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Introduction

That relative testes size correlates positively, across

species, with the extent to which females mate with

more than one male might be described as an evolu-

tionary rule. Such a relationship has been demon-

strated in mammals (Harcourt et al. 1981, 1995;

Kenagy & Trombulak 1986; Møller 1988a; Ginsberg

& Rubenstein 1990; Heske & Ostfeld 1990; Kappeler

1997; Hosken 1997, 1998; Ramm et al. 2005; Souls-

bury 2010; but see Iossa et al. 2008), birds (Møller

1988b, 1991a; Birkhead & Møller 1992; Møller &

Briskie 1995; Pitcher et al. 2005), frogs (Kusano

et al. 1991; Jennions & Passmore 1993; Prado &

Haddad 2003; Byrne et al. 2002), fish (Stockley et al.

1997; Fitzpatrick et al. 2009; but see Pyron 2000;

Kvarnemo & Simmons 2004) and several insect taxa

(Gage 1994; Pitnick 1996; Baer & Boomsma 2004;

Demary & Lewis 2007; Katvala et al. 2008; Vahed

et al. 2011). At least two hypotheses, which are not

necessarily mutually exclusive, could account for

this pattern: (1) the numerical sperm competition

hypothesis (reviewed in Birkhead & Møller 1998;

Simmons 2001) and (2) the male mating rate (or
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Abstract

A positive relationship across species between the extent to which

females mate with more than one male and relative testes mass has

been demonstrated in a wide range of vertebrate taxa and certain

insects. At least two hypotheses, which are not necessarily mutually

exclusive, could account for this pattern: (1) the numerical sperm com-

petition hypothesis, which assumes that larger testes enable the male to

transfer more sperm to each female, giving the male an advantage in

sperm competition and (2) the male mating rate hypothesis, which pro-

poses that larger testes allow the male to produce a greater number of

(potentially smaller) ejaculates to engage in frequent copulations with

different females. Of these hypotheses, the former has won broad accep-

tance, while the latter has tended to be dismissed. Here, we argue that

the lines of evidence commonly used to support the numerical sperm

competition hypothesis in favour of the male mating rate hypothesis are

not as clear cut or generally applicable as they are purported to be and

that, consequently, the male mating rate hypothesis cannot be excluded

with confidence on the basis of the current evidence. Furthermore,

some evidence, such as the finding that ejaculate mass and ⁄ or sperm

number is negatively correlated with testes mass across species in some

insects and that larger testes in Drosophila can evolve in response to an

increase in the number of females available for mating in the laboratory,

provides support for the male mating rate hypothesis. Further work is

needed to disentangle the relative effects of these selective pressures on

the evolution of testes size.
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sperm depletion) hypothesis (Short 1979; Cartar

1985; Møller 1991a; Jennions & Passmore 1993;

Parker & Ball 2005; Fromhage et al. 2008; Parker &

Pizzari 2010). The numerical sperm competition

hypothesis assumes that larger testes produce more

sperm per ejaculate, giving the male an advantage in

numerical sperm competition (reviewed in Parker

1998; Parker & Pizzari 2010). The male mating rate

hypothesis proposes that larger testes allow the male

to produce a greater number of (potentially smaller)

ejaculates to engage in frequent copulations (Parker

& Ball 2005; Fromhage et al. 2008; Parker & Pizzari

2010). An increase in the extent of multiple mating

in females will, after all, lead not only to an increase

in the risk and ⁄ or intensity of sperm competition,

but since it take two sexes to mate, will also tend to

entail an increase in the potential number of mating

opportunities available for the male (Svärd & Wikl-

und 1989; Jennions & Passmore 1993; Parker & Ball

2005; Fromhage et al. 2008; Reuter et al. 2008; Par-

ker & Pizzari 2010). At the population level, all else

being equal, male mating rate and the level of sperm

competition are perfectly confounded, such that a

doubling of one involves a doubling of the other

(Parker & Pizzari 2010).

Over the last 30 yr, the numerical sperm competi-

tion hypothesis has won broad acceptance, while the

arguably less interesting male mating rate hypothe-

sis, although occasionally acknowledged, has tended

to be dismissed or neglected in studies pertaining to

the evolution of testes size (e.g. Harcourt et al. 1981;

Ginsberg & Rubenstein 1990; Møller1991a; Birkhead

& Møller 1992; Gage 1994; Møller & Briskie 1995;

Stockley et al. 1997; Kappeler 1997; Gomendio et al.

1998; Hosken 1997, 1998; Byrne et al. 2002; Ramm

et al. 2005; Calhim & Birkhead 2006; Fitzpatrick

et al. 2009; Lüpold et al. 2009; Ramm & Stockley

2010; Immler et al. 2011; but see also Blanckenhorn

et al. 2004; Parker & Ball 2005; Fromhage et al.

2008; Reuter et al. 2008 in which male mating rate

has been taken into account). For example, several

studies have used relative testes mass as an index of

the level of sperm competition, neglecting to men-

tion that it could equally represent an index of male

mating rate (e.g. Gage & Freckleton 2003; Gomendio

et al. 2006; Lüpold et al. 2009; Iossa et al. 2008;

Immler et al. 2011).

Arguments Traditionally Used to Favour the

Numerical Sperm Competition Hypothesis

Some of the arguments commonly used to support

the numerical sperm competition hypothesis in

favour of the male mating rate hypothesis are as

follows (e.g. Møller & Briskie 1995; Stockley et al.

1997; Calhim & Birkhead 2006; Parker & Pizzari

2010; Wedell & Hosken 2010; Immler et al. 2011):

(1) there is a positive correlation across species

between the relative size of the testes and the rela-

tive number of sperm per ejaculate (e.g. Møller

1988a,b, 1989; Stockley et al. 1997); (2) there is a

positive correlation across species between the rela-

tive size of the testes (and ⁄ or degree of polyandry)

and the rate of sperm production (e.g. Møller 1989;

Lüpold et al. 2009; Ramm & Stockley 2010) and size

of the male’s sperm reserves (e.g. Birkhead et al.

1993); (3) males in the laboratory adjust the number

of sperm per ejaculate or testes size in response to

an increase in the perceived level of sperm competi-

tion (reviewed in Parker et al. 1997; Kelly & Jen-

nions 2011); (4) in species with alternative

reproductive tactics in males, testes are larger in

‘sneaker’ than in ‘dominant’ male morphs (reviewed

in Simmons et al. 1999; Oliveira et al. 2008; Tabor-

sky & Neat 2010); (5) experimental evolution exper-

iments in the laboratory have demonstrated a

change in testes size over successive generations in

laboratory populations in which the level of sperm

competition has been manipulated (reviewed in

Crudgington et al. 2009; Edward et al. 2010); and

(6) testes are not proportionately larger in polygy-

nous species in which males have either extreme

harem-defence or lek-based mating systems than

they are in monogamous species (e.g. Harcourt et al.

1981; Møller 1991a; Birkhead & Møller 1992). While

such evidence is, on the face of it, very persuasive,

some of these lines of evidence may not be as clear

cut or as generally applicable as they are purported

to be and may not actually exclude the male mating

rate hypothesis.

(1) Interspecific Relationships Between Testes Size

and the Number of Sperm Per Ejaculate

While the existence of a positive relationship

between relative testes size and relative sperm num-

ber is an assumption of the numerical sperm compe-

tition hypothesis (reviewed in Parker 1998; Parker &

Pizzari 2010), the male mating rate hypothesis, if

anything, predicts the opposite: if sperm are limited,

males may be selected to transfer less sperm per

mating to maximise the number of females insemi-

nated (Parker & Ball 2005; Fromhage et al. 2008). A

positive relationship between relative testes size and

relative sperm number across species has been

reported in mammals, birds and fish (e.g. Møller

Mating Rate and Testes Size K. Vahed & D. J. Parker

108 Ethology 118 (2012) 107–117 ª 2011 Blackwell Verlag GmbH



1988a,b, 1989; Stockley et al. 1997; Fitzpatrick et al.

2009; Immler et al. 2011). However, in vertebrates,

sperm counts need to be interpreted with caution

(Birkhead 1998). Data on sperm per ejaculate in nat-

ure are difficult to obtain for these taxa; hence,

sperm counts have been obtained by artificial means

such as electroejaculation (Møller 1988a), manual

extrusion of ejaculates (Møller 1988b; Stockley et al.

1997; Immler et al. 2011) or counts of sperm taken

directly from the testes (Fitzpatrick et al. 2009). Such

techniques could easily lead to overestimates of the

number of sperm per ejaculate by stripping out

sperm reserves that might, in reality, have been used

over a series of successive copulations, potentially

involving different females (Birkhead 1998).

A positive correlation across species between the

relative size of the testes and sperm number per

ejaculate and ⁄ or ejaculate mass does not occur in

certain insect taxa including bushcrickets (Tettigonii-

dae) (Vahed et al. 2011), Drosophila species (Pitnick

1996; see also Immler et al. 2011) and Bruchid bee-

tles (Katvala et al. 2008). In bushcrickets, while the

relationship between testes size and sperm number

across species was not significant, the trend was neg-

ative and close to significance (Vahed et al. 2011; K.

Vahed, unpubl. data). For example, the sperm count

for Platycleis affinis (largest testes, at 13.8% male

body mass) was about three times smaller than that

for Gampsocleis glabra (smallest testes, at 1% male

body mass), even though males of both species were

of similar body mass (Vahed et al. 2011). Further-

more, ejaculate mass was significantly smaller in

species with larger testes (Vahed et al. 2011) and in

more polyandrous species (Vahed 2006; Vahed et al.

2011). Across Drosophila species, the relationship

between an index of sperm number based on sperm

extracted from the testes and relative testes mass

was non-linear, peaking at intermediate testes size

then decreasing with testes mass (Immler et al.

2011). The association of large testes with lower

sperm counts was even more pronounced when

based on the actual number of sperm per ejaculate

(Pitnick 1996). These data from studies of insects

would appear to support the male mating rate

hypothesis rather than the sperm competition

hypothesis.

There are many differences in the reproductive

biology of vertebrates and insects that could lead to

differences in the nature of the relationship between

testes size and sperm numbers across species. Sim-

mons (2001) cautioned that in insects, a simple

‘cause and effect’ relationship between female mat-

ing frequency and testes size or sperm number might

not be expected because of the diversity of sperm

competition mechanisms. For one thing, it seems

probable that numerical sperm competition (the

‘raffle’ mechanism of sperm competition) is likely to

be more prevalent in many vertebrate taxa than it is

in insects (Birkhead & Møller 1998; Simmons 2001;

Immler et al. 2011). Furthermore, while most mod-

els of the evolution of testes and ejaculate size

assume that these traits in males respond to changes

in mating patterns in females (Parker 1998; Parker &

Ball 2005), in many insects, the causal relationship

might be reversed (Simmons 2001). In Tettigoniidae,

for example, the association of large ejaculates with

a lower degree of polyandry across species could be

caused by non-sperm ejaculate substances produced

by the accessory glands that affect female receptivity

to further copulations (Vahed 2006, 2007; Vahed

et al. 2011). In Drosophila species, the association of

lower sperm counts per ejaculate with a higher level

of polyandry might occur because females are sperm

limited in such species and therefore need to mate

more frequently to maintain fertility (Pitnick 1996;

Simmons 2001). Whatever the cause ⁄ effect nature of

the relationship between polyandry and ejaculate

size, it is nevertheless clear that in bushcrickets and

Drosophila, the species with the largest testes do not

transfer more sperm per ejaculate and instead appear

to be adapted to allocate sperm to a greater number

of females (Pitnick 1996; Pitnick & Markow 1994;

Vahed et al. 2011).

A negative correlation between relative testes size

and the number of sperm per ejaculate across species

could result from a macro-evolutionary trade-off

between sperm size and sperm numbers (Pitnick

1996; Simmons 2001; Immler et al. 2011). After all,

an increase in sperm numbers is not the only way of

increasing sperm competitiveness; an increase in the

level of sperm competition might also select for traits

such as sperm size, amongst other things (reviewed

in Simmons 2001; Ramm & Stockley 2010; Immler

et al. 2011). Evidence suggests that across species,

larger testes can be associated with longer sperm

(e.g. Gage 1994; Pitnick 1996; Morrow & Gage 2000;

Fitzpatrick et al. 2009; Immler et al. 2011; but see

Stockley et al. 1997; Gage & Freckleton 2003).

Immler et al. (2011) provided evidence for a macro-

evolutionary trade-off between sperm size and the

number of sperm in sperm reserves in male birds

and in Drosophila. The nature of this trade-off

appeared to be different in the two taxa: in Drosoph-

ila, species with the longest sperm (and largest

testes) produced relatively fewer sperm (see also Pit-

nick 1996), while in birds, sperm number appeared

K. Vahed & D. J. Parker Mating Rate and Testes Size
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to be maximised at the expense of sperm length

(Immler et al. 2011). However, such a trade-off does

not appear to be the full explanation for the small

numbers of sperm allocated per ejaculate in Drosophila

species with large testes: the absolute number of

sperm extracted from the testes was still relatively

high in species with large testes such as Drosophila

hydei (compare testicular sperm in Fig. 1 with sperm

per ejaculate in Table 2 in Pitnick 1996). Males of

such species, however, do not transfer all of their

testicular sperm per mating. Instead they prudently

allocate this over successive copulations (Pitnick

1996; Wedell et al. 2002). This is consistent with

selection to increase the number of females

inseminated.

(2) Interspecific Relationships Between Testes Size

(and ⁄ or the Degree of Polyandry) and the Rate of

Sperm Production and Sperm Reserves in Males

The size of the testes, of course, is not perhaps the

trait that is the main target of selection here, but

instead the density of sperm producing tissue and

the rate of sperm production (Schärer & Vizoso

2007; Lüpold et al. 2009; Ramm & Stockley 2010).

Evidence suggests that these factors do seem to

increase with relative testes size and the extent of

multiple mating in females, across taxa (e.g. in

mammals: Møller 1989; Ramm & Stockley 2010; in

birds: Lüpold et al. 2009). This has been cited as evi-

dence to support the numerical sperm competition

hypothesis (Møller 1989; Parker et al. 1997; Lüpold

et al. 2009; Ramm & Stockley 2010), yet it could

equally support the male mating rate hypothesis,

allowing males to replenish sperm reserves rapidly to

capitalise on extra mating opportunities.

In species with large testes and ⁄ or species in

which females mate multiply, males are clearly

adapted for a high frequency of mating: they often

have large sperm reserves and allocate sperm over

successive copulations (Møller 1989; Birkhead et al.

1993; Pitnick & Markow 1994; Pitnick 1996; Wedell

et al. 2002). For example, male sheep have reserves

for up to 95 successive copulations (Møller 1989),

and male birds store sperm in specialised cloacal pro-

tuberances, the relative size of which correlates posi-

tively with relative testes mass and male mating

frequency (Birkhead et al. 1993). In frogs, species

with very large testicles such as Chiromantis xerampe-

lina have an exceptionally high mating frequency in

males in comparison with other anurans (Jennions

& Passmore 1993). In Drosophila species with large

testes such as D. hydei, males do not transfer all of

their sperm per mating and have a very high mating

frequency, mating with up to ten different females

in a single morning (Markow 1985; Pitnick 1996;

Pitnick & Markow 1994). In bushcrickets, males of

more polyandrous species have much shorter recov-

ery times between successive copulations (Vahed

2007). Similarly, in butterflies, males of species

in which females are more polyandrous are better

adapted to mate more than once and are able

to replenish ejaculate mass more rapidly (Svärd &

Wiklund 1989; Bissoondath & Wiklund 1996).

Obviously a distinction needs to be made here

between repeated copulations that occur within pairs

and multiple copulations involving different females.

In the former case, an increased mating rate in

males can be equated with an increase in the num-

ber of sperm inseminated in each female (and ⁄ or an

increased chance that the male’s sperm will occupy

a favoured position or be deposited at the correct

time for use in fertilisation) and thus with the likely

success of the male in sperm competition (Ginsberg

& Huck 1989; Birkhead & Møller 1992; Birkhead

1998). Such frequent re-mating within pairs has

been documented in various mammals and birds

and in some insects (reviewed in Ginsberg & Huck

1989; Birkhead 1998; Birkhead et al. 1993; Simmons

2001). In the case of frequent copulation involving a

series of different females, on the other hand, such

behaviour cannot be viewed as an adaptation to

sperm competition. In the case of butterflies and

bushcrickets, the increased mating propensity of

males of species in which females are more polyan-

drous appears to facilitate frequent copulation

involving a series of different females as opposed to

frequent copulation within pairs (Svärd & Wiklund

1989; Bissoondath & Wiklund 1996; Vahed 2007).

Therefore, although it has been cited as evidence to

support the numerical sperm competition hypothesis

(e.g. Møller 1991b; Parker et al. 1997; Gomendio

et al. 1998; Simmons 2001), the increased mating

propensity of males of such species would seem to

offer much stronger support to the male mating rate

hypothesis.

(3) The Effects of an Increase in the Perceived Level

of Sperm Competition on the Number of Sperm Per

Ejaculate or Testes Size

There is a body of evidence to suggest that males

can adjust the number of sperm per ejaculate in

direct response to an increase in the perceived level

of sperm competition (reviewed in Wedell et al.

2002; Parker & Pizzari 2010; Kelly & Jennions

Mating Rate and Testes Size K. Vahed & D. J. Parker
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2011). While such evidence is not directly relevant

to the evolution of larger testes, it does give an indi-

cation of the selective pressures that could shape

ejaculate allocation on a broader scale. Several stu-

dies have compared the number of sperm transferred

per mating in an isolated pair with that of a pair in

the presence of one or more competing males.

According to a recent meta-analysis (Kelly & Jen-

nions 2011), there is strong evidence from such

studies involving a range of taxa that ejaculate size

increases when males are exposed to a single rival

(although the effect of more than one rival on ejacu-

late size overall was not significant). This is inter-

preted as evidence that males allocate sperm in

response to an increase in the risk of sperm competi-

tion (i.e. the probability that sperm competition will

occur), in line with theoretical expectations (Parker

et al. 1997; Parker 1998; Wedell et al. 2002; Parker

& Pizzari 2010; Kelly & Jennions 2011). While this

evidence is undoubtedly very strong, it is conceiv-

able that males might be adjusting the number of

ejaculated sperm in response to the level of per-

ceived future mating opportunities, rather than the

level of sperm competition: situations in which a

rival male is present during mating could indicate

that the sex ratio is male biased, thus there would

be less benefit to the male of conserving sperm sup-

plies for future mating opportunities.

Some studies have demonstrated a developmental

alteration of investment in sperm production in

response to social cues (such as rearing density) that

could be linked to the level of sperm competition

(reviewed in Parker et al. 1997; Kelly & Jennions

2011). For example, Gage (1995) found that Indian

meal moths (Plodia interpunctella) reared at high lar-

val density subsequently produced larger testes than

those reared at lower density. Although this has

been interpreted as supporting predictions of sperm

competition theory (Gage 1995; Parker et al. 1997),

it could equally support the male mating rate

hypothesis: at high population density, the availabil-

ity of mates is likely to be greater than at low popu-

lation density; hence, there would be greater

potential for males to engage in a multiple mating

strategy.

(4) Differences in Testes Size Between Sneaker and

Dominant Males in Species with Alternative

Reproductive Tactics

In some species, two or more distinct male morphs

exist with alternative reproductive tactics: dominant

(or ‘bourgeois’) males invest in traits linked to driv-

ing away other males and attracting females, while

sneaker (or ‘parasitic’) males tend to be smaller, less

well armed and attempt to fertilise eggs of females

that have been attracted to the dominant males

(reviewed in Oliveira et al. 2008; Taborsky & Neat

2010). Relative to male body mass, testes tend to be

larger in sneaker males in, for example, several spe-

cies of fish and certain dung beetles (reviewed in

Simmons et al. 1999; Taborsky & Neat 2010), and

sneaker males may produce a greater density of

sperm per ejaculate (Neff et al. 2003). This is consis-

tent with the predictions of sperm competition the-

ory because sneaker males are always subject to

sperm competition by the dominant male they are

attempting to usurp, while dominant males will gen-

erally be subject to a lower level of sperm competi-

tion, although this depends upon the number of

sneaks in the population (Gross 1982; Parker 1990;

Simmons et al. 1999; Neff et al. 2003). The differ-

ence in relative (but not in absolute) testes size

between dominant and sneaker male morphs does

not, on the other hand, appear to support the male

mating rate hypothesis because some studies indicate

that sneaker males have fewer mating opportunities

in comparison with dominant males (e.g. Neff et al.

2003; Sato et al. 2004; Taborsky & Neat 2010; but

see Schuster & Wade 1991). The generality of this

pattern requires formal testing, however. Unlike

the differences in relative testes mass between male

morphs, the relationship between relative testes

mass and male body mass within male morphs

does lend some support to the male mating rate

hypothesis: in bluegill sunfish (Lepomis macrochirus),

for example, within ‘dominant’ (or ‘parental’) male

morphs, larger males obtain more mating opportuni-

ties but experience a lower risk of sperm competition

and such males invest proportionately more in their

testes (Neff et al. 2003; see also Blanckenhorn et al.

2004).

Although the differences in relative testes size

between sneaker and dominant males are consistent

with the numerical sperm competition hypothesis,

the level of sperm competition is not the only vari-

able that is likely to differ between males of the dif-

ferent morphs: the level of pre-mating sexual

selection and the level of parental care shown by the

male are confounding factors because they are likely

to be greater in the case of the dominant male

morphs (Simmons et al. 1999; Taborsky & Neat

2010). The relatively smaller testes in such males

could therefore be the result of a trade-off between

resources allocated to testes size and those allocated

to armaments, ornaments, territory defence and

K. Vahed & D. J. Parker Mating Rate and Testes Size
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parental care. Such a trade-off between weapon size

and testes size has been demonstrated in dung

beetles (Simmons & Emlen 2006).

(5) The Effect of Altering the Level of Sperm

Competition on Testes Size as Demonstrated by

Experimental Evolution Experiments in the

Laboratory

Several studies have demonstrated a decrease in tes-

tes size over successive generations in laboratory

populations in which monogamy was enforced in

comparison with laboratory populations in which

females were mated with multiple males, for exam-

ple in the dung fly Scathophaga stercoraria and

the dung beetle Onthophagus taut-us (Hosken & Ward

2001; Hosken et al. 2001; Simmons & Garcia-Gonz-

alez 2008; reviewed in Crudgington et al. 2009;

Edward et al. 2010). While these studies have been

interpreted as demonstrating that sperm competition

selects for larger testes, in monogamous lines, the

mating rate of males is likely to have been lower

than in natural populations. Furthermore, in some

of these studies (e.g. Hosken & Ward 2001; Simmons

& Garcia-Gonzalez 2008), both males and females in

the polyandrous lines experienced an elevated num-

ber of copulations in comparison with those in the

monogamous lines. Therefore, selection for a male’s

ability to engage in multiple copulations could also

have been at play, although Hosken & Ward (2001)

dismissed this possibility because the natural mating

frequency of males in the field in their study species

was higher than in their ‘polyandrous’ group. Never-

theless, the possibility that the removal of the oppor-

tunity to engage in multiple copulations could have

been a factor in the evolution of smaller testes in

the monogamous lines cannot be excluded.

One way to disentangle the relative effects of

sperm competition and male mating rate on the evo-

lution of testes size in studies involving experimental

evolution is to examine the effect of altering the sex

ratio in species in which females will mate with

more than one male (Reuter et al. 2008; Crudging-

ton et al. 2009): with male-biased sex ratios, the

level of sperm competition will be high, but the

potential mating frequency of males will be low.

Conversely, with increasingly female-biased sex

ratios, the level of sperm competition will be lower

and the potential mating frequency of males will be

higher (Reuter et al. 2007). Recent studies of this

type have provided support for the male mating

rate hypothesis rather than the sperm competition

hypothesis: Crudgington et al. (2009) found no

effect of male-biased sex ratios on the evolution of

testes mass in laboratory populations of Drosophila

pseudoobscura, while Reuter et al. (2008) found that

male Drosophila melanogaster in lines with a strongly

female-biased sex ratio (10:1) evolved larger testes

than males in either less female-biased or monoga-

mous lines. The level of pre-mating sexual selection

may be a confounding factor in such studies, how-

ever (Engqvist & Reinhold 2005): increasing the

male bias of a population’s sex ratio might increase

the level of sperm competition, but it will also

increase the pre-mating components of sexual selec-

tion. Increasing the female bias of a population’s sex

ratio, on the other hand, might relax pre-mating

sexual selection. Traits selected for by inter- or intra-

sexual selection prior to mating could potentially

trade-off with testes size (Engqvist & Reinhold

2005).

(6) Testes Size in Polygynous Species

Frequently cited evidence against the male mating

rate hypothesis (and in favour of the numerical

sperm competition hypothesis) is that in polygynous

species in which males either defend harems and ⁄ or

mate in leks (groups of displaying males), the poten-

tial mating frequency of males should be relatively

high (although skewed in favour of selected males),

yet it has been reported that the testes are not signif-

icantly larger than in monogamous species and are

smaller than in species in which females mate with

multiple males (in primates: Harcourt et al. 1981,

1995; Møller 1988a; in Birds: Møller 1991a; Birk-

head & Møller 1992). For example, in primates with

harem-based mating systems such as gorillas (Gorilla

gorilla), the testes are much smaller than in species

with multimale mating systems such as the common

chimpanzee (Pan troglodytes), in which several males

copulate with each female that comes into oestrus

within the social group (Short 1979; Harcourt et al.

1981, 1995). Yet, it could be that the mating fre-

quency of males in harem-forming species is not as

high as in species with multimale mating systems,

especially if the number of females available for mat-

ing within the harem at any given time is small

and ⁄ or harem size is small. In gorillas, each female is

only sexually receptive for one to 2 d in the 32-d

reproductive cycle (Nadler 1980; Harcourt et al.

1980), while female chimpanzees are receptive for

10 d in a similar oestrus cycle (Harcourt et al. 1980).

Furthermore, in Gorillas, the mean harem size in

the field (about 2, Clutton-Brock & Harvey 1977; or

3.5, Breuer et al. 2010) is considerably smaller than
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the number of females likely to be available for mat-

ing within a social group of chimpanzees (Nishida

1997). For example, the mean number of partners

per male recorded within just a 3-mo period in a

social group of chimpanzees was 5.5, and the num-

ber of adult females in the social group can be con-

siderably higher than this (Nishida 1997; see also

Goodall 1986).Thus not only do male chimpanzees

copulate more frequently per female, crucially they

also copulate with a greater number of females than

do male gorillas (Short 1979; Nadler 1980; Harcourt

et al. 1980; Breuer et al. 2010). This pattern is also

repeated on a wider scale: in Harcourt et al.’s (1995)

comparative study of testes size and mating system

in 58 primate species, social groups in species with

multimale mating systems consistently contained

more adult females (more than ten females per

group) than those with single-male mating systems

(less than ten females per group).

In birds, comparative studies have demonstrated

that testes are relatively larger in species classified as

having ‘polygynous’ mating systems than in species

with ‘solitary and monogamous’ mating systems

(although they are not as large as those of ‘polyan-

drous’ species; Cartar 1985; Møller 1988b, 1991a;

Birkhead & Møller 1992; Pitcher et al. 2005). This

has been cited as evidence to support the numerical

sperm competition hypothesis because males of

polygynous bird species tend to lack paternity guards

such as mate guarding and repeated mating with the

same female and ‘extra-pair’ copulations by females

are relatively high (Møller 1988b; Birkhead & Møller

1992; Møller & Briskie 1995). The difference in rela-

tive testes size between monogamous and polygy-

nous bird species, however, is also predicted by the

male mating rate hypothesis (Cartar 1985). Evidence

against the male mating rate hypothesis, on the

other hand, comes from studies that have reported

that in species of bird with lek-based mating systems,

the testes are not relatively larger than in monoga-

mous species (Møller 1991a; Birkhead & Møller

1992). A more recent comparative study, which was

based on a much larger sample size than previous

studies, however, reported that relative testes size is

significantly larger in species with lek-based mating

systems than in monogamous species (Pitcher et al.

2005).

In birds, the male mating rate hypothesis has

also been dismissed because one study (Møller

1991a) found no significant relationship, across taxa,

between the rate of copulation in males and the rel-

ative mass of the testes (Birkhead & Møller 1992;

Calhim & Birkhead 2006). This evidence would

appear to be very weak, however, because copula-

tion rates in males in the study by Møller (1991a)

were based on assumptions rather than on actual

data. Møller’s (1991a) conclusions also appear to

contrast with those of Birkhead et al. (1993), who

found that in species in which males copulate fre-

quently, males have larger sperm reserves, and that

species with larger sperm reserves have relatively

larger testes. Obviously, however, a distinction needs

to be made between the mating rate of males within

pairs and with different females (see section 2). In

studies of birds (e.g. Møller 1991a), it is not always

clear which is being referred to. Overall, the grounds

for dismissing the male mating rate hypothesis for

the evolution of testes size in birds would not appear

to be strong.

Conclusions

While sperm competition is undoubtedly an impor-

tant selective force in the evolution of large testes,

the role of the confounding factor of selection for

increased mating rate in males cannot be excluded

with confidence on the basis of the current evidence.

Furthermore, there are several lines of evidence to

support the male mating rate hypothesis such as the

finding that ejaculate mass and ⁄ or sperm number

per ejaculate is smaller in certain insects with larger

testes (e.g. Pitnick 1996; Vahed et al. 2011), that

males of species with a high level of polyandry are

better adapted to mate at a higher frequency (e.g.

Svärd & Wiklund 1989; Bissoondath & Wiklund

1996; Vahed 2007) and that larger testes can evolve

in response to an increase in the number of females

available for mating (e.g. Reuter et al. 2008). Further

studies are needed to disentangle the relative effects

of selection for increased mating rate in males and

the level of sperm competition on the evolution of

testes size. Given that, at the population level, the

level of sperm competition and male mating rate are

perfectly confounded (Parker & Pizzari 2010), disen-

tangling the effects of these selective pressures will

obviously not be straight forward.

One way to distinguish the numerical sperm com-

petition and the male mating rate hypotheses for the

evolutionary enlargement of testes in comparative

studies is that while the former hypothesis generally

predicts that the number of sperm transferred per

mating will increase with relative testes mass across

taxa, the latter potentially predicts the opposite (see

section 1). So far, evidence for a negative relation-

ship across taxa between relative testes mass and the

number of sperm per ejaculate or ejaculate mass has
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only been found in certain insects and not in verte-

brates (section 1). This may simply be because the

number of sperm per ejaculate is often easier to

quantify in insects than it is in vertebrates. More

data on the number of sperm transferred in natural

copulations or spawning events in vertebrate taxa

are needed.

More data are needed on the mating rate of males

in selected taxa and the extent to which it occurs

within – as opposed to between – pairs. This would

enable the predictions to be tested that relative testes

mass will increase with the extent to which males

mate with different females across taxa (male mating

rate hypothesis) or with the level of within-pair cop-

ulations (sperm competition and mating rate hypoth-

eses, sections 2 and 6). Such data would also enable

an assessment to be made as to whether males of

species with a higher rate of sperm production

and ⁄ or larger sperm reserves (section 2) mate more

rapidly with a series of different females (mating rate

hypothesis) or transfer a greater number of sperm

per female (sperm competition hypothesis). The rela-

tive mating rate of ‘dominant’ and ‘sneaker’ male

morphs that differ in testes mass could also be exam-

ined further (section 4).

To disentangle the male mating rate and the

numerical sperm competition hypotheses, compara-

tive studies ideally need to be designed in which the

level of sperm competition across taxa remains con-

stant with increases in the mating rate of males. One

potential way of doing this would be to test for a

positive relationship between harem size (or more

specifically, the rate at which males mate with differ-

ent females within the harem) and relative testes size

in species with ‘single-male’ mating systems. To our

knowledge, this has not been done in mammals,

even though data on harem size and testes size are

available for a range of taxa (e.g. in primates:

Clutton-Brock & Harvey 1977; Harcourt et al. 1981,

1995). One difficulty would be that it would obvi-

ously not be safe to assume that males within a

harem control exclusive mating access to females

within their harems, and quantitative data on the

level of sperm competition (e.g. the degree of mixed

paternity within the harem) may not be available for

a sufficient number of species. A further difficulty

would be controlling for the potentially confounding

effects of differences in the level of pre-copulatory

sexual selection between taxa differing in harem size.

In laboratory studies involving experimental evolu-

tion, altering the sex ratio (in species in which

females will mate with more than one male) provides

a way of disentangling the relative effects of sperm

competition and male mating rate on the evolution

of testes size (section 5). The potentially confounding

effect of differences in the level of pre-copulatory

sexual selection between treatments is, however, a

problem with such experiments (Engqvist & Rein-

hold 2005). Experimental evolution experiments

could be designed to examine the effect of increased

male mating rate on the evolution of testes size in

which both the level of sperm competition and the

level of pre-copulatory sexual selection are con-

trolled. For example, instead of having free-mating

populations, lines differing in mating rate in males

could be created by allocating females of the same

mating status (i.e. virgins) to males in succession.

The male mating rate and the numerical sperm

competition hypotheses are, of course, not mutually

exclusive: males could be selected to maximise both

the proportion of eggs they fertilise per mating and

the number of females inseminated, although if

sperm production is limited, there is likely to be a

trade-off between these two factors (Parker & Ball

2005; Parker & Pizzari 2010). Asking what factors

affect how such a trade-off is resolved and attempt-

ing to disentangle the relative effects of these selec-

tive pressures on the evolution of testes size and

ejaculate traits (e.g. Reuter et al. 2008) would seem

to be a more constructive approach than one of sim-

ply dismissing the role of selection for male mating

rate.
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