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Multiple mating by females is widely thought to encourage post-mating

sexual selection and enhance female fitness. We show that whether polyan-

drous mating has these effects depends on two conditions. Condition 1 is the

pattern of sperm utilization by females; specifically, whether, among

females, male mating number, m (i.e. the number of times a male mates

with one or more females) covaries with male offspring number, o. Polyan-

drous mating enhances sexual selection only when males who are successful

at multiple mating also sire most or all of each of their mates’ offspring, i.e.

only when CovF(m,o), is positive. Condition 2 is the pattern of female repro-

ductive life-history; specifically, whether female mating number, m, covaries

with female offspring number, o. Only semelparity does not erode sexual

selection, whereas iteroparity (i.e. when CovC(m,o), is positive) always

increases the variance in offspring numbers among females, which always

decreases the intensity of sexual selection on males. To document the

covariance between mating number and offspring number for each sex, it

is necessary to assign progeny to all parents, as well as identify mating

and non-mating individuals. To document significant fitness gains by

females through iteroparity, it is necessary to determine the relative magni-

tudes of male as well as female contributions to the total variance in relative

fitness. We show how such data can be collected, how often they are

collected, and we explain the circumstances in which selection favouring

multiple mating by females can be strong or weak.
1. Introduction
We have three goals in writing this article: (i) to identify the circumstances in

which multiple mating by females influences post-mating sexual selection;

(ii) to describe how these circumstances can be most effectively measured;

and (iii) to document how often current researchers actually collect these

data. In the context of our paper, we define sexual selection as a sex difference

in the variance in relative fitness resulting from differential parentage among

the individuals of one sex [1]. Our definition follows Darwin [2, p. 205] in focus-

ing on ‘the advantage certain individuals have over others of the same sex and

species in exclusive relation to reproduction’.

We begin by reviewing the current literature on how multiple mating

by females is thought to affect male fitness variance in the context of

post-mating sexual selection. We next describe the condition necessary

for post-mating sexual selection to occur, in particular, whether the pattern of

sperm utilization by females allows male mating number, m (i.e. the number

of times a male mates with one or more females; the average mating number

is known as ‘mating number promiscuity’ ([1]; see §1c(iv)) to covary with

male offspring number, o. We argue that polyandrous mating enhances

sexual selection only when males who are successful at multiple mating also

sire most or all of each of their mates’ offspring, i.e. only when CovF(m,o), is

positive. We describe the parameters necessary to quantify the pattern of

sperm utilization by females, and using a worked example, we explain how

this condition affects the strength of post-mating sexual selection on males.

We then summarize in tabular form how often these results are reported in

the current literature. Our review focuses on gonochoristic animals because

sexual selection, when it exists, is likely to be stronger and is less complicated

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2012.0046&domain=pdf&date_stamp=2013-01-21
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Figure 1. Partitioning the variance in offspring numbers for a simulated
population of 100 males and 100 females as the proportion of non-mating
individuals in the population, p0, increases using equation (2.3); in this
population the mean and variance in offspring numbers are randomly
distributed (mean + s.d. ¼ 5 + 2.23); note that as p0 increases, the
fraction of the total variance in offspring numbers, Vtotal, that lies among the
classes of mating and non-mating males, Vamong/Vtotal (solid line),
steadily increases.
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to quantify in these species [1,3]. However, we illustrate our

method for quantifying the opportunity for post-mating

sexual selection using an excellent dataset from hermaphro-

ditic snails [4], because this study is one of the few

sufficiently detailed to contain the parameters we require.

We next review the current literature on how the pattern

of female reproductive life-history, i.e. the number of times

females mate and produce offspring, is thought to affect

female fitness variance. Although multiple mating by females

is widely thought to enhance female fitness indirectly (i.e.

through enhanced offspring fitness), we argue that the

direct fitness benefits females gain from polyandrous

mating are sufficient to explain this behaviour. We explain

that polyandrous mating by females enhances female fitness

only when females who mate repeatedly produce the most

offspring, i.e. when the covariance between female mating

number, m, and offspring number, o, CovC(m,o), is positive.

We describe the parameters necessary to document this

covariance, as well as how simultaneously considering its

effects in both sexes provides a means for understanding

when post-mating sexual selection will be strong or weak.

We explain how variation in female life-history can enhance

or diminish the strength of sexual selection, and we describe

how such variance may be partitioned and explored experi-

mentally. We summarize in tabular form how often these

results for females are reported in the current literature, and

lastly, we explain how well the data for females, as well as

those for males, coincide with current views of post-mating

sexual selection and polyandrous mating.

Overall, we find the widespread perception that multiple

mating by females can simultaneously encourage sexual

selection in males, as well as enhance female fitness, is

unsupported; these are usually mutually exclusive con-

ditions. Furthermore, we show that although multiple

mating may be common, direct, quantitative evidence of

post-mating sexual selection is surprisingly scarce (i.e. the

necessary positive covariance between mating number and

fertilization success among males, CovF(m,o), [1,5]), in

most cases, is either unmeasured or does not exist. We also

show that post-mating sexual selection, occurring by sperm

competition and/or cryptic female choice (see §2a), is

seldom accurately measured because most studies do not

include non-mating males in their estimates of selection, or

simply fail to measure selection at all. The majority of

researchers focus instead on the predicted outcomes of an

evolutionary history of sperm competition or, less often, on

measurements of fitness variance within the class of mating

males, the class usually representing the smaller of the two

sources of the total variance in male offspring numbers

(figure 1). While numerous studies report fitness gains

accrued by females who mate repeatedly, the scale of these

gains remains unknown because their relative contribution

to total selection’s strength is undocumented. Our goal is

not to find fault with existing studies; the body of this litera-

ture is impressive in size, scope and detail. Rather, we seek to

reveal where additional studies could more effectively sub-

stantiate, or more convincingly refute, the hypothesis that

post-mating sexual selection is ubiquitous and strong [6–8].

We hope that our findings may stimulate re-analysis of

past studies, as well as inspire future studies of multiple

mating and post-mating sexual selection that emphasize the

quantification of the actual evolutionary processes shaping

male and female phenotypes.
2. Sexual selection and the pattern of sperm
utilization by females

(a) Current literature
Sperm competition and cryptic female choice are recognized

as significant sources of male fitness variance in a wide diver-

sity of taxa (reviews in [3–10]). These two processes are

presumed to be distinct; in sperm competition, male ejacu-

lates or sperm vie for fertilization, either within or outside

the female’s body, whereas in cryptic female choice, females

encourage or disfavour particular sperm or ejaculates in

accomplishing syngamy, again either within or outside the

female reproductive tract. In fact, the fitness outcomes of

each process for males are identical, and are measurable in

the same way, specifically, by identifying, at the population

level, whether males who are successful in fertilizing ova rep-

resent a subset of the males who successfully mate. Because

these processes at present are quantitatively indistinguish-

able, we will refer to the fitness outcomes of both sperm

competition and cryptic female choice under the general

heading of ‘post-mating sexual selection’.

Existing studies of post-mating sexual selection are of six

types including: (i) positive correlations between particular

male traits and male mating or fertilization success (although

in most cases these results are obtained from experiments in

which each female in the experimental population is allowed

to mate with only two males, who each mate with no other

females, followed by a search by researchers for patterns

in fertilization success within the sample of experimental

threesomes; e.g. last male mating precedence [8,11,12]);

(ii) positive correlations between particular sperm traits

and male fertilization success, again generally using pairs

of males for each experimental female as described above

[6–8,13–17]; (iii) positive correlations between testis mass

or ejaculate volume and the presumed or experimentally

manipulated level of sperm competition (reviews in
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[18–21]; (iv) evidence of differential insemination success or

ejaculate retention induced within particular females by par-

ticular males [22]; and (v) evidence of mixed paternity within

the clutches of individual females [23–25]. Until recently,

relatively few studies have attempted to measure (vi) the vari-

ance in relative fitness arising from post-mating competition

among males, or among hermaphroditic individuals empha-

sizing male function (i.e. the opportunity for sexual selection

[4,26–31]). These and other results are summarized in table 1.

Only studies of type (vi) constitute direct, quantitative

evidence of post-mating sexual selection because they

measure either the opportunity for sexual selection [1], or

selection intensity acting directly on mate numbers (via

Bateman gradients, [94,95]) or on traits such as body size

([3,4,31]; see also §2b). However, even in this last category,

most studies summarized in table 1 use genetic paternity

data to document the existence of multiple mating or to

measure the variance in offspring numbers within the class

of successfully mating males (but see [4,94]). While indicating

the potential for post-mating sexual selection, as shown in

figure 1, such estimates tend either to overestimate or under-

estimate the variance in male fitness, sometimes severely [96].

Thus, while indirect or correlational evidence of post-mating

sexual selection is abundant, such studies can imply the exist-

ence of strong sexual selection when such selection is actually

weak (less than 2% of total selection [94]). Without direct,

quantitative evidence of the magnitude of post-mating

sexual selection intensity at the population level, understand-

ing of this phenomenon must be considered incomplete.
(b) Direct evidence of post-mating sexual selection
As Darwin [2] first observed, in order for sexual selection to

occur, certain males within a population must experience

proportionate reproductive success. Concomitantly, when

some males are disproportionately successful in siring off-

spring, other males must be excluded from siring any

offspring at all [1,96]. This same principle holds for post-

mating sexual selection. Thus, among the males who are

successful at mating, some males must be disproportionately

successful at fertilizing ova. This condition requires that

certain successfully mating males are unsuccessful at fertiliz-

ing any ova at all [1]. Stated differently, in order for sexual

selection to intensify by either sperm competition or cryptic

female choice, male fitness variance post-mating must exceed
that which exists pre-mating. If the reverse condition is true,

post-mating processes will tend to reduce the intensity of

sexual selection overall.

Abundant evidence suggests that within individual

females, particular males’ sperm do experience differential

fertilization success [97–99]. However, these circumstances

are not always sufficient to generate measurable sexual selec-

tion within a population. We assert that to reach the

conclusion that post-mating sexual selection occurs, research-

ers must obtain three kinds of data. First, to demonstrate the

existence of such sexual selection, it is necessary to document

the proportions of males within a population (not simply

between pairs of males (cf. [8,13–17])) who are successful,

as well as males who are unsuccessful, in siring offspring

[1]. This is necessary because the variance in male fitness con-

sists of two components: the variance in fitness within the

class of successful males, and the variance in fitness between
the classes of successful and unsuccessful males [26,27]. As
sexual selection intensifies, the latter component of fitness

variance represents the larger of the two components of

total selection (figure 1). Documentation of only the fitness

of males who successfully fertilize ova does not permit the

estimation of the between-male (also called the among-

male) component of fitness [100]. Similarly, studies involving

pairs of males who each mate with a particular female, but do

not mate with any other females [13–17], do not provide a

means for estimating the among-male component of fitness

variance; such results reveal only the relative success of the

two males who mate with a particular female. While the

results obtained from experimental threesomes may be repli-

cated within an experiment, and while they may elegantly

simulate the common phenomenon among insects of sperm

displacement, wherein the last male to mate removes or inac-

tivates nearly all of the sperm of previously mating males [6–

9], even robust replication of this method within an exper-

iment cannot reveal the relative fertilization success that

any one male within the research population experiences,

relative to other males mating with different females within

the same population (but see [31]). Such experiments, like

those focusing only on successful males, do not reveal the

subset of males who successfully mate, yet fail to fertilize

ova within the population of mated females. As a result,

such results cannot reveal the actual magnitude of post-

mating sexual selection in nature.

Second, in order to document the existence of dispropor-

tionate fertilization success among the mating males, it is

necessary to document the magnitude and sign of the covari-

ance between mating number, m, and offspring number, o,

among males (CovF(m,o)) [1,101], as well as the magnitude

and sign of the covariance between mating number, m,

and offspring number, o, among females, CovC(m,o) (see

§3c(ii)). Estimating this covariance for males is necessary

because, as stated above, multiple mating by females

enhances sexual selection only when a subset of the success-

fully mating males are differentially successful in siring

young. Estimating this covariance for females is necessary

as well because multiple mating by females enhances female

fitness only when this covariance is positive [1]. Moreover,

a sex difference in the sign of this covariance provides a

quantitative measure of sexual conflict, as well as explicit pre-

dictions about the relative propensities of each sex to seek or

not to seek multiple mating, independent of sex differences in

gametic investment [101]. Different mating systems can influ-

ence the magnitude and sign of this covariance for both sexes.

Thus, understanding the possible outcomes of these covari-

ances provides a means for predicting when post-mating

sexual selection can be strong or weak.

Third, to determine how much of total sexual selection

can be attributed to post-mating competition among the eja-

culates of successfully mating males, it is necessary to

(i) identify the fraction of males who fail to mate, as well as

the fraction of males who mate successfully but fail to sire off-

spring; (ii) document the mean and variance in offspring

numbers for males and females; (iii) partition total sexual

selection into its pre- and post-mating components; (iv) docu-

ment the total opportunity for selection on males and

females; and (v) estimate the sex difference in the opportunity

for selection (i.e. the opportunity for sexual selection

[1,26,101,102]). These steps are necessary because, although

post-mating sexual selection is generally assumed to be

strong, the actual strength of such selection relative to
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selection in other contexts has rarely been measured. Where it

has been measured, the strength of such selection appears to

be small (less than 2% [31]).

(c) Identifying the appropriate parameters for males
(i) Fundamental parameters
If the parentage of all offspring produced in each generation can

be accurately assigned, estimation of all of the parameters men-

tioned above is straightforward. Methods for estimating the

proportions of mating and non-mating individuals within

each sex, pS, and p0, respectively (where [ pS þ p0] ¼ 1), are

available in [1], as are methods for estimating the average and

variance in offspring numbers for each sex, O and VO, respect-

ively, as well as the opportunity for selection within each sex,

as I ¼ VO/O2.

(ii) Variance in male fitness and the opportunity for

sexual selection
Wade [26] showed that when males differ in mate numbers,

the total variance in male offspring numbers can be deter-

mined if the mean and variance in offspring numbers for

females, OC, and VOC, are known. This is true because the

average number of offspring per male equals ROC, where R
is the average number of mates per male, NC/NF (i.e. the

sex ratio (cf. [1])). Also, the total variance in male fitness, in

terms of offspring numbers, VOFtotal, can be partitioned

into two components, VOFwithin, the average of the variances

in offspring number within the classes of mating males, and

VOFamong, the variance in the average number of offspring

between the mating and non-mating male classes, such that

VOFtotal ¼ VOFwithin þ VOFbetween. As shown elsewhere

[1,26,102], when the total variance in male fitness is divided

by the squared average in male fitness, (ROC)2, the opportun-

ity for selection on males, IF, equals the opportunity for

selection on females, IC, adjusted by the sex ratio, R, plus

the opportunity for selection due to differences in mate num-

bers among males, Imates (¼ Is [27,103]), or IF ¼ 1/R (IC) þ
Imates. When the sex ratio, R, equals unity, this expression

can be rearranged to show that IF 2 IC ¼ Imates.

The opportunity for sexual selection thus equals the

sex difference in the opportunity for selection [1,26,27].

Strong sexual selection indicates that variance in relative

fitness for males, IF, is greater than the variance in rela-

tive fitness for females, IC. Similarly, when the variance in

relative fitness for females increases, it comes at the expense

of sexual selection (a relationship that is not clear in

[103] because the opportunity for selection in each sex is

called Is). To account for conventional and sex role-reversed

species, Shuster & Wade [2] called the sex difference in the

opportunity for selection DI, which is positive in species

with conventional sex roles, and negative in species that are

sex-role reversed.

(iii) The opportunity for post-mating sexual selection
With accurate paternity assignment, the fraction of mating

males can be further subdivided to reveal the opportunity

for selection due to the effects of post-mating sexual selection.

When considering only successful and unsuccessful males,

Wade & Shuster [104,105] showed that the total variance in

male fitness can be partitioned into two quantities, the
variance in fitness within the class of individuals who suc-

cessfully reproduce, VFwithin, and the variance in fitness

between the successfully and unsuccessfully reproducing

classes, VFbetween.

When members of the male population can be identified

as belonging to successful, pSF, and unsuccessful, p0F, classes

(where pSF ¼ [1 2 p0F]), and when the variance in offspring

numbers among the successful males, VOF, is known, the

within-group variance in male fitness, VOFwithin, is equal to

the average of the variance in fitness for each of the reprodu-

cing classes; that is, the variance in fitness for each class

weighted by its population frequency. Since there are only

two classes, successful and unsuccessful, this expression

can be written as

VOFwithin ¼ ð p0FÞð0Þ þ ð pSFÞVOF ¼ ð pSFÞVOF; ð2:1Þ

where VOF is the variance in offspring numbers among the

males who secure mates.

When the average in offspring numbers among the suc-

cessful males, OF, is known, the component of the variance

in male fitness that exists between the classes of successfully

and unsuccessfully reproducing individuals, VOFbetween, is

equal to the difference in the average number of offspring

between the two classes, squared, or (OF 2 0)2, multiplied

by the variance between the fitness categories, ( p0F)(1 2

p0F), or

VOFbetween ¼ O2
Fðp0FÞðpSFÞ: ð2:2Þ

The total variance in male fitness in terms of offspring

numbers, VOFtotal, is the sum of these two variance

components, or

VOFtotal ¼ ð pSFÞVOF þO2
Fð p0FÞð pSFÞ: ð2:3Þ

Consider again that when post-mating sexual selection

occurs, the male population consists of not just two, but

three fractions: (i) the fraction of males that fails to mate,

p0F, (ii) the fraction of males that mates but fails to sire off-

spring, pSm0F and (iii) the fraction of males that mates and

sires offspring because they possess competitive or preferred

sperm, pSF. Each of these fractions of the population sum to

unity, or

p0F þ pSm0F þ pSF ¼ 1: ð2:4Þ

If we first use ( p0F þ pSm0F) to estimate the unsuccessful

fraction of the male population, p0F, in equation (2.3), we

obtain the total variance in fitness in terms of offspring num-

bers for the reproducing and non-reproducing males,

VOFtotal. Rewritten, equation (2.3) now equals

VOFtotal ¼ ð pSFÞVOF þO2
Fð p0F þ pSm0FÞð pSFÞ: ð2:5Þ

If we next use only p0F [instead of ( p0F þ pSm0F)] to esti-

mate the unsuccessful fraction of the male population in

equation (2.3), we obtain the variance in male fitness that is

due to all sources of selection except that which is caused

by differences among mating males in their ability to sire

young. We call this fraction, the variance in male mating suc-

cess due to pre-mating fitness components, VOFpre. The total

variance in male fitness is equal to the sum of pre-mating and

post-mating fitness components, or

VOFtotal ¼ VOFpre þ VOFpost: ð2:6Þ



Table 2. Estimating the opportunity for selection due to pre-mating and post-mating sexual selection in hermaphroditic freshwater snails (P. acuta) using
equations (2.1) – (2.7) and data from Pélissié et al. [4]; parameters explained in text; asterisk (*) values for Is match those reported in [4], indicating that our
estimates of the mean and the variance in cMS and gMS from [4] for each sexual function are correct.

males females

parameter

M (cMS) 2.13 2.13

VM 0.66 0.94
�Is 0.15 0.21

O (gMS) 1.48 1.47

Vo 0.80 0.77
�Is 0.37 0.36

po 0.03 0.05

pSm0 0.16 0.14

pS 0.82 0.81

VOtotal ¼ ( pS)Vo þ O2( p0 þ pSm0)( pS)

VOwithin 0.65 0.62

VOamong 0.33 0.33

VOtotal 0.98 0.95

VOpre ¼ ( pS)VO þ O2( p0)( pS)

VOwithin 0.65 0.62

VOamong 0.04 0.09

VOtotal 0.70 0.71

VOpost ¼ VOtotal 2 VOpre % of Itotal % of Itotal

VOwithin 0.98 0.95

VOamong 0.70 0.71

VOtotal 0.28 0.25

Itotal 0.45 0.44

Ipre 0.32 71 0.33 74

Ipost 0.13 29 0.11 26
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By subtracting VOFpre from both sides of equation (2.6),

we have,

VOFpost ¼ VOFtotal � VOFpre; ð2:7Þ

wherein VOFpost equals the variance in male fitness that is

due to the effects of post-mating sexual selection.

By dividing equation (2.7) by the squared average fitness

for males, OF
2 , we obtain the opportunity for selection

among males that is due to post-mating sexual selection,

IFpost ¼ IOFtotal 2 IOFpre. The relative contribution of post-

mating sexual selection to other sources of selection can

then be expressed as the ratio of these parameters. For

example, the fraction of the total opportunity for selection

on males due to post-mating sexual selection can be

estimated as IFpost/IFtotal.

A recent dataset obtained from hermaphroditic snails,

Physa acuta, provides a worked example for this approach:

Pélissié et al. [4] report the mating success (cMS) and the

reproductive success (gMS) for 120 snails mating and produ-

cing offspring via male and female function. Using their

figure 1, we identified all of the variables mentioned in

equation (2.5) for individuals reproducing as functional

males and as functional females (table 2). Although we did

not estimate all of the variables mentioned in [4], we verified
our estimates of the mean and variance in mating numbers

and offspring numbers, and the opportunity for selection

for both sexes from their table. When we partitioned the

total variance in fitness into the fitness components identified

in equations (2.1)–(2.7) for each sex, the total variance in rela-

tive fitness (Itotal) equalled 0.45 and 0.44 for males and

females, respectively. Using equation (2.7), we found the pro-

portion of the total variance in relative fitness due to post-

mating sexual selection equal to 0.29 and 0.26 for males

and females, respectively (table 2). The lack of confidence

limits for the results in [4], as well as in ours, limits the con-

clusions possible from both analyses. However, our results

are consistent with the conclusions of the authors in [4]

who argue that pre-mating sexual selection is stronger than

post-mating sexual selection in this species.
(iv) The covariance between mating numbers and offspring

numbers for males
The covariance between male mating number and the

number of offspring sired by males equals

CovFðm; oÞ ¼
S[mioi]

NF

� �
� ðOFÞðPFÞ; ð2:8Þ



rstb.royalsocietypublishing.org
PhilTransR

SocB
368:20120046

14
where mioi is the product of individual mating number and

offspring number for each ith male; here, mating number,

m, is the number of matings per male counting each

mating, whether with the same or with a different partner,

as a single event. NF is the total number of males, OF is

the average number of offspring per male and PF is the aver-

age male mating number promiscuity, i.e. the average

number of matings per male [1,101]. Whether CovF(m,o) is

positive, negative or zero can be understood by considering

whether winners in post-mating sexual selection fertilize all,

none or a random number of progeny with each of their

mates. Although this expression may appear unfamiliar, esti-

mates of the covariance between mate numbers and offspring

numbers have a long history; this expression equals the

numerator of the standardized covariance between mate

numbers and offspring numbers, also known as the Bateman

gradient [4,94,95,103].

When ‘winners fertilize all’ (WFA) [1] or even fertilize

most of their mate’s offspring, CovF(m,o) is positive and

post-mating sexual selection is likely because only particular

mating males are successful in siring young. Although other

males may be successful in mating, their sperm are out-

competed by or are less attractive than those of successful

males; thus only a subset of the mating males are successful

in producing offspring [5].

When male fertilization success is randomly distributed

across females (‘winners fertilize some’, WFS [1], CovF(m,o)

is zero, and post-mating sexual selection (particularly

sperm competition) works much like a lottery, wherein

male success overall is randomly distributed but males who

allocate the most sperm to individual females are likely to

be most successful in siring offspring [8,10]. Again, clustered

ejaculates and sperm competition may exist, but the number

of ejaculates each male assigns to a particular female, or

whether individual males are able to limit the number of

other ejaculates a given female receives, is what determines

a male’s overall success. Post-mating sexual selection is pos-

sible in such situations, but only to the degree that males

are able to deliver disproportionate volumes of sperm to

multiple females.

The common assumption is that males are able to pro-

duce as much sperm as is necessary to accomplish this task

[106], but examples of sperm limitation for both sexes are

remarkably common, given the importance of large sperm

volumes to sperm competition by fair or loaded lottery [8].

Most outcrossing plants and broadcast-spawning animals

routinely experience pollen or sperm limitation, causing

sexual selection to be relatively weak [1,107]. Moreover,

sperm limitation in species in which males may breed often

is documented in a wide range of species, including nema-

todes, fruitflies, crabs, birds and sheep (review in [108]).

Models of sperm competition [8] routinely assume a trade-

off between the number of mates males obtain and the

number of sperm they allocate per mate, such that males

must ‘optimize’ ejaculate size or sperm number. The more

limited individual males are in their ability to transfer large

volumes of sperm or ejaculate to multiple females, the

weaker post-mating sexual selection must be.

When males sire most or all the offspring of one of their

mates, but sire few or no offspring with their other mates

(‘winners fertilize one’, WFO), CovF(m,o) is negative, and

post-mating sexual selection is impossible. Here, the success

of each male depends on the female with whom he mates
and fertilization success tends to be equitably distributed

among males. Although ejaculates may be clustered within

certain females, and although sperm competition or cryptic

female choice may be responsible for the tendency for one

male to sire the offspring of each female, a negative covari-

ance indicates that no single male is more successful among

females than another, i.e. post-mating sexual selection is nil

[49,98]. This pattern of sperm utilization is typical of situ-

ations interpreted as ‘genetic complementarity [109,110]’.

(d) Measuring the appropriate parameters for males
Table 1 summarizes the current literature claiming to docu-

ment post-mating sexual selection resulting from multiple

mating by females. While the development of molecular tech-

niques that allow the assignment of parentage has made

estimating the above parameters easier [10,111,112], several

persistent problems remain even with the most accurate

assignments of parentage to offspring. In particular, docu-

menting the existence of multiple paternity within broods is

not equivalent to documenting the existence of fitness var-

iance among males, the condition necessary to establish

post-mating sexual selection. Although genetic markers

detected multiple sires within families in 64 per cent of the

studies reported (47/74, table 1), such markers were often

insufficiently variable to allow unambiguous paternity

assignment except under the most controlled experimental

conditions. Exclusion analyses usually allow neither the

number of successful males, pSF, nor the number of unsuc-

cessful males in a population, p0F, to be accurately

identified ([85,113,114], table 1); thus only 15 per cent of the

74 studies documented p0F (table 1). In some cases, attempts

at paternity assignment simply failed, in cases where certain

progeny were not assigned to any of the males within the

genotyped population [47,65,87,88,93,115].

This does not mean that incomplete estimates of parent-

age are useless; it simply means that the power of inference

for such studies decreases as the proportion of unidentified

parents and offspring increases. When data are available

on the average number of males per male or per female

(H ¼ harem size), the proportion of non-mating males

within the population, p0F, can be estimated using the

equation, p0F ¼ 1 2 (R/H ), wherein R equals the sex ratio

[101]. However, in general, the current limitations of genetic

paternity data prevent accurate estimates of the proportions

of mating and non-mating males within the population. Per-

haps not surprisingly, estimates of IF and Imates (i.e. Is vis

[103]) are few, and only about one-third of studies report

results indicating or inferring the sign of CovF(m,o) (28/74;

table 1). However, consistent with our predictions, among

these studies, male traits associated with sperm competition

appear in 11/14 studies in which CovF(m,o) is positive,

whereas no such traits are reported in 10/14 studies in

which CovF(m,o) is zero or negative (Fisher’s exact test,

p ¼ 0.021; table 1).
3. Sexual selection and the pattern of female
life-history

(a) Current literature
Multiple mating by females is widely thought to enhance

female fitness, either directly, by increasing the number of
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offspring females produce [116–120], or indirectly, by allow-

ing females to increase the survivorship of their offspring via

genes or resources they receive from males [85,87,88,121,122].

While multiple mating by females has been shown in diverse

taxa to enhance female fitness directly (30–70% in 122 species

[119]), indirect benefits females gain from multiple mating are

less clear because of confusion about the data necessary to

document this effect.

Results to date suggest that direct effects on female fitness

are impressively large (table 3). Primarily for this reason, we

choose here to consider only the direct fitness benefits

females may gain from mates and mating. As noted by

Arnqvist & Nilsson [119], direct effects of female fitness

appear so pervasive that presumed indirect effects on

female fitness are unnecessary to account for the widespread

occurrence of polyandrous mating. However, our choice is

also substantiated by Wolf & Wade [134], who identified

additional reasons why indirect effects on female fitness

gained through offspring are likely to have weak, inconsistent

or intractable effects on parental fitness. These authors note

that because offspring are related to each parent only by

one-half, selection on parental genes affecting offspring fit-

ness is only half as strong as selection on zygotically

expressed genes with the same fitness effects [135]. Thus,

assigning offspring fitness directly to parents can overesti-

mate the evolutionary outcome of ‘good genes’ or other

resources that offspring may receive from parents. Con-

ditional or sex-limited exposure of such genes to selection

during mate choice or parental care can weaken indirect

selection still further, and further exaggerate the evolutionary

importance of ‘genetic quality’.

Wolf & Wade [134] also argued that while offspring sur-

vival may indirectly influence parental fitness, offspring

survival directly influences offspring fitness. Because off-

spring fitness belongs to offspring themselves, assigning

offspring fitness to parents without experimentally disentan-

gling parental and offspring influences on total fitness

confounds these estimates across generations, leading to erro-

neous evolutionary inferences about how parental traits may

respond to selection. Furthermore, because parental and off-

spring traits are often genetically correlated, selection may

act on these traits via pleiotropy, linkage or non-random

mating in unpredictable ways, particularly if genetic correl-

ations are negative, as they often are [134]. Without

advance knowledge of the genetic variance/covariance struc-

ture of maternal and offspring traits, as well as the influences

these traits have on the relative fitnesses of parents and off-

spring, it is impossible to predict how selection on

offspring performance may influence maternal phenotype.

For these reasons, we exclude from this review articles that

identify fitness benefits to polyandrously mating females in

any terms other than offspring numbers.

(b) Direct evidence of fitness advantages to multiple
mating by females

Why is it important to consider the effects of multiple mating

on female fitness when considering sexual selection? The

short explanation is that increases in the variance in fitness

among females tend to erode the opportunity for sexual

selection on males [100]. As explained in [1], when a female

mates once and produces only one clutch of offspring, she

assigns her entire reproductive output to a single male.
When a female mates more than once, she divides her

clutch into several sub-clutches, equal in number to the

number of sires. The production of multiple clutches either

by multiple mating or iteroparity increases the variance in

female fitness, and it allows more males to mate. Both

changes decrease the variance in fitness among males and

so decrease the opportunity for sexual selection [1].

What constitutes direct evidence that females increase

their fitness by multiple mating, and what evidence exists

that such gains influence sexual selection on males? While

abundant evidence exists that multiple mating by females

may enhance female fitness directly, few studies have

placed their results within an evolutionary context except

by inference. Furthermore, while theoretical evidence exists

that multiple mating may reduce the intensity of sexual selec-

tion [1,100], few examples of this effect are known [1,86,136].

We assert therefore that three kinds of data are required to

argue that selection favours multiple mating by females.

First, to demonstrate the existence of significant variance

in female fitness associated with multiple mating, it is neces-

sary to document the proportion of females in the population

who are unsuccessful in producing offspring [1,96]. This is

necessary because, just as in males, the variance in female fit-

ness consists of two components: the variance in fitness

within the class of successfully reproducing females, and

the variance in fitness between the successful and unsuccess-

ful females [26]. As reproduction becomes increasingly

disproportionate among females, the latter component of fit-

ness variance represents the larger fraction of the two

components of total selection (figure 1). The larger the frac-

tion of total fitness female fitness represents, the more

sexual selection is weakened [26,27].

Second, to demonstrate the existence of differential repro-

duction by females due to differences in mate numbers, it is

necessary to document the magnitude and sign of the covari-

ance between mating number, m, and offspring number, o,

among females, or CovC(m,o). If this covariance is positive,

it indicates that multiple mating by females enhances

female fitness, with the magnitude of the covariance pro-

portional to the strength of such selection. This condition is

necessary for multiple mating by females to enhance female

fitness. However, another important reason to document

whether or not multiple mating by females enhances off-

spring numbers is that, depending on the sign and

magnitude of the covariance between mating number and

offspring number for males, CovF(m,o), the sign and magni-

tude of CovC(m,o) for females mating with such males

can lead to mating system dynamics not predicted by

considering each of these covariances separately, or by not

considering these covariances at all (see §3c(iii)).

Third, to determine whether the fitness advantages

females gain by multiple mating are likely to lead to signifi-

cant evolutionary change, it is necessary to scale these

potential fitness benefits to the total opportunity for selection

on females, as well as to the total opportunity for selection on

both sexes (methods in [1]). To examine the opportunity for

selection on females, IC, it is necessary to partition the total

variance in female fitness, VOC, into three components:

(i) the variance in fitness due to the effects of different

clutch sizes among females, (ii) the variance in female fitness

due to the effects of matings with different males, and (iii) the

variance in female fitness due to the effects of different num-

bers of clutches per female [1]. These components of the
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variance in fitness for females can be converted to opportun-

ities for selection by dividing each by the squared average in

female fitness, OC
2 (i.e. OF

2 ), and can then be considered as a

fraction of the opportunity for selection on females, as well as

its contribution to the total opportunity for selection, where

IF ¼ 1/R (IC) þ Imates (see [26,27] and §2c(ii)).
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(c) Identifying the appropriate parameters for females
(i) Fundamental parameters
As explained above, the proportions of successful and unsuc-

cessfully breeding females, pSC, and p0C, the mean and

variance in female offspring numbers, OC and VOC, and

the opportunity for selection on females, IC, can all be

easily estimated from molecular parentage data, provided

that all parents and offspring in the population can be iden-

tified [1]. Also, as explained above, the quality of such data

will determine the power of the inferences possible from

such analyses. As with males, identification of the non-

breeding class of females can be exceptionally difficult, and

while some data are better than none, the smaller the pro-

portion of the population included in the sample, the

weaker inferences about selection can be.
eumonogamy
(WFO)

mate guarding
('WFA')
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Figure 2. Possible mating systems resulting from simultaneous consideration of
negative, zero and positive values of Cov (m,o) and Cov (m,o); (a) when
(ii) The covariance between mating numbers and offspring

numbers for females
The covariance between female mating number and the

number of offspring produced by females equals

CovCðm;oÞ ¼
S[mjoj]

NC

� �
� ðOCÞðPCÞ; ð3:1Þ

where mioj is the product of individual matings and offspring

numbers for each jth female, NC is the total number of

females, OC is the average number of offspring per female,

and PC is the average female mating number promiscuity

[1], i.e. the average number of matings per female, wherein

each mating, whether with the same or with a different

partner, is counted as a single event.

C F

fertilization success is randomly distributed across mating pairs, either because
females use sperm at random or because male fertilization success is randomly
distributed, post-mating sexual selection is possible only when CovF(m,o) is
positive because males are likely to gain fertilizations by producing large amounts
of sperm; this cell represents ‘winner fertilize all’ (WFA) post-mating competition,
whereas all other labelled cells represent ‘winner fertilize some’ (WFS) post-mating
competition [1]; (b) when fertilization success is contingent on positive or negative
values of CovC(m,o) and CovF(m,o), post-mating sexual selection is again
possible only when CovF(m,o) is positive, and only when females mate with
multiple males; ‘WFO’ indicates ‘winner fertilize one’ post-mating competition;
‘WFA’ indicates situations in which ‘winners fertilize all of their mates’ ova but not
because post-mating sexual selection occurs; see text for details.
(iii) Combining CovC(m,o) with CovF(m,o)
As explained in Wade & Shuster [101], whether CovC(m,o) is

positive, negative or zero determines whether females gain

fitness, lose fitness or have no fitness consequences associated

with multiple mating. However, additional information not

explained in [101] may be obtained by considering whether

females with these possible values for CovC(m,o) happen to

mate with males who have corresponding or different

values for CovF(m,o). Several ‘zones’ of combinations arise

when CovC(m,o) and CovF(m,o) have positive, negative or

zero values (figure 2a,b). The largest zone appears when

either CovF(m,o) and/or CovC(m,o) is zero (figure 2a).

Fertilization success within this zone is randomly distributed

across mating pairs, either because females use sperm at

random or because male fertilization success is randomly dis-

tributed. This zone identifies WFS post-mating competition

as described in §2c(iv) [1]. While post-mating sexual selection

within this zone may behave like a lottery [8,10], lottery-like

conditions are likely to occur only when CovC(m,o) is zero

and CovF(m,o) is positive, because only in this cell are

males likely to gain by producing large amounts of sperm.
This cell identifies the single scenario within this zone in

which WFA post-mating sexual selection may exist.

When CovF(m,o) and CovC(m,o) are both negative, males

as well as females generate all of their offspring as mated

pairs, mating only as often as is necessary to produce off-

spring (figure 2b). Post-mating sexual selection either by

sperm competition or cryptic female choice is impossible

in such eumonogamous mating systems, and mutually nega-

tive covariances between mating numbers and offspring
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Figure 3. Possible relative values for the sex difference in the opportunity for
selection (i.e. the opportunity for sexual selection), Imates, arising from
multiple mating and post-mating sexual selection, based on the sign of the
covariance in mating numbers and offspring numbers for each sex; grey bars
indicate the likely values of Imates due to processes other than post-mating
sexual selection; black bars indicate where post-mating sexual selection is
likely, i.e. where CovF(m,o) is positive, CovC(m,o) is zero, and if certain
males are capable of producing abundant sperm; hatched bars indicate where
post-mating sexual selection is possible, where both CovF(m,o) and
CovC(m,o) are positive, females change partners with each mating and if
‘non-lottery’ sperm competition occurs.
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numbers are likely to be self-reinforcing. This zone identifies

a scenario that could be called WFO; a mating system, which,

as mentioned, describes situations now known as genetic

complementarity [49,109,110].

When CovC(m,o) is positive and CovF(m,o) is negative,

post-mating sexual selection is likely to be weak because

females will seek multiple matings but males will not (figure

2b). Multiple mating by females could lead to multiple sires

per clutch if sperm precedence is incomplete, or if males are

unable to guard their mates. However, if males are successful

at either endeavour, this zone identifies another cell in which

‘WFA’ [1], and if spermatic success in the latter case is accom-

plished by mate guarding, post-mating sexual selection cannot

occur here. If sperm precedence is incomplete, CovF(m,o) may

become zero. However, sexual selection in any case is likely to

be reduced because males are unlikely to seek multiple mat-

ings (CovF(m,o) is negative), and males successful at mate

guarding will limit their mate numbers, increasing the

number of males in the population able to sire young.

When both CovC(m,o) and CovF(m,o) are positive, males

as well as females who engage in multiple matings gain high

fitness (figure 2b). This combination could reinforce a genetic

correlation between male and female tendencies to mate mul-

tiple times within mated pairs [137,138], and if repeatedly

mating pairs experience the highest fitness, this mating

system could represent ‘runaway monogamy’. This zone

too identifies a situation in which ‘WFA’, but again, post-

mating sexual selection by any mechanism is unlikely

because males who mate repeatedly with only their partners

do not obtain multiple mates.

If females tend not to cluster their mating with particular

males, but instead change partners with each mating, post-

mating sexual selection could increase in this scenario, but

only if, among the males who mate repeatedly with different

partners, particular males fertilize most or all of their mates’

ova. If this condition exists, sexual selection can intensify,

but stronger sexual selection means that fitness variance

among females becomes proportionally weaker [1]. This

mating system could also represent ‘non-lottery’ sperm com-

petition wherein particular sperm traits rather than large

ejaculate volumes are favoured, but, although predicted in

theory [6,7], whether such traits are widespread in nature is

somewhat unclear. Genetic correlations between sperm traits

and various traits in female reproductive tracts are known

[132], but co-evolution of genetically correlated traits need

not involve direct competition among males (e.g. via sperm

competition) and are unlikely to directly benefit female fitness

[1]. Modifications of sperm traits in response to ovum density

are known to exist, but evidence in broadcast spawners

suggests that these traits evolve in response to female adap-

tations to avoid polyspermy rather than in response to

sperm competition [60]. Note: An opportunity to quantitat-

ively distinguish sperm competition from cryptic female

choice may exist in such systems. Longer, faster sperm

appear to correlate with greater promiscuity in cichlid fish

[68], but such data appear to be rare across taxa [60,68], and

could also be a response to female adaptations to avoid poly-

spermy or sperm limitation when the egg density is high. If

females mate promiscuously and sperm precedence is incom-

plete, or if males in this scenario become depleted of sperm,

this system will change to one in which CovF(m,o) is zero

(WFS), where post-mating sexual selection is unlikely, or poss-

ibly one that is negative (WFO), wherein mate-guarding males
ensure their paternity. In either case, neither sperm compe-

tition nor cryptic female choice are likely to be sources of

sexual selection (figure 2b).

When CovF(m,o) is positive and CovC(m,o) is negative,

males gain by multiple mating but females do not

(figure 2b). Here, sexual selection could become extremely

strong because males will attempt to mate with multiple

females and females will tend to avoid multiple mating. This

zone identifies what has been called ‘chase-away’ sexual selec-

tion [48] (but also see [1]) and it too identifies ‘WFA’. However,

in this case too, females tend to mate rarely and, therefore,

post-mating sexual selection is unlikely to occur despite the

fact that sexual selection itself is likely to be more powerful

than any of the above scenarios; here, males may be highly

variable in their mate numbers but females are not.

Figure 3 summarizes possible relative values of the opportu-

nity for sexual selection, Imates, based on the above discussion of

different combinations of the covariance between mating num-

bers and offspring numbers for each sex, CovF(m,o) and

CovC(m,o). In general, this diagram reveals 2/9 scenarios in

which post-mating sexual selection is possible, but even in

these cases only under particular circumstances: (i) where

CovF(m,o) is positive, CovC(m,o) is zero, and certain males

are capable of producing abundant sperm, and (ii) where

both CovF(m,o) and CovC(m,o) are positive, females change

partners with each mating, and ‘non-lottery’ sperm competition

is possible. Note that the opportunity for post-mating sexual

selection in each of these scenarios is expected to be less intense

than when CovF(m,o) is positive and CovC(m,o) is negative, a

situation in which sexual selection is likely to be strong, but

post-mating sexual selection is unlikely to occur.
(iv) The variance in fitness caused by female life-history traits
The above circumstances describe how mating behaviour by

females enhances or diminishes the strength of sexual
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selection, but females may influence sexual selection in other

ways as well, through variation in (i) the number of times

they mate and (ii) the number of reproductive events in a

female’s lifetime, which may depend on the duration of

female reproductive competency [1]. Accordingly, females

who mate once in their lifetime are monandrous, whereas

females who mate more than once are polyandrous (the term

‘polyandry’ is frequently used to describe the latter condition,

but we subscribe to the genetic, rather than the social defin-

ition of the mating system [1], wherein polyandry describes

a genetic mating system in which females are variable in

mate numbers, but males are not, with males having no

more than one mate within their lifetime). Females who pro-

duce a single clutch of offspring are semelparous, whereas

females who produce multiple clutches of offspring are

iteroparous. Among iteroparous females, the longer the

duration of female reproductive competency, the more vari-

ation in the pattern of female reproduction within and

among seasons is possible, and simultaneously, the more

variable the identities of males serving as mates for such

females can be.

Wade [100] considered multiple mating and iteroparity

by females similar in their effects on the opportunity for

selection to the effects of multiple mating by males. He

identified the term Iclutches to describe the variance in clutch

number among females, Vclutches, divided by the squared

average number of clutches per female, C2, noting that

when females mate more than once, they divide each clutch

into sub-clutches, equal in number to the number of sires.

Wade [100] argued that multiple mating and iteroparity

among females interchangeably decrease the variance in fit-

ness among males and so increase the variance in fitness

among females such that IF 2 IC ¼ Imates 2 Iclutches. As

explained above, the production of multiple clutches either

by multiple mating or by iteroparity increases the variance

in female fitness, and it allows more males to mate. Both ten-

dencies decrease the variance in fitness among males and so

decrease the opportunity for sexual selection [1].

Shuster & Wade [1] showed that when females mate more

than once and produce multiple clutches of offspring, the

total variance in offspring numbers for females, VOC, is influ-

enced by three distinct effects arising from variation in female

clutch size (cs): (i) the variance in offspring numbers aver-

aged across all females, Vcs,clutch, a value expected to

become larger as females produce multiple clutches; (ii) the

variance in offspring numbers due to the effects of mating

with different sires on clutch size, Vcs,sires, a value expected

to become larger as females mate more than once; and

(iii) the variance in offspring numbers due to differences in

the average clutch size that females produce, Vcs,females. The

first two components of variance in female fitness are equiva-

lent to the variance in offspring numbers within females,

thus, VOCwithin ¼ Vcs,clutch þ Vcs,sires. The third female fitness

component is equivalent to the variance in offspring number

among females, or VOCamong ¼ Vcs,females.

As in the study of Wade [100], this approach provides a

means for identifying the relative influences of multiple

sires and multiple clutches on the total variance in offspring

numbers for females. However, unlike Wade [100], this

approach focuses not on how the number of clutches or

sub-clutches females have may influence VOC, but rather on

how individual female fitness may become variable due to

the effects of multiple males and multiple reproductive
events. This approach [1] identifies VOCwithin as the com-

ponent of variance in offspring numbers affected by

different numbers of sires and clutches, because the effect

of multiple mating and multiple clutch numbers on the

total variance in female offspring numbers arises from

within individual females. Thus, to explore these effects,

individual females must have life histories that include mat-

ings with multiple mates and the production of multiple

clutches, or researchers must create these circumstances

experimentally. When divided by the squared average in

female offspring numbers, OC
2 , the relationship explained

above becomes, IC ¼ (Ics,clutch þ Ics,sires) þ Ics,females.

To explore the effects of multiple mating on the among-

female component of variance in female offspring numbers,

females must be divided into k classes that identify the

number of mates (or matings) females experience for each

clutch of offspring they produce. The total variance in female

fitness, in terms of offspring numbers, VOCtotal, can once

again be partitioned into two components, but this time

VOCwithin is the average of the variances in offspring number

within the classes of females who mate with different numbers

of males, and VOCamong is the variance in the average number

of offspring among the mating and non-mating female classes,

where VOCtotal¼ VOCwithin þ VOCamong, or, by substitution,

VOCtotal ¼ SpkðkVOCÞ þ SpkðkOC � cOCÞ; ð3:2Þ

where k represents each class of females based on their number

of mates, pk represents the proportion of females belonging to

each kth class, K equals the average number of mates or mat-

ings per female (i.e. NF/NC ¼ 1/R), c equals the average

number of clutches per female, and k(OC) and k(VOC) represent

the mean and variance in offspring numbers, respectively, for

females within each kth mate or mating class, and where OC

and VOC equal the mean and variance in offspring numbers

per female. Collecting terms and assuming R ¼ 1, we have

VOCtotal ¼ KðVOCÞ þO2
CVOmating number; ð3:3Þ

which, when divided by the squared average in female fitness,

(KOC)2, equation (3.3) becomes

ICtotal ¼ ICcs þ ICmating number: ð3:4Þ

Each of the three approaches above captures a different

aspect of the effects of multiple mating on females. The first

approach (cf. [100]) identifies the effects of variation in

clutch size and clutch number on total variance in female off-

spring numbers. The second approach (cf. [1]) identifies the

effects that multiple mates and multiple reproductive events

may have on the variance in clutch sizes within individual

females. The third approach identifies the effects that vari-

ation in mating number, either with the same or with

different males, has on the total variance in female offspring

numbers. Which approach is used depends on the experi-

mental question asked. As explained above, the relative

contribution of each of the variance components can be com-

pared by dividing each by the squared average in female

fitness, as well as compared in ratio form to IC, which can

be examined relative to IF and DI [1].

(d) Measuring the appropriate parameters for females
As explained above for males, while each of these parameters

can be calculated explicitly if the numbers of successful and

unsuccessful individuals in the population are known, these
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data can be extremely difficult to collect and so often go unre-

corded. Table 3 summarizes the extent to which the above

parameters have been investigated in studies to date. Abundant

information appears to exist on the sources of variance in female

offspring numbers, as well as on the apparent values for

CovC(m,o), although in most cases values can only be inferred

from experimental results rather than actual data. In contrast,

the proportion of unsuccessful females, p0C, and the opportu-

nity for selection on females, IC, are seldom quantified.

We emphasize again that such information is crucial to

actual measurements of the opportunity for selection on

females as well as the covariance between mating numbers

and offspring number for both sexes. To show that either

males or females benefit by multiple mating, it is necessary

to show that a covariance between mate numbers and offspring

numbers exists. Yet without examining the magnitude of these

values, as explained above, it is impossible to conclude that

post-mating sexual selection is strong or weak. Moreover, with-

out measuring these values for females and comparing them to

the magnitude of values collected for males, it is impossible

to say whether females gain significant fitness from multiple

mating relative to the total opportunity for selection.
4. Discussion
We present four major results. First, we suggest that when

post-mating sexual selection is strong, i.e. when particular

males gain from multiple mating, the fitness advantages

females gain from males through multiple mating are likely

to be proportionately weak. This relationship exists because

when fewer males secure mates, the among-group com-

ponent of the male variance in relative fitness becomes

extremely large (figure 1), and so becomes a proportionately

larger fraction of total selection [1,26,27,100]. Because the

opportunity for sexual selection equals the sex difference in

the opportunity for selection, DI ¼ IF 2 IC [1], when

sexual selection is strong, IC must be proportionately small.

Conversely, when females engage in mating with multiple

males and produce multiple clutches, the increased variance

in female fitness is likely to erode the intensity of sexual selec-

tion most severely. Thus, when female fitness variance is

proportionately large, the sex difference in the opportunity

for selection must be proportionately small. This relationship

has recently been documented experimentally in junglefowl,

Gallus gallus [86] (see also [136]), and is expected to exist

regardless of how sexual selection occurs [1].

Second, we provide a method for estimating the variance in

fitness and the opportunity for selection resulting from post-

mating sexual selection. Several researchers have recently

used ANOVA to partition out this effect as part of their experi-

mental design [3,4,31,86]. Our method complements this

approach but has the advantage of not requiring that offspring

be assigned to parents in a probabilistic way; our method expli-

citly assigns offspring to each parent. Our approach is also

useful for examining existing datasets for which the pro-

portions of individuals who mate and successfully produce

offspring, who mate and fail to produce offspring, and who

fail to mate at all, are known [3,4]. As we show, our approach

is useful for gonochoristic as well as hermaphroditic species.

Our third major result is our finding that post-mating

sexual selection occurs in only two of the nine possible

mating systems in which multiple mating by females can
occur: (i) when females have multiple mates and males are

able to produce large volumes of sperm; and (ii) when

females have multiple males and males have particular adap-

tations that allow their sperm to be competitive. There are

other situations in which females may mate with multiple

males, but because Cov(m,o) is zero or negative in these scen-

arios for one or both sexes, post-mating sexual selection is

either unlikely or impossible. We acknowledge that the cir-

cumstances we identify in which post-mating sexual

selection is likely to occur, are those in which most of the cur-

rent evidence for sperm competition already exists, a

condition that seems to be frequently observed in insects.

However, the current literature on sperm competition, in

our view, implies that such conditions are ubiquitous and

strong in a large number of taxa. We argue that they may

not be. Therefore, it is our goal to show that, while possibly

unusually common in insects, this particular scenario actu-

ally represents a fraction of the possible conditions in which

post-mating sexual selection could occur, and a highly con-

tingent set of circumstances at that. We assert that if you

look for sperm competition under such circumstances, you

are likely to find it. We also assert, and we think justifiably,

that such conditions overall may be comparatively rare. We

hope that future research considers these scenarios more clo-

sely so that research on post-mating sexual selection may

become more focused as well.

A fourth major result of our analyses is that we have

found few recorded studies in which the overall strength of

post-mating sexual selection and the presumed benefits

females gain by multiple mating have been considered

together in terms of the sex difference in the opportunity

for selection ([1,3,4]; tables 1–3). The approach allows the

relative contributions of these two consequences of polyan-

drous mating to be considered simultaneously. This result

places some doubt on the conclusions of many presumed

examples of the evolution of male traits by sperm compe-

tition or evolution of female traits by multiple mating; not

because these experiments are not carefully executed, but

rather because the relative intensity of selection in these con-

texts, as well as the context of selection itself, is yet unknown.

We have proposed a framework for measuring post-

mating sexual selection, requiring highly specific information

that is extremely difficult to obtain. In particular, we

encourage researchers to document the classes of non-

reproducing individuals in each sex because this allows the

sex difference the opportunity for selection to be quantified,

because it allows the specific effects of post-mating compe-

tition to be isolated and because it expands the focus of

fitness measurement beyond the class of successfully repro-

ducing individuals. We acknowledge that this procedure

in some cases may confound sexual selection with other

selective contexts. However, if one sex experiences greater fit-

ness variance than the other for any reason, it will generate

sex-specific selection, which, at least in gonochoristic species,

is likely to lead to sexual dimorphism. In our view, such

selection, even if operating in reproductive contexts not

clearly identifiable as male combat or female choice, can be

considered sexual selection [1,2]. We also advocate quantifi-

cation of the covariance between mating number and

offspring number for both sexes, Cov(m,o), primarily because

this parameter provides an estimate of the strength of selec-

tion favouring multiple mating in each sex in the form of

Bateman gradients ([94,95], tables 1 and 3). However, an
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additional unappreciated advantage of examining this

covariance for both sexes simultaneously is that it provides a

means for predicting mating systems in which post-mating

sexual selection is possible and in which it is not.

We have proposed that estimates of sexual selection on

males are incomplete without estimates of how multiple

mating and multiple reproductive events by females may

erode the strength of sexual selection [1]. We advocate three

quantitative approaches for investigating the variance in fitness

among females due to differences in female life-history that can

be tailored to the experimental systems available. These

approaches allow quantification of the effects of multiple mat-

ings, multiple sires and multiple reproductive events on the

opportunity for selection on females. With this information, it

becomes possible not only to scale the evolutionary effects of

female reproductive life-history relative to sexual selection, but

also to examine the magnitude of selection on multiple mating

by females relative to total selection. We appear to be asking

researchers to conform only to our specific criteria; but that is
neither our intent nor what our suggestions amount to in prac-

tice. Our suggestions as well as those of others who emphasize

a quantitative approach conform to standard evolutionary gen-

etic theory and results. Our goal is to encourage current research

to align itself with the principles it claims to promote. We argue

that to understand the process of sexual selection, in this or any

context, it is necessary to consider the role each sex plays in

the process. Without such conjoined information, it is likely

that the resulting incomplete answers will be misguided or

wrong. In summary, our results suggest that existing theory

and data on post-mating sexual selection are incomplete. We

hope our analysis will be greeted, not with disdain, but

rather with enthusiasm for investigating when post-mating

sexual selection occurs, when it does not, and why.

We are grateful to Michael J. Wade for his fundamental contributions
to the ideas discussed above as well as for his comments on an earlier
draft of this manuscript. We are also grateful to Tommaso Pizzari and
two anonymous reviewers, whose comments and suggestions greatly
improved this manuscript.
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16. Garcı́a-González F, Simmons LW. 2005 The evolution
of polyandry: intrinsic sire effects contribute to
embryo viability. J. Evol. Biol. 18, 1097 – 1103.
(doi:10.1111/j.1420-9101.2005.00889.x)
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