 e f g h IF2 =

e+f+g+h

4

0.5 0.5 0.5 0.5 0.5
F3 M3 i j k l IF3 =

i+j+k+l

4

0.7 0.7 0.7 0.7 0.7
 Generation 2 F4 M4 a b c d IF4 =

a+b+c+d

4

0.5 0.5 0.5 0.5 0.5
F5 M5 e f g h IF5 =

e+f+g+h

4

0.7 0.7 0.7 0.7 0.7
F6 M6 i j k l IF6 =

i+j+k+l

4

0.3 0.3 0.3 0.3 0.3
 Generation 3 F7 M7 a b c d IF7 =

a+b+c+d

4

0.7 0.7 0.7 0.7 0.7
F8 M8 e f g h IF8 =

e+f+g+h

4

0.3 0.3 0.3 0.3 0.3
F9 M9 i j k l IF9 =

i+j+k+l

4

0.5 0.5 0.5 0.5 0.5
Polyandry (3 males)
 Generation 1 F10 M10M11M12 m n o p IF10 =

m+n+o+p

4

0.3 0.5 0.7 0.3 0.45
F11 M13M14M15 q r s t IF11 =

q+r+s+t

4

0.5 0.7 0.3 0.5 0.5
F12 M16M17M18 u v w z IF12 =

u+v+w+z

4

0.7 0.3 0.5 0.7 0.55
 Generation 2 F13 M19M20M21 m n o p IF13 =

m+n+o+p

4

0.5 0.7 0.3 0.5 0.5
F14 M22M23M24 q r s t IF14 =

q+r+s+t

4

0.7 0.3 0.5 0.7 0.55
F15 M25M26M27 u v w z IF15 =

u+v+w+z

4

0.3 0.5 0.7 0.3 0.45
 Generation 3 F16 M28M29M30 m n o p IF16 =

m+n+o+p

4

0.7 0.3 0.5 0.7 0.55
F17 M31M32M33 q r s t IF17 =

q+r+s+t

4

0.3 0.5 0.7 0.3 0.45
F18 M34M35M36 u v w z IF18 =

u+v+w+z

4

0.5 0.7 0.3 0.5 0.5
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Randomization test (PopTools)

To calculate null-hypothesis test statistic, first, we pooled 
all samples (from a to z of 3 generations) and shuffled them. 
Next, the shuffled samples were redistributed to all data 
points. A test statistic GMpoly − GMmono was calculated from 
this randomized dataset. Finally, we repeated this procedure 
100,000 times to produce the null-hypothesis distribution of 
the test statistic. The location of the observed test statistic 
in the null-hypothesis distribution (n = 100,000) indicates 
the statistical significance (p value). If the observed value 
locates within the largest 2500 or the smallest 2500 sam-
ples in the null- hypothesis distribution, it is significant at 
p < 0.05 in the two-side test.

Method by Fox and Rauter (2003)
Fox and Rauter (2003) adopted an elaborate experimental 

design of male multiple mating (polygyny) instead of poly-
andry because they equated them in statistical treatment. 
The calculation procedure according to their method is as 
follows:

1. Calculating geometric mean across females in the same 
generation:

2. Performing paired t test (the pair is made within each 
generation):

Pair 1 ( MeanmonoG1 vs MeanpolyG1) = (0.471769398 vs 
0.498327747)

Pair 2 ( MeanmonoG2 vs MeanpolyG2) = (0.471769398             
vs 0.498327747)

Pair 3 ( MeanmonoG3 vs MeanpolyG3) = (0.471769398 vs 
0.498327747)

The dataset (a–z) is exactly equal between monandry and 
polyandry. It consists of four 0.3 s, four 0.5 s and four 0.7 s 
in each strategy except for the different order. Any fitness 
index must coincide between the two strategies. Our method 
creates the same geometric mean fitness between monandry 
and polyandry because the averaging  (AMmono) absorbs the 
larger variance of IF in monandry (than polyandry) within 
each generation. Unless stochastic fluctuation in small popu-
lation creates larger variance in monandry (e.g., 0.1, 0.5 and 
0.9), bet-hedging does not work. In this dataset, male-sam-
ple size of monandry is 1/3 of polyandry but the stochastic 
fluctuation is not incorporated. This compensation by the 
arithmetic averaging in monandry does not work in Fox and 
Rauter’s (2003) method because they calculated geometric 

Observed test statistic = GMpoly − GMmono

MeanmonoG1 =
3
√

IF1 × IF2 × IF3 = 0.471769398

MeanpolyG1 =
3
√

IF10 × IF11 × IF12 = 0.498327747

mean within generation (not across generations after the cal-
culation of the within-generation, across-female arithmetic 
mean). Thus,  Meanpoly is always larger than  Meanmono in 
the same dataset. Therefore, their conclusion was an artifact 
overestimating their “bet-hedging” effect.
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