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Introduction

Why, despite the potential costs, do females in so many

species mate with numerous males before breeding

(hereafter ‘polyandry’) (Jennions & Petrie, 2000; Tregenza

& Wedell, 2000; Zeh & Zeh, 2003)? In some species, males

coerce females into mating more often than is optimal

(Arnqvist & Rowe, 2005). In others, however, females

actively solicit copulations from numerous males and

even discriminate against previous mates (Ivy et al.,

2005), suggesting that polyandry is beneficial to them.

Indeed, several field studies report a positive relationship

between female mating rate and offspring survival (e.g.

Madsen et al., 1992), although confounding factors could

have an independent causal effect on both variables (e.g.

female size, Harano et al., 2006).

Polyandry could be a simple by-product of selection for

repeated mating, with no inherent benefit to mating with

several males. Repeated mating with the same male often

increases female fitness through the acquisition of male-

derived materials, such as nutrients or defensive chem-

icals, that elevate female fecundity and/or longevity

(Arnqvist & Nilsson, 2000). Monandry can also reduce

fertility if sperm transfer is unsuccessful or incomplete

(Garcı́a-González, 2004) or males are sperm depleted

(Preston et al., 2001). This by-product explanation for

polyandry is challenged, however, by experiments that

follow the protocol of Tregenza & Wedell (1998) in

which mating frequency is held constant while the

number of mates is varied. In these experiments,

polyandry has led to increases in several fitness compo-

nents (e.g. fecundity: Newcomer et al., 1999; Eady et al.,

2001; Worden & Parker, 2001; egg hatching success:

Engqvist, 2006; offspring size: Ojanguren et al., 2005;

offspring survival: Ivy & Sakaluk, 2005; sons’ reproduc-

tive success: Bernasconi & Keller, 2001). Although

genetic benefits have been invoked to explain this
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Abstract

Female insects that mate multiply tend to have increased lifetime fitness,

apparently because of greater access to male-derived resources (e.g. sperm,

nuptial gifts) that elevate fertility/fecundity. Experiments that standardize the

number of matings per female also show that polyandry can improve aspects

of offspring performance, most notably early embryo survival (egg hatching

success). This improvement is widely attributed to genetic benefits which

would arise if polyandrous females skew paternity to produce fitter offspring.

In two separate experiments with field crickets (Teleogryllus commodus)

polyandrous females (two, three or four mates) did not have higher egg

hatching success than monandrous females (effect sizes: r ¼ 0.03 and 0.08 for

the respective experiments), which is consistent with our finding of no sire

effect on hatching success. Polyandry also had no effect on post-hatching

offspring survival. Polyandrous females’ offspring took significantly longer to

mature but their sons were not heavier and their daughters were actually

significantly smaller than those of monandrous females. Finally, after

controlling for relative male size, monandrous females’ sons were more

successful when directly competing for a mate.

doi:10.1111/j.1420-9101.2007.01333.x



improved offspring performance it is difficult to eliminate

fully any role for synergistic interactions between

ejaculates from different males (Simmons, 2001;

Engqvist, 2006), or between offspring sired by different

males (indirect genetic effects; see Zeh & Zeh, 2006), or

maternal effects (Simmons, 2005). Before pursuing these

less readily tested explanations, however, it seems

prudent first to test whether polyandry generally elevates

offspring fitness.

The most widely reported benefit of polyandry is

greater early offspring survival. In insects, polyandry

significantly increases prehatching embryo survival

(meta-analysis: Simmons, 2005). Whether it elevates

other fitness components has not been systematically

examined, although all published experiments measure

several aspects of offspring performance. It should be

noted, however, that there is a trend in most sciences for

nonsignificant results to remain unpublished (Møller &

Jennions, 2001; but see Leimu & Koricheva, 2005) or to

take longer to be published (Jennions & Møller, 2002;

Trikalinos & Ioannidis, 2005). Even so, very few

experiments using the Tregenza & Wedell (1998) design

show that polyandry significantly decreases fitness

components (in studies by Fedorka & Mousseau, 2002,

and Dunn et al., 2005, polyandrous females died sooner).

Interestingly, however, there is evidence from studies

with other designs that polyandry reduces female lifetime

fecundity (e.g. Orsetti & Rutowski, 2003; Brown et al.,

2004; Bybee et al., 2005; Byrne & Rice, 2005). To test

whether observed levels of polyandry are an adaptive

female tactic or a response to sexual conflict over mating

rates, we need to measure the effect of mating rate on a

wide range of fitness components and, ultimately,

integrate these measures to obtain an estimate of net

fitness (Hunt et al., 2004; e.g. Dunn et al., 2005; Head

et al., 2005).

Genetic benefits of polyandry

Polyandry offers genetic benefits if post-mating mecha-

nisms bias paternity towards males that increase offspring

fitness (Yasui, 1998). For heuristic reasons, these benefits

are attributed to paternity being biased towards males

that elevate offspring performance for the majority of

females (‘intrinsic male quality’ hypothesis) or against

males where paternal–maternal genome interactions

lower offspring performance (‘genetic compatibility’

hypothesis). In the former, paternity should consistently

be biased to males with high breeding values for fitness;

in the latter, the favoured male will depend on the

female’s genotype. These hypotheses correspond with

the contrast between additive (e.g. ‘good gene’) and

nonadditive (e.g. compatibility due to epistasis or dom-

inance) genetic effects (Lynch & Walsh, 1998). Genetic

variation in traits is almost never exclusively because of

either additive or nonadditive effects and well-designed

studies are needed to estimate their relative importance.

To date, quantitative genetic analyses of species where

females actively mate multiply are rare. Only one study

has formally tested for significant additive genetic vari-

ation among sires in their effect on prehatching embryo

survival (Garcı́a-González & Simmons, 2005).

In many polyandry studies, several males are each

mated to two females and a nonsignificant intraclass

correlation (i.e. low repeatability) for egg hatching success

within males is taken to mean that there is no intrinsic sire

effect for this trait (e.g. Tregenza & Wedell, 1998). The

default is then to conclude that any benefits of polyandry

attributable to genetic effects are because of paternity

being biased towards males that are genetically more

compatible (reviewed by Simmons, 2001). This conclu-

sion should be treated carefully, however, as statistical

power to detect additive genetic variation depends on the

number of females per male (Lynch & Walsh, 1998). It is

also noteworthy that this type of sire repeatability

experiment is actually a full-sib/half-sib breeding design

for a threshold trait (whether or not an egg hatches).

Although rarely done, these data can therefore be used to

estimate the heritability of a continuous underlying

liability trait that influences hatching success with the

Crittenden–Falconer method (Roff, 1997, p. 52–61; Lynch

& Walsh, 1998, equation 25.1).

Here, in two separate experiments, we test whether

polyandry increases various components of offspring

fitness in the Australian black field cricket Teleogryllus

commodus. In two further experiments, we then calculate

the heritability of egg hatching success. Female

T. commodus readily mate multiply under semi-natural

and laboratory conditions (Evans, 1988; Jennions et al.,

2004). Males do not produce a nutrient-rich spermat-

ophylax, and the spermatophore is < 1% of body mass

(Evans, 1988). There is no evidence that, aside from

ensuring an adequate supply of sperm, females gain

direct benefits from mating repeatedly. The only other

obvious benefit of mating multiply in T. commodus is to

create an opportunity to bias paternity towards males

that sire fitter offspring. This benefit is worth testing for

as polyandry increased embryo survival in the congeneric

T. oceanicus (Simmons, 2001).

Materials and methods

We collected > 120 field-mated females in Canberra,

Australia, in February–March 2002 to establish a breed-

ing stock. The stock was maintained in six to eight large

tanks per generation at 26–28 �C with a 12 : 12 photo-

period. Summary statistics are presented as mean ± SE.

Polyandry: one vs. two vs. four males

Our experimental design followed Tregenza & Wedell

(1998) and consisted of 20 experimental blocks of seven

females and four males. Each female mated four times:

either to the same male (n ¼ 4 females per block), twice
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each to two different males (n ¼ 2 females per block) or

once each to all four males (n ¼ 1 female per block).

Each male mated with one female per mating treatment

and mating order was randomized across treatments.

After mating we kept the pair together for 60 min to

prevent spermatophore removal by the female and

ensure complete sperm transfer (Bussière et al., 2006).

Each female mated at most once per day. Two females

assigned four males refused to mate with all of them.

These females were provided with one or two stock males

and they eventually mated with four different males.

Seven females in the monandry treatment refused to

mate four times (five mated twice and two thrice). Their

egg hatching success did not differ from that of mono-

gamous females mating four times (t78 ¼ 1.32, P ¼ 0.23).

We included these females in the analyses as their

exclusion did not alter our findings and previous work

shows that there is no effect on egg hatching success of

varying the number of matings with the same male

(M.D. Jennions, unpublished data). Mating trials started

on day 1 with 80 experimental males (age: > 10 days)

randomly assigned to blocks and 140 virgin females (age:

10–21 days) randomly assigned to mating treatments.

Males were mated to a stock female the previous day to

ensure that they were sexually competent.

All mating trials were completed by day 7. Females

were then placed in individual containers

(17 · 12 · 7 cm) with some egg carton, cat food, water

and a dish of moist sand for egg-laying. After a week, the

sand dish was removed and replaced. Each week we

counted out up to 100 eggs and transferred them onto

moist cotton wool in a Petri dish in a sealed container.

We used these two sets of eggs per female to test whether

hatching success was significantly repeatable among

females across weeks. We checked containers for hatch-

lings every 2–3 days for 50 days and opportunistically

thereafter for a month. Of the 140 females, 131 produced

more than 100 eggs and 139 produced sufficient eggs

(> 20) to estimate hatching success.

We then reared hatchlings to adulthood to obtain

information on life-history traits (e.g. development time

and adult size). On day 35, we transferred up to 100

hatchlings per female into 2.5-L containers with ad

libitum food and water. We set up 100 hatchlings per

female for 75 females and fewer for those that did not

produce as many hatchlings (> 50 hatchlings per female

for 34 females and 10–49 hatchlings per female for

22 females). Containers were cleaned weekly and

offspring number counted. The sexes were separated as

soon as they could be identified. We recorded the week

in which each adult matured and adult body mass

(±0.1 mg). We used two measures of offspring survival:

(a) from hatching to maturity (45.5 ± 1.3%); and (b)

from 4 weeks after being set up in containers to matur-

ation (70.3 ± 1.1%). The latter measure was included in

case new hatchlings were more susceptible to stochastic

events that result in high mortality.

Finally, we compared the mating ability of sons when

they competed for a mate. We placed a stock female and

the son of a monogamous and of a polyandrous (four

mates) female from the same experimental block in a

17 · 12 · 7 cm3 container. We then noted which male

was the first to successfully transfer a spermatophore

(n ¼ 120 contests with males from 17 blocks).

Polyandry: one vs. three mates

We performed another polyandry experiment in 2003.

Females mated three times, either to the same male (n ¼
60) or to three different males (n ¼ 76). Each male

mated with only one female. We measured egg hatching

success based on 100 eggs for 116 females and > 53 eggs

for 20 females. Some eggs hatched for 98.5% of the

females. The experiment was conducted with six sets of

females over several months so we included ‘time block’

as a random factor in our analyses to control for any

temporal sources of variation in hatching success.

Sire effect on hatching success

We estimated the heritability of hatching success in two

separate studies. In February 2004, 39 field-caught males

were each assigned three virgin stock females and

allowed to mate twice with each (four females refused

a second mating). For three females that initially laid no

eggs, a third mating was provided. We measured body

size (hind leg length) and recorded whether a female was

a male’s first, second or third mate. Females were then

housed individually. After a week, if possible, each

female’s clutch was divided into two similar-sized sets

of eggs (82.5 ± 1.4; n ¼ 202 sets). Of the 107 females,

three died prior to egg laying, six yielded one set of eggs

and 104 females produced enough eggs (> 20) to

estimate hatching rate. Repeatability of hatching success

among females was calculated for the 98 females with

two sets of eggs. We monitored emergence of hatchlings

every second day for 166 days.

In June 2004, 12 unrelated males (the sons of different

wild-caught females) were each assigned 10 or 11 virgin

stock females. We obtained one set of eggs per female

(89.5 ± 1.6 eggs). Of 102 females that laid sufficient eggs

(> 20) to estimate hatching rate, 93.1% had some hatch

(7.9 ± 0.6 usable females per male). To maximize the

number of females per male, females were initially mated

once. Two females were re-mated because they did not

lay eggs after the first mating, indicating probable failed

sperm transfer. After re-mating both oviposited. Hatch-

ling emergence was recorded every day for 120 days.

Statistical analysis

Polyandry experiments
Egg hatching success is a proportion, so we ran gener-

alized linear mixed models (GLMM) with binomial error

Polyandry and offspring performance 1471
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using the glmmPQL function in S-Plus 7.0 with model

parameters estimated using a maximum likelihood

approach (Venables & Ripley, 2002). In the first experi-

ment, ‘block’ was a random factor and ‘mating treat-

ment’ a fixed factor. Egg hatching success was repeatable

among females between weeks (rI ¼ 0.56, F120,121 ¼
3.40, P < 0.001, n ¼ 121), so we pooled the weekly data.

Separate analyses for each week produced the

same results. For pairwise comparisons, GLMM present

P-values from t-tests using the standard error of the

difference between a focal group of the categorical fixed

factor and other groups (Crawley, 2002). We set either

the monandry or polyandry (four males) treatment as the

focal group (see Table 1). In the second experiment,

‘mating treatment’ was a fixed factor and ‘time block’

was a random factor.

To analyse variation in offspring performance, we ran

linear mixed models in S-Plus with ‘block’ as a random

factor. ‘Female identity’ was included as a random factor

for the analysis of offspring mass because multiple

offspring per female were measured. For other variables

there was a single measure per female (e.g. sex ratio).

Model simplification proceeded by backward elimination.

Initial models included the fixed term ‘female mating

type’ and an estimate of ‘rearing density’, which was the

number of offspring alive after 4 weeks. ‘Rearing density’

correlated with the initial number of hatchlings set up

(r ¼ 0.64, n ¼ 131, P < 0.0001), but seemed a better

estimate of effective density because of occasional high

initial mortality of first instar hatchlings. Nonsignificant

terms were excluded from final models but the P-value

for each, if included in the model, is provided. The

response variables examined were adult body mass and

mean time to maturity of each sex, offspring sex ratio and

the two measures of offspring survival. We used mean

time to maturity rather than individual values in the

analysis because we counted the number of offspring

maturing each week. Thus, although the mean is a

reasonable summary value for each female, values for

individual offspring are imprecise.

Finally, to test for an effect of mating treatment on the

mating success of sons, we ran a GLMM with binomial

error with fight outcome (whether or not the polyand-

rous female’s son mated) as the dependent variable,

‘block’ as a random factor and the size difference

(polyandry ) monandry) between the two competing

males as a continuous fixed factor. We tested whether

the intercept differed significantly from zero. This tests

whether there is an equal probability of the polyandrous

or monandrous females’ son winning a contest when the

males are size-matched (i.e. size difference is zero)

because a log-odds ratio of zero is equivalent to equal

odds.

Sire effect on hatching success
Hatching success was highly repeatable across two sets of

eggs from the same male–female pairing (rI ¼ 0.82, T
a
b

le
1

S
u

m
m

a
ry

st
a
ti

st
ic

s
a
n

d
p
a
ra

m
e
te

r
e
st

im
a
te

s
(m

e
a
n

±
S
E

)
fr

o
m

li
n

e
a
r

m
ix

e
d

m
o
d
e
ls

w
it

h
‘m

a
ti

n
g

tr
e
a
tm

e
n

t’
a
s

a
fi

x
e
d

fa
ct

o
r

a
n

d
‘b

lo
ck

’
a
s

a
ra

n
d
o
m

fa
ct

o
r

(f
o
r

o
ff

sp
ri

n
g

m
a
ss

,

‘f
e
m

a
le

id
e
n

ti
ty

’
w

a
s

a
ls

o
in

cl
u

d
e
d

a
s

a
ra

n
d
o
m

fa
ct

o
r)

.

V
a
ria

b
le

M
a
tin

g
tr

e
a
tm

e
n
t

In
te

rc
e
p

t
M

o
n
o
g
a
m

y
P

o
ly

a
n
d

ry
(2

m
a
le

s)
P

o
ly

a
n
d

ry
(4

m
a
le

s)
R

e
a
rin

g
d

e
n
si

ty
(o

ff
sp

rin
g

a
liv

e
a
t

w
e
e
k

4
)

H
a
tc

h
in

g
su

c
c
e
ss

*
F

2
,1

1
7
¼

0
.2

2
2
,

P
¼

0
.8

0
)

0
.8

2
9

±
0
.0

6
7

0
0
.0

5
4

±
0
.0

9
7

)
0
.0

2
7

±
0
.1

2
9

n
o
t

a
p

p
lic

a
b

le

S
u
rv

iv
a
l
(h

a
tc

h
in

g
to

a
d

u
lt)

*
F

2
,1

0
8
¼

0
.4

3
8
,

P
¼

0
.6

5
1
.4

8
3

±
0
.1

7
6

)
0
.0

7
1

±
0
.0

4
7

0
.0

0
6

±
0
.0

4
1

0
)

0
.0

1
1

±
0
.0

0
3

(F
1
,1

0
8
¼

3
7
.5

1
,

P
<

0
.0

0
1
)

S
u
rv

iv
a
l
(w

e
e
k

4
to

a
d

u
lt)

*
F

2
,1

0
8
¼

1
.0

4
1
,

P
¼

0
.3

6
)

1
.1

1
1

±
0
.1

5
6

)
0
.0

2
0

±
0
.0

5
1

0
.0

4
7

±
0
.0

4
4

0
0
.0

1
5

±
0
.0

0
2

(F
1
,1

0
8
¼

1
8
.0

5
,

P
<

0
.0

0
1
)

S
o
n
s’

d
e
ve

lo
p

m
e
n
t

tim
e

(d
a
ys

)�
F

2
,1

0
6
¼

7
.1

0
4
,

P
<

0
.0

0
1

9
0
.2

±
1
.9

0
+

4
.2

±
1
.4

+
5
.4

±
1
.8

)
0
.0

9
2

±
0
.0

3
1

(F
1
,1

0
6
¼

8
.9

2
2
,

P
¼

0
.0

0
4
)

D
a
u
g
h
te

rs
’

d
e
ve

lo
p

m
e
n
t

tim
e

(d
a
ys

)�
F

2
,1

0
7
¼

3
.1

2
1
,

P
¼

0
.0

4
8

8
4
.3

±
0
.8

0
+

2
.

7
±

1
.3

+
3
.1

±
1
.7

(F
1
,1

0
6
¼

0
.5

8
2
,

P
¼

0
.4

5
)

S
o
n
’s

m
a
ss

(m
g
)

F
2
,1

0
8
¼

0
.3

9
,

P
¼

0
.6

8
6
2
6
.2

±
2
2
.3

0
)

7
.9

±
1
3
.9

)
1
3
.6

±
1
8
.8

(F
1
,1

4
3
0
¼

1
.2

0
2
,

P
¼

0
.2

7
)

D
a
u
g
h
te

r’
s

m
a
ss

(m
g
)

F
2
,1

0
6
¼

4
.2

6
,

P
¼

0
.0

1
7

9
3
7
.5

±
2
1
.6

0
)

3
8
.7

±
1
5
.1

)
3
1
.6

±
1
9
.9

)
1
.5

4
±

0
.3

5
(F

1
,1

0
6
¼

1
9
.4

1
,

P
<

0
.0

0
1
)

S
e
x

ra
tio

(fe
m

a
le

:
m

a
le

)
F

2
,1

0
6
¼

0
.4

9
3
,

P
¼

0
.6

1
1
.4

7
±

0
.0

8
0

0
)

0
.1

3
±

0
.1

3
3

)
0
.0

9
3

±
0
.1

8
(F

1
,1

0
5
¼

3
.1

4
,

P
¼

0
.0

8
)

R
e
a
ri

n
g

d
e
n

si
ty

w
a
s

o
n

ly
in

cl
u

d
e
d

in
th

e
fi

n
a
l

m
o
d
e
l

if
it

h
a
s

a
si

g
n

ifi
ca

n
t

e
ff

e
ct

(s
e
e

te
x
t

fo
r

d
e
ta

il
s)

.

*L
o
g
it

-t
ra

n
sf

o
rm

a
ti

o
n

o
f

th
e

p
ro

p
o
rt

io
n

p
h

a
tc

h
in

g
o
r

su
rv

iv
in

g
,

p
¼

e
(a

+
x
) /(

1
+

e
(a

+
x
) ),

w
h

e
re

a
¼

in
te

rc
e
p
t,

x
¼

p
a
ra

m
e
te

r
v
a
lu

e
fo

r
m

a
ti

n
g

tr
e
a
tm

e
n

t.

�T
h

e
n

u
m

b
e
r

o
f

d
a
y
s

fr
o
m

w
h

e
n

th
e

fe
m

a
le

w
a
s

fi
rs

t
p
ro

v
id

e
d

w
it

h
sa

n
d

u
n

ti
l

th
e

m
e
a
n

d
a
te

o
f

h
a
tc

h
li

n
g

e
m

e
rg

e
n

ce
.

1472 M. D. JENNIONS ET AL.

ª 2 0 0 7 T H E A U T H O R S 2 0 ( 2 0 0 7 ) 1 4 6 9 – 1 4 7 7

J O U R N A L C O M P I L A T I O N ª 2 0 0 7 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



F97,98 ¼ 10.80, P < 0.001, n ¼ 98) so we pooled the sets.

We estimated the heritability of hatching success as a

threshold trait with an underlying normally distributed

liability following the Crittenden–Falconer method

(Lynch & Walsh, 1998, eq. 25.1a). We used PopTools (v)

to resample hatching success across families with

replacement to establish a distribution of 1000 pseudo-

estimates of h2
s . We then calculated the proportion of

pseudo-estimates that were equal to or larger than the

observed value. We also calculated 95% confidence

intervals for h2
s by obtaining 1000 bootstrap estimates

of h2
s in which we sampled (with replacement) at random

80% of full-sib families and calculated h2
s on this reduced

sample. To test whether ‘female size’ or ‘mating order’

explained variation in the proportion of eggs that

hatched or mean hatching time, we ran a linear mixed

model with ‘male identity’ as the random factor.

In the first study, some eggs hatched for 96% of sets

(194 of 202). Only two of 99 females had no eggs hatch

in both sets of eggs, thus for only four of 202 sets could

complete hatching failure possibly be attributed to failed

sperm transfer. In the second study, some eggs hatched

for 95 of 102 females. It is possible that complete

hatching failure is because of a lack of sperm rather than

genetic effects. We therefore took a conservative

approach and excluded females for whom no eggs

hatched. Their inclusion produced nearly identical

results. Unless otherwise stated, tests are two-tailed,

a ¼ 0.05 and summary statistics are mean ± SE.

Results

Polyandry: one vs. two vs. four males

Summary and test statistics are provided in Table 1. For

ease of interpretation, back-calculated treatment mean

values are presented in the text where appropriate (e.g.

of logit transformed proportions). There was no signifi-

cant difference in hatching success among mating treat-

ments (1, 2 or 4 mates: 30.4%, 31.5%, 29.8%). Likewise,

the proportion of offspring that survived from week 4 to

adulthood or from hatching to adulthood did not differ

among mating treatments. Both declined significantly as

rearing density increased. There was no effect of mating

treatment or offspring rearing density on the adult sex

ratio.

The mean time to maturity for daughters differed

significantly among mating treatments, but it did not

depend on rearing density. Monogamous females’

daughters matured sooner than those of females mated

to two males (P ¼ 0.04) or to four males (P ¼ 0.06). The

mean time to maturity for sons also differed significantly

among treatments. Monogamous females’ sons matured

sooner than those of females mated to two males (P ¼
0.003) or to four males (P ¼ 0.003). In addition, males

matured significantly sooner when rearing density was

higher.

There was no significant difference among mating

treatments in the adult mass of sons (1, 2 or 4 mates: 649,

640, 634 mg), nor any effect of rearing density. There

was, however, a significant difference among mating

treatments in the mean mass of daughters and a

significant decline in mass with greater offspring rearing

density. On average, the daughters of monogamous

females were significantly heavier than those of females

mated to two males (P ¼ 0.012) but not significantly

heavier than those of females mated to four males (P ¼
0.12) (1, 2 or 4 mates: 860, 822, 829 mg at a rearing

density of 50 offspring).

When the son of a polyandrous female and a monan-

drous female competed for mating the size difference

between them had a nonsignificant effect on who won

the contest (t99 ¼ 1.67, P ¼ 0.098). The larger male

transferred a spermatophore first in 68 of 118 contests.

The intercept value was significantly less than zero

()0.443 ± 0.198; t99 ¼ 2.23, P ¼ 0.028) which indicates

that when the males were size-matched the polyandrous

female’s son had only a 39.1% chance of winning the

contest. Thus, monandrous females’ sons were more

successful when competing for mates.

Polyandry: one vs. three males

There was no significant difference in egg hatching

success between monandrous and polyandrous females

(F1,129 ¼ 1.322, P ¼ 0.250; logit transformation of pro-

portion hatching: a + bx ¼ )0.214 ± 0.240 + 0 and

)0.214 ± 0.240 + 0.156 ± 0.135; back-transformed

mean values ¼ 44.7% vs. 48.5% for monandrous and

polyandrous females respectively).

Sire effects on hatching success

For 39 wild-caught males, there was no effect of female

size (F1,59 ¼ 1.94, P ¼ 0.17) or mating order (F1,59 ¼
0.239, P ¼ 0.63) on hatching success. Egg hatching

success for the 99 females that produced some hatchlings

was 72.7 ± 1.7%. The heritability of hatching success for

an underlying continuous liability trait that influences

whether or not an egg reaches a threshold and hatches

was effectively zero. There was clearly no sire effect on

egg hatching success.

The statistically more powerful second study also

showed no sire effect on hatching success (P ¼ 0.922)

and h2
s was )0.002 (95% CI: )0.13, 0.10) (Fig. 1).

There was, however, a small but significant decline in

hatching success with mating order (F1,82 ¼ 5.415, P ¼
0.02, n ¼ 95) that might indicate partial sperm deple-

tion or a male age effect. This decline was not apparent

over the first eight matings (P ¼ 0.16, n ¼ 82). Hatch-

ing success for the 95 females for whom some eggs

hatched was 63.7 ± 1.6%. Finally, there was a signifi-

cant sire effect on mean hatching time (h2
s ¼

0.47 ± 0.40, P ¼ 0.033).
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Discussion

In insects multiple mating generally increases lifetime

fecundity even though it can reduce female longevity

(Arnqvist & Nilsson, 2000) and this direct benefit is

widely attributed to increased access to male-derived

material resources transferred during mating. Experi-

ments that control the number of matings but vary the

number of mates also show that polyandry can improve

offspring performance (e.g. Tregenza & Wedell, 1998).

This improvement suggests that there are genetic benefits

to polyandry because post-mating mechanisms bias

paternity towards males that sire fitter offspring (Jen-

nions & Petrie, 2000). It is, however, also possible that

maternal effects (e.g. Tregenza et al., 2003; Kozielska

et al., 2004) or indirect genetic effects (e.g. Zeh & Zeh,

2006) play a role (review: Simmons, 2005).

Polyandry and egg hatching success

The most widely reported genetic benefit of polyandry in

arthropods is increased early embryo survival (i.e. egg

hatching success) (Simmons, 2005). To date, six experi-

ments have reported that polyandry significantly elevates

early offspring survival (Tregenza & Wedell, 1998;

Newcomer et al., 1999; Simmons, 2001; Fedorka &

Mousseau, 2002; Engqvist, 2006; Fisher et al., 2006b),

whereas seven have not (Watson, 1998; Baker et al.,

2001; Worden & Parker, 2001; Kamimura, 2003;

Tregenza et al., 2003; Dunn et al., 2005; Ivy & Sakaluk,

2005). Excluding our study, the average effect of

polyandry on egg hatching success is r � 0.20 (from

Simmons, 2005; n ¼ 79 ± 10 females per study). Poly-

andry did not elevate hatching success in T. commodus in

either of our experiments. We estimate the mean effect

as r ¼ 0.03 (95% CI: )0.14 to 0.20) and 0.08 (95% CI:

)0.09 to 0.25) for the one vs. three and four mate

comparisons respectively. Despite sample sizes almost

double the average for polyandry experiments that

control for mating rate (n ¼ 140, 136 females) our

statistical power to detect a significant effect if r ¼ 0.2

is still only �66%. However, we obtained similarly low

estimates of the effect size from both our experiments, so

if there is any genetic benefit to polyandry in T. commodus

it is probably small.

Sire effects on hatching success

Hatching success (early embryo survival) is the only trait

for which there is general experimental evidence that

polyandry improves offspring performance. To what

extent, however, do males vary predictably in their

effect on hatching success? One approach is to estimate

heritability from a full-sib/half-sib breeding design that

tests whether sire identity explains a significant amount

of variation in sons’ effects on hatching success (e.g.

Garcı́a-González & Simmons, 2005). A more familiar

approach that has been used in many polyandry studies

is to assign males two females each and then test whether

egg hatching success is significantly repeatable among

males. Although it has not been explicitly stated in

previous studies, this is actually a full-sib/half-sib breed-

ing design. Repeatability of a trait for offspring from

different females because of sire effects is quantified as

the sire intraclass correlation (ts) from a nested ANOVAANOVA.

Heritability is then 4ts (Roff, 1997, equation 2.32). If we

treat hatching success as a threshold trait it is possible to

estimate the heritability of the underlying liability trait

influencing success using the Crittenden–Falconer meth-

od (Roff, 1997; Lynch & Walsh, 1998). In two separate

studies, our estimates of heritability of egg hatching

success were both very close to zero.

As with any genetic study, low heritability might be

due to large measurement error, high levels of envir-

onmentally-induced variation, strong maternal or non-

additive genetic effects or genuinely low levels of additive

genetic variation. Published studies have failed to find a

repeatable male effect on hatching success, but most of

these studies had low statistical power (Simmons, 2005).

In T. commodus there was no evidence that sire identity

explained variation in hatching success. This finding

cannot readily be attributed to measurement error or

environmental influences during rearing as hatching

success was highly repeatable for eggs collected from the

same pair between weeks (rI ¼ 0.56, P < 0.001, n ¼ 121)

or eggs collected at the same time but incubated in

separate containers (rI ¼ 0.82, P < 0.001, n ¼ 98) (see

also Jennions et al., 2004). There is some evidence for

strong maternal effects. In another full-sib/half-sib study

of T. commodus we documented strong maternal effects on

post-hatching offspring performance, even though

most traits show very low heritability (M.D. Jennions,
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Fig. 1 The proportion of eggs hatching (mean ± SE) for 12 males

that mated with several females each (n ¼ 4, 9, 4, 10, 6, 9, 9, 8, 8, 9,

11, 8 females).

1474 M. D. JENNIONS ET AL.

ª 2 0 0 7 T H E A U T H O R S 2 0 ( 2 0 0 7 ) 1 4 6 9 – 1 4 7 7

J O U R N A L C O M P I L A T I O N ª 2 0 0 7 E U R O P E A N S O C I E T Y F O R E V O L U T I O N A R Y B I O L O G Y



unpublished data). Maternal effects could be due to

environmental factors or nonadditive genetic effects (e.g.

well-fed or heterozygous females invest more into each

egg).

Our second study, with up to 10 dams per sire, is

statistically more powerful than our first test and all

previous studies whose intraclass correlations are calcu-

lated based on two or three females per male. For a given

total sample size the optimal experimental design is

mainly dependent on increasing the number of females

per male (Lynch & Walsh, 1998). Even so, our second

study only had a 28% chance of detecting a medium

strength effect (sensu Cohen, 1988). Nonetheless, our two

heritability estimates suggest that if there is additive

genetic variation for hatching success then it is very small

relative to phenotypic variation. Of course, there might be

substantial nonadditive genetic effects on hatching suc-

cess because of strong interactions between paternal and

maternal genotypes but calculating any such effects

requires highly complex breeding designs. Based on the

extreme case of inbreeding avoidance, however,

T. commodus females do not seem to bias paternity towards

genetically more compatible mates (Jennions et al., 2004).

Finally, it is worthwhile noting that our experimental

design was sufficiently powerful to show that mean

hatching time was significantly heritable (P ¼ 0.03).

Polyandry and offspring fitness

Most studies that test whether polyandry is beneficial

measure several aspects of offspring performance, such as

body size, development time and post-hatching survival.

Unfortunately, there is still insufficient data to conduct

meta-analyses for most of these traits. A preliminary

survey indicates that in seven of 29 tests from experi-

mental studies, polyandrous females’ offspring performed

significantly better (larger body size: Watson, 1998; Ivy &

Sakaluk, 2005; Fisher et al., 2006a; faster development:

Watson, 1998; greater offspring survival: Ivy & Sakaluk,

2005; Fisher et al., 2006b; higher reproductive success for

sons: Bernasconi & Keller, 2001). Studies that fail to

explicitly control for mating rate also suggest that there

could be additional benefits to polyandry but these

benefits cannot be unambiguously attributed to genetic

effects (e.g. anti-predator behaviour: Evans & Magurran,

2000; daughters’ fecundity: Konior et al., 2001).

In our study of T. commodus polyandry did not affect

offspring survival or the sex ratio at maturation. Unex-

pectedly, monogamous females’ offspring matured signi-

ficantly sooner but this was not at the cost of reduced

adult size as their daughters were significantly heavier

(P ¼ 0.02) and their sons were no different in mass to

those of polyandrous females. When males competed

directly for a mating, polyandrous female’s sons were

significantly less likely to win an encounter when males

were size matched. In the field cricket Gryllus bimaculatus

males that won when directly competing for a female

were more likely to produce successful sons, suggesting

that this trait is heritable (Wedell & Tregenza, 1999). The

greater success of monandrous female’s sons that we

observed is therefore puzzling and is unlikely to be

because of additive genetic effects. Estimating polyan-

dry’s effect on net fitness remains a future challenge,

especially if fecundity trades off with offspring quality

(Hunt et al., 2004). Dunn et al. (2005) have, however,

recently shown that polyandrous seaweed flies Coelopa

frigida produce significantly more offspring that survive

to adulthood, which suggests that polyandry can indeed

increase females’ net fitness in some species.

Concluding remarks

Polyandry did not improve offspring performance in

T. commodus. Despite some opposition to replicating

studies (reviews: Palmer, 2000; Kelly, 2006), it is neces-

sary to confirm the now oft-stated claim, based primarily

on evidence for increased hatching success, that polyan-

dry improves net offspring performance. The evidence for

this benefit is still very limited compared with far stronger

evidence that multiple mating increases lifetime fecun-

dity (Arnqvist & Nilsson, 2000), presumably because of

direct material rather than indirect genetic benefits.
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Kozielska, M., Krzemińska, A. & Radwan, J. 2004. Good genes

and the maternal effects of polyandry on offspring repro-

ductive success in the bulb mite. Proc. R. Soc. Lond. B 271:

165–170.

Leimu, R. & Koricheva, J. 2005. What determines the citation

frequency of ecological papers. Trends Ecol. Evol. 20: 28–32.

Lynch, M. & Walsh, B. 1998. Genetics and Analysis of Quantitative

Traits. Sinauer, Sunderland, MA.

Møller, A.P. & Jennions, M.D. 2001. Testing and adjusting for

publication bias. Trends Ecol. Evol. 16: 580–586.

Madsen, T., Shine, R., Loman, J. & Håkansson, T. 1992. Why do
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