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Sperm competition is a pervasive selective force in evolution, shaping reproductive anatomy, physiology

and behaviour. Here, we present comparative evidence that varying sperm competition levels account for

variation in the male reproductive anatomy of rodents, the largest and most diverse mammalian order.

We focus on the sperm-producing testes and the accessory reproductive glands, which produce the seminal

fluid fraction of the ejaculate. We demonstrate a positive association between relative testis size and the

prevalence of within-litter multiple paternity, consistent with previous analyses in which relative testis size

has been found to correlate with sperm competition levels inferred from social organization and mating

systems. We further demonstrate an association between sperm competition level and the relative size of at

least two accessory reproductive glands: the seminal vesicles and anterior prostate. The size of the major

product of these glands—the copulatory plug—is also found to vary with sperm competition level.

Our findings thus suggest that selection for larger plugs under sperm competition may explain variation in

accessory gland size, and highlight the need to consider both sperm and non-sperm components of the

male ejaculate in the context of post-copulatory sexual selection.

Keywords: accessory reproductive glands; copulatory plug; mammals; relative testis size; sexual selection;

sperm competition
1. INTRODUCTION

As in other animal groups, female mammals frequently

matewithmore than onemale in a single reproductive bout

(Møller & Birkhead 1989; see also Birkhead & Møller

1998). Sexual selection on males (Darwin 1871) may thus

extend beyond copulation, with competition occurring

between the ejaculates of rivalmales for the fertilization of a

given set of ova (i.e. sperm competition; Parker 1970,

1998). Although mammalian spermatozoa are generally

short-lived and females do not store sperm for long periods

(Austin 1975), ejaculates often overlap in the female

reproductive tract and the importance of adaptations to

sperm competition (and its avoidance) in this group is now

well established (Gomendio et al. 1998; Stockley 2004).

Sperm competition typically selects for the production

of numerous tiny sperm, accounting for the wide disparity

between the sexes in gamete numbers (Parker 1982), and

possibly even the evolution of anisogamy itself (Parker et al.

1972). Increasing thenumberof sperm inseminatedmaybe

particularly advantageous in many mammals, where, to a

varying extent, fertilization success may commonly be

determined according to a ‘raffle principle’ (Parker 1998);

both absolute numbers of sperm (Weitze et al. 1993; Saacke

et al. 1994) and, in a competitive context, relative numbers

of sperm (Beatty 1960) have been shown to be important

determinants of fertilization success. Nevertheless, sperm

are costly to produce (Dewsbury 1982) and male gametic

investment in each ejaculate should reflect species-specific
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levels of promiscuity (Parker 1998) and anticipated local

degree of sperm competition (Wedell et al. 2002).

As the number of sperm per ejaculate increases, so too

does the amount of testicular tissue required for sperm

production. Thus, relative testis size (after controlling for

body size) is expected to increase with predicted level of

sperm competition (Parker et al. 1997). A strong

association between mating system and relative testis size

in the predicted direction has been demonstrated in

numerous taxa (review in Parker et al. 1997), including

mammals (e.g. Harcourt et al. 1981; Kenagy &Trombulak

1986; Ginsberg & Rubenstein 1990; Hosken 1997).

Furthermore, mammalian species with relatively larger

testes do indeed produce ejaculates containing more

sperm (Møller 1988; Pierce et al. 1990) and, within

species, larger testes enhance male reproductive success

(Preston et al. 2003; Schulte-Hostedde & Millar 2004).

Increasingly, molecular methods enable researchers to

identify multiply sired litters in natural populations and

this provides an alternative means to assess associations

with sperm competition (Gomendio et al. 1998).

In addition to sperm, the mammalian ejaculate also

contains a widely varying volume of seminal fluid, a diverse

and complex combination of secretions from the accessory

reproductive glands (Mann 1964; Brooks 1990). These

additional components of the male reproductive tract—

such as seminal vesicles, themulti-lobed prostate gland and

bulbo-urethral and ampullary glands—are morphologi-

cally diverse (Engle 1926; Eckstein & Zuckerman 1956;

Hamilton 1990) and their products may influence

the outcome of sperm competition (as has been shown,

for example, in insects; see Chapman 2001; Simmons
q 2005 The Royal Society
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2001). Relevant functions commonly ascribed to mamma-

lian seminal fluid components include maintenance of

sperm viability, enhancement of sperm motility, hormonal

stimulation of the female reproductive tract and suppres-

sion of female chemical and immunological challenges to

sperm(see reviews inRodger1975;Mann&Lutwak-Mann

1981; Birkhead et al. 1993; Eberhard 1996) and, in at least

one mammal (Sus scrofa), elements of the seminal fluid

curtail oestrus (Waberski et al. 1995). In the only previous

comparative study of variation in mammalian accessory

gland size, Dixson (1998) found evidence for an enlarge-

ment in the seminal vesicles among primates with higher

predicted levels of sperm competition, consistent with

earlier observations by Short (1979).

In many mammalian orders (e.g. some rodents, pri-

mates, marsupials, bats and insectivores), accessory gland

secretions also form the copulatory plug, a coagulatedmass

of protein deposited in the female reproductive tract at

mating (see Engle 1926; Voss 1979). This factmay account

for the unusually well-developed nature of the accessory

glands in these groups (Voss 1979; Bedford 2004) and, in

primates, the degree of seminal coagulation has been linked

to predicted levels of sperm competition (Dixson &

Anderson 2002). Similar structures are also found in

other taxa, where they are frequently interpreted as

defensive adaptations to sperm competition, preventing

insemination by subsequent males (e.g. Parker 1970;

Devine 1975;Abele&Gilchrist 1977; Austad 1984; Barker

1994). Among rodents, experiments support a ‘chastity

enforcement’ role for plugs in guinea pigs (Martan &

Shepherd 1976), but not in other species that have been

investigated (Dewsbury & Baumgardner 1981; Dewsbury

1988).Moreover, males ofmany species are able to remove

previously deposited plugs (Milligan 1979;Wallach&Hart

1983; O’Hanlon & Sachs 1986). In rats, the presence

(Blandau1945), normal size (Carballada&Esponda1993)

and position (Matthews&Adler 1978;Toner et al. 1987) of

the copulatory plug seems instead to be critical in

stimulating sperm transport. Reviewing plug function(s)

in rodents, Voss (1979) considered a chastity enforcement

function to be most probable, but a continuing dearth of

experimental evidence makes the adaptive significance

of copulatory plugs uncertain, and the possibility of

multiple functions or different functions in different species

remains open.

Here, we first investigate the relationship between two

predicted correlates of sperm competition level. Since

multiple paternity within litters provides strong evidence

that sperm competition has occurred (though the reverse

cannot be claimed), across-species variation in the

prevalence of multiple paternity should reflect variation

in sperm competition levels. Using data on relative testis

size to infer sperm competition levels, we test this

hypothesis in rodents. We then test for correlations

between sperm competition level and accessory com-

ponents of the male reproductive tract in rodents.

Specifically, if sperm competition underlies variation in

accessory glands and their products, we predict a positive

correlation (after controlling for body mass) between

residual testis mass and the residual mass of the accessory

glands. Finally, we analyse variation in the size of a major

accessory gland product, the copulatory plug, to test for

evidence of a similar association with sperm competition

level.
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2. MATERIAL AND METHODS
(a) Comparative analyses

Because of the potential confounding effects of shared

ancestry in comparative studies, data collected from individ-

ual species cannot necessarily be considered as independent

observations (Felsenstein 1985; Harvey & Pagel 1991). To

control for such phylogenetic non-independence in the data

we adopted a generalized least-squares (GLS) approach

(Martins & Hansen 1997; Pagel 1997, 1999; Freckleton et al.

2002), as implemented in the computer program CONTINU-

OUS (Pagel 1997, 1999). The program uses maximum

likelihood (ML) models to investigate correlations between

continuously varying characters while controlling for phylo-

genetic associations by reference to an internal matrix of

expected covariances among species owing to their degree of

shared ancestry (Pagel 1999). The ML estimate of a scaling

parameter, l, indicates the degree to which a specified

phylogeny accounts for patterns of covariance observed in

the data. If species values are independent, then the ML

estimate of l will not differ significantly from zero, and where

lO0, some form of phylogenetic correction is required. An

ML estimate of lZ1 is consistent with a Brownian motion

model of trait evolution and the results of any analysis will be

equivalent to other methods of controlling for phylogeny that

assume such a model (e.g. independent contrasts; Felsenstein

1985). The fit of models incorporating fixed or ML estimates

of l and allowing/disallowing traits to covary were compared

using likelihood ratio tests in the CONTINUOUS program. The

effects of varying two further scaling parameters, k and d, were

not investigated, with their default value of one being

retained. Phylogenies used to control for non-independence

of species data were constructed using the supertree of Liu

et al. (2001), and within-family relationships were estimated

from other sources in the literature (see Electronic Appen-

dix). Owing to incomplete branch length information, branch

lengths were set equal to one in all analyses.

(b) Multiple paternity

Data on multiple paternity (percentage of litters showing

more than one male to have sired offspring) were collated

from Birkhead & Appleton (1998) and from other studies in

the literature. Relative testis sizes were calculated according

to the rodent regression equation of Kenagy & Trombulak

(1986; i.e. as observed mass of both testes/expected mass,

where expected massZ0.031!body mass0.77) using data

from Kenagy & Trombulak (1986) or from other sources

(see Electronic Appendix). We tested for a correlation

between relative testis size and percentage of multiple-

paternity litters, controlling for phylogeny using GLS as

described above. Since variation in litter size among the

species in the dataset might affect the detection of multiple

paternity, we also tested for a correlation between relative

testis size and residuals from a regression of percentage of

multiple-paternity litters on litter size. Litter size values were

extracted, where possible, from the same source as for

multiple paternity or else from Hayssen et al. (1993; see

Electronic Appendix).

(c) Accessory gland size

Sources of data on accessory gland masses were identified

from Zoological Record and reviews of mammalian reproduc-

tive biology (Asdell 1964; Hayssen et al. 1993). Only data for

mean paired accessory gland masses of sexually mature males

were used. Similarly, only data for animals deemed from the
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Figure 1. The relationship, after controlling for phylogeny,
between relative testis size and percentage of litters with
multiple paternity (yZ30.482xK4.831; nZ14, lZ0.589,
rZ0.71, pZ0.006).
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description given to be in reproductive condition were used.

In most cases, fresh (rather than fixed) masses were recorded,

and, since there was no significant difference between residual

masses of fresh and fixed glands, we included both types of

data in our analyses.Most gland sources (39 out of 43 studies)

quoted sample sizes; of these, the average was 35 individuals

(see Electronic Appendix). Data on body and total (i.e.

paired) testis masses were taken either from the same source

as the accessory gland data or, where necessary, from Silva &

Downing (1995) or Kenagy & Trombulak (1986), respect-

ively. In total, data on body mass, testis mass and at least one

accessory gland mass included in the study (seminal vesicles,

anterior prostate and ventral prostate) were available for

42 rodent species (see Electronic Appendix). All data were

log-transformed prior to analysis and, for each of the three

accessory glands in turn, correlation coefficients were derived

for male body mass, testis mass and gland mass. The strength

of the correlation between relative testis mass and relative

accessory gland mass was then assessed by calculating the

partial correlation coefficient between testis mass and gland

mass (holding body mass constant) using standard formulae

and nK3 degrees of freedom (Sokal & Rohlf 1981).
(d) Copulatory plug size

To investigate variation in copulatory plug size among

rodents, data on plug size were taken from Hartung &

Dewsbury (1978) and Baumgardner et al. (1982). The latter

of these studies found a correlation between plug length and

vaginal length, and vaginal length was therefore also included

in the analysis. Data on relative testis sizes were calculated as

before using data from Kenagy & Trombulak (1986) or, for

Peromyscus, calculated using the testis dimensions reported in

Linzey & Layne (1969) and assuming each testis approxi-

mates to a prolate spheroid with a density of one (Mori &

Christensen 1980; see Electronic Appendix). Correlation

analyses were carried out controlling for phylogeny as before.
3. RESULTS

(a) Multiple paternity

After controlling for phylogeny, we found a significant

correlation between relative testis size and percentage

multiple paternity (nZ14, rZ0.71, pZ0.006, lZ0.589;

see figure 1). The model incorporating the ML estimate of

l was not significantly preferred over models constraining

l to either zero ( pZ0.26) or one ( pZ0.12, although note

the low sample size and limited power in this analysis; see

Freckleton et al. 2002). Nevertheless, the weak phylo-

genetic signal is perhaps unsurprising given the structure

of the data, much of which comes from studies of sister

taxa (ordinarily expected to show heightened similarity)

that have been specifically chosen for analysis because of

their differing mating systems and, hence, the anticipated

differences in the two variables under investigation.

After controlling for phylogeny, we also found a corre-

lation between litter size and percentage multiple paternity

(nZ14, rZ0.68, pZ0.003, lZ0.778). Using residuals

from the GLS regression of percentage of multiple-

paternity litters on litter size to control for this effect, the

relationship between relative testis size and (residual)

multiple paternity remained significant and positive

(nZ14, rZ0.54, pZ0.03, lZ0.457).
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(b) Accessory gland size

In all cases, models incorporating ML estimates of l were

significantly preferred overmodelswhere lwas constrained

to one, indicating that the data did not fit aBrownianmodel

of evolution. Nevertheless, some form of phylogenetic

correctionwasusually justified. For twoout of three glands,

the model incorporating a ML estimate of l was signifi-

cantly preferred over a model where l was constrained to

zero (the exception being the anterior prostate, however,

note the low sample size for this gland).After controlling for

phylogeny and body mass, there was a significant corre-

lation between seminal vesiclemass and testismass (nZ29,

partial rZ0.65, tZ4.36, pZ0.0002, lZ0.952; figure 2a)

and between anterior prostatemass and testismass (nZ13,

partial rZ0.72, tZ3.31, pZ0.008, lZ0; figure 2b). This

patternwas not repeated for the third gland included in this

study. After controlling for phylogeny and body mass the

correlation between ventral prostate mass and testis mass

was non-significant (nZ29, partial rZ0.34, tZ1.86,

pZ0.07, lZ0.997; figure 2c). However, this result is

dependent upon the inclusion in the dataset of the

somewhat unusual Notomys genus (see §4). Exclusion of

three Notomys species revealed a significant positive

correlation among the remaining species (nZ26, partial

rZ0.53, tZ3, pZ0.006, lZ0.976; figure 2d ).

(c) Copulatory plug size

Without controlling for vaginal length, there was a

significant phylogenetically controlled correlation between

relative testis size andplug length (nZ12, rZ0.56,pZ0.04,

lZ0.179). Controlling for variation in female vaginal

length, there was also a significant correlation between

relative testis size and plug length (nZ12, partial rZ0.65,

tZ2.54, pZ0.03, lZ0). Similarly, holding relative testis

size constant revealed a significant correlation between

vaginal length and plug length (nZ12, partial rZ0.84,

tZ4.63, pZ0.001, lZ0), as reported by Baumgardner

et al. (1982).
4. DISCUSSION
(a) Multiple paternity and testis size

The well-established relationship between sperm compe-

tition level and relative testis size is frequently used in
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Figure 2. Residual plots (after controlling for body mass) of log-transformed accessory gland masses against log-transformed
testis mass. Residuals have been calculated manually from the phylogenetically corrected GLS regression equation (see text for
explanation): (a) seminal vesicles, nZ29, lZ0.952, partial rZ0.65, tZ4.36, pZ0.0002; (b) anterior prostate, nZ13, lZ0,
partial rZ0.72, tZ3.31, pZ0.008; (c) ventral prostate, nZ29, lZ0.997, partial rZ0.34, tZ1.86, pZ0.07 (filled circles
representNotomys species known to have unusual reproductive anatomy, see §4); (d ) ventral prostate, residuals recalculated after
fitting the GLS regression line excluding the three unusual Notomys species, nZ26, lZ0.976, partial rZ0.53, tZ3, pZ0.006.
Regression lines for the residual plots (a), (b) and (d ) have been fitted by ordinary least squares.
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comparative studies, permitting analysis of awider range of

species than would otherwise be possible. To our knowl-

edge, this is the first study to demonstrate a relationship

between relative testis size and the prevalence of within-

litter multiple paternity in mammals. Although multiple

mating is, of course, a prerequisite for multiple paternity,

the latter is not an inevitable consequence of the former

since numerous factors could prevent mixed paternity. For

example, male defensive adaptations may be effective in

preventing rival males from successfully inseminating

mated females, even when extra matings are attempted

(Parker 1970), or events in the female tract might bias

paternity towards favoured/compatible males (Eberhard

1996). In either case, the likelihood of multiple paternity

may be diminished. Similarly, comparing multiple pater-

nityestimates across species is complicatedbydifferences in

such factors as the number of individuals studied and a

sampling bias (controlled for here) towards detecting

multiple paternity in species with large litter sizes. Despite

these considerations, we nevertheless found that species

where males have larger testes for their body size also

produce more multiply sired litters. We attribute this result

to the operation of a raffle principle over fertilization (see

§1), and consequent arms race among males in sperm

numbers (Parker 1982, 1998) selecting for increased testis

size in more promiscuous species (Parker et al. 1997).
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(b) Sperm competition and accessory glands

The morphological and biochemical diversity of mamma-

lian accessory reproductive glands and their products has

long been recognized (e.g. Eckstein & Zuckerman 1956;

Mann 1964), but the underlying selective pressures are

poorly understood and the role of many accessory gland

products remains obscure (Rodger 1975; Bedford 2004).

Evidence that sexual selection and, more specifically,

sperm competition, might be behind the elaboration of

accessory glands in polyandrous species has been lacking.

Recently, Dixson (1998) provided comparative evidence

in primates that one pair of glands, the seminal vesicles,

are relatively larger in species that are likely to experience

sperm competition. The present study expands this

conclusion to a new mammalian order, and to additional

accessory glands. In rodents, we find that at least two of

the three glands studied vary positively with an indirect

measure of predicted sperm competition level.

After controlling for body mass, interspecific variation

in the mass of seminal vesicles and the anterior lobe of the

prostate closely correlates with variation in testis mass.

Although a third gland, the ventral prostate, appears not to

show this relationship, the unusual Notomys genus may

explain this result. Whereas Notomys cervinus has a full

complement of accessory glands, the other three Notomys

species all have small testes and much reduced seminal
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vesicles and anterior prostates, but an enlarged ventral

prostate (Breed 1982). This arrangement seems to

preclude copulatory plug formation, although Notomys

alexis shows some degree of seminal coagulation (Breed

1990). Therefore, the unusually large contribution from

the ventral prostate appears to fulfil some function

ordinarily performed by seminal vesicle or anterior

prostate secretions (but not plug formation). A minimum

volume of fluid is perhaps always required for successful

sperm transfer. However, the overall contribution to the

ejaculate from this reduced accessory gland complement

probably does not exceed that of other groups with a more

typical anatomical arrangement. Excluding the three

unusual Notomys species from the analysis results in a

significant correlation after controlling for phylogeny and

body mass. Hence, variation in the size of the ventral

prostate may also be associated with variation in the level

of sperm competition (figure 2d ).

(c) Function of accessory gland products

Perhaps the most intuitive explanation for relatively larger

accessory glands with increased relative testis size is that

an increased volume of seminal fluid is required for the

transfer and maintenance of greater numbers of sperm,

reinforcing the non-trivial costs to males of increases in

ejaculate size (Dewsbury 1982; Wedell et al. 2002). If each

unit of sperm simply requires a fixed volume of seminal

fluid (itself presumably an optimal mixture from the

various accessory glands), then we might expect that the

mass of all glands should vary with testis size to the same

degree. On the other hand, it is not immediately obvious

why an increased number of sperm should necessarily

require an increase in the size of the accessory glands’

major product, the copulatory plug. Indeed, according to

the results presented here, it is the two glands that produce

components of the copulatory plug (formed when proteins

from the seminal vesicles cross-link and coagulate upon

mixing with a transglutaminase enzyme from the anterior

prostate at ejaculation; see Williams-Ashman 1984) that

vary most closely with sperm competition level (figure 2).

This suggests that sperm competition may have selected

for larger accessory glands to produce a larger copulatory

plug. Because plug components are not the only products

of these glands, we addressed this question by analysing

variation in plug size directly. We found evidence that the

size of the copulatory plug does indeed vary with relative

testis size and thus sperm competition level, even after a

correlation between plug size and vaginal length

(Baumgardner et al. 1982) is taken into account. Hence,

selection for increased copulatory plug size under con-

ditions of sperm competition may be partially responsible

for the increased size of seminal vesicles and the anterior

prostate in promiscuous species.

Plugs have frequently been interpreted as defensive

adaptations to sperm competition in a variety of animal

groups. An all-pervading ‘chastity enforcement’ function

in rodents seems unlikely (see §1), although even an

incompletely effective plug may still be favoured if it delays

insemination by a rival male. (Of course, if plugs were

always completely effective, then the sperm competition

risk would be zero and there would be no advantage to

males ejaculating large numbers of sperm. However, as we

have illustrated, multiple paternity is common and plugs

are clearly not 100% effective.) Presumably, a larger plug
Proc. R. Soc. B (2005)
may be harder to remove, and this often requires multiple

intromissions (Wallach & Hart 1983) and fragmentation

of the plug material (Hartung & Dewsbury 1978).

In insects, for example, plug efficacy does indeed increase

with plug size (see Simmons 2001). The main alternative

hypothesis for plug function, stimulating the transport of

greater numbers of sperm towards the site of fertilization,

can again be easily interpreted in terms of male–male

competition, and experiments on rats with partially

removed seminal vesicles suggest a direct correlation

between the size of the gland left intact (and presumably

the size of the plug) and the proportion of sperm that are

successfully transferred from the vagina to the uterus

(Carballada & Esponda 1992). Both functional hypoth-

eses might plausibly lead to selection on males for an

increased plug size under sperm competition. Under

either scenario, there may be sexual conflict over plug

deposition (Parker 1970; Voss 1979) and, consistent with

this, plug removal by female rodents has been documented

(Koprowski 1992).
(d) Sexual selection and reproductive anatomy

Ever since Short’s (1979) observations in primates, post-

copulatory sexual selection frequently has been invoked to

account for variation in the reproductive anatomy of male

mammals, although surprisingly little evidence has been

available for rodents, the largest and most diverse

mammalian order. Here, we have been able to demon-

strate that variation in relative testis size across rodents

correlates with the percentage ofmultiply sired litters. This

finding is consistent with current theory and recent

intraspecific studies of rodents that have demonstrated

the ability of males to ejaculate more sperm under

local sperm competition risk (Pound & Gage 2004;

delBarco-Trillo & Ferkin 2004), and the importance of

relative testis to male reproductive success in natural

populations (Schulte-Hostedde & Millar 2004). Our

findings also indicate that an increase in testis size, though

undoubtedly important, may not be the only anatomical

adaptation to sperm competition in this group. We show

that varying sperm competition levels also account for

variation in the size of the accessory glands (probably

partly as a result of selection on copulatory plug size),

highlighting the likely importance of additional, non-

sperm components of the male ejaculate in influencing the

outcome of post-copulatory sexual selection among males.

The extent to which accessory gland products influence

the outcome of sperm competition in this and other

mammalian taxa remains to be elucidated.
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