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Mechanisms of Sperm Competition: 
Linking Physid&jy and 

Behavioural Ecology 

Sperm tompetition has received a great 
deal of attention porn behavioural etol- 
ogists because it is the uffimnte fornz of 
male-male competition, und muy also be 
imp&ant for female &ice II is becoming 
dear Ikal lhe adaolive value of the b&v- 
ioural strategies 0; ntales nsd’females will 
not be fully undusfood until we have a 
betler underslanding of the physiological 
methanisms that tome into play R/W 
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topulation. We now have enough informa- Sperm storage taneously. Moreover, when ecologi- 
lion to compare the underlymg methan- Perhaps one of the most crucial cal or social factors favour the 
isms in birds and mammals and to relate differences between birds and uncoupling of copulation and birth. 
these to the way in wkiclt sperm LDM~P mammals is that while female female mammals have other physio- 
titian opwates in both groups. TO integrate birds possess sperm storage logical mechanisms to do so. such 
this knowledge, the boundaries between organs, eutherian female mammals as delayed implantation and 
behavioural etoloau and nhusioloau will do not lsee Table Ii. In birds. embrvonic diaoause. 

Among birds, sperm competition 
is widespread because. although 
most species are monogamous. 
partners commonly engage in extra- 
pair copulations. ln the last few 
years, numerous studies on birds 
have shown how sperm competition 
can successfully explain many 
aspects of avian behaviour, from 
the pattern of sexual behaviour to 
male songs. This work has been 
exhaustively reviewed recently’, 
here we will concentrate mainly on 
mammals. Because sperm compe- 
titmn has been better studied in 
birds than in mammals there is a 
tendency to apply those models 
that work for birds to mammals. 
However, birds and mammals differ 
dramatically in their reproductive 
biology and this has important 
consequences for the way in which 
sperm compelition operateb 

M Gomendu IS at the Subdrot d 4nimal 

females have sperm storage 
tubules where spermatozoa nor- 
mally survive for weeks’. The evol- 
ution of sperm storage in birds 
may be related to the fact that the 
ova are ovulated and fertilized, 
and the eggs laid, sequentially 
over a number of days. so it is in 
the females’ interest to make sure 
that they have enough spermato- 
zoa to fertilize all the available ova 
throughout this rather long period 

By contrast. most female mam- 
mals do not possess sperm storage 
organs and as a consequence 
mammalian spermatozoa survive 
for much shorter periods (normally 
up to 48 hoursi. Female mammals 
may have no need to store sperm 
for long periods because, within 
each sexual cycle, all the ova 
are released and fertihzed simul- 

.M &sent there is some contro- 
versy regarding the duration of 
mammalian sperm life spans lsee 
Boxes I and 2). This is an important 
issue because we can only deter- 
mine whether there is direct sperm 
competition or not if we know 
whether spermatozoa from the pre- 
vious male are still capable of fer- 
tilizing by Ihe time the next male 
mates In those species in which 
the duration at oestrus is longer 
than sperm fertile life, spermatozoa 
from males that mate within a given 
cycle may never compete directly if 
matings are so spread out that 
spermatozoa from rival males are 
no longer viable when another 
male mates. This point may be par- 
ticularly relevant when females are 
sexually receptive for very long 
periods, as m humans 

B,rds Eutherian mammals / 
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At first glance, bats appear to be 
radically different from other mam- 
mals because spermatozoa can 
remain fertile for months within the 
female tract’. However, bats seem 
to be using a mechanism already 
present in many other mammalian 
species to prolong sperm life span 
to a much greater extent. Recent 
studies have shown that, at least 
in some mammals, spermatozoa 
remain quiescent in the lower isth- 
mus of the oviduct awaiting ovu- 
lation, and that during this period 
only spermatozoa whose heads 
associate with the oviductal epi- 
thelial cells survive’“. This portion 
of the female tract may thus repre- 
sent a sort of ‘reservoir’ where sper- 
matozoa remain up to a few hours 
before ovulation takes place. 
Similarly, in bats the prolongation 
of sperm fertile life span seems to 
be achieved by the association 
between the sperm head and the 
epithelial cells lining the tract 

Whether females have sperm 
storage organs or not has important 
implications for the way in which 

spermatozoa from rival males com- 
pete within the female tract. It has 
been suggested that in birds sper- 
matozoa from rival males compete 
to occupy the sperm storage 
tubules. This competition could 
take place in two different ways: 
stratification or displacements. 
Although our understanding of 
these mechanisms is still rather 
poor, preliminary evidence seems 
to suggest that displacement of 
previous spermatozoa by sperma- 
tozoa from the next male to mate is 
the most likely optionl. Some mod- 
els have been developed which 
discriminate between a number of 
possible mechanisms on the basis 
of the observed pattern of sperm 
precedence6 ‘. Although this ap- 
proach will undoubtedly be useful, 
it does not eliminate the need to 
investigate the physiological mech- 
anisms themselves. 

By contrast, the lack of sperm 
storage organs in mammals pre- 
cludes the possibility of physical 
displacement or stratification be- 
tween ejaculates from rival males. 

Once ejaculated, mammalian 
spermatozoa disperse and are rap- 
idly transported towards the upper 
sections of the tract. It has there- 
fore been suggested that among 
mammals competition between 
ejaculates from rival males re- 
sembles a raffle, with the male who 
delivers more spermatozoa being 
more likely to fertilize the ova8,9. 

Sperm numbers 
For quite a long time, the best 

supporting evidence that sperm 
competition had favoured the evol- 
ution of high sperm numbers was 
the fact that mammalian males in 
polyandrous species have larger 
testes in relation to their body 
size than males in monandrous 
species’@,“. However, it remained 
to be shown that relatively large 
testes do indeed produce more 
sperm. Recent studies have 
addressed this issue and shown 
that relatively large testes have a 
higher daily production rate, gener- 
ate larger sperm reserves, and lead 
to more sperm per ejaculate’2,‘3. 
Among primates, some studies 
have reported a greater proportion 
of motile sperm among polyan- 
drous species , I2 but this has been 
questioned by others’“. These 
comparative data suffer a number 
of limitations (see Box 31. 

Most comparative tests look for 
differences in ejaculate features 
between taxa. under the implicit 
assumption that intraspecific vari- 
ation is negligible. Recent studies 
have challenged this assumption 
by showing that individual males 
are capable of modifying the num- 
ber of sperm per ejaculate accord- 
ing to the likelihood that they will 
face sperm competition within the 
female tract’5-‘8. The possibility of 
males adjusting their ejaculates to 
current circumstances has been 
incorporated into new mathemat- 
ical models that predict the 
Evolutionary Stable Strategy (ESS, 
i.e. a strategy which when adopted 
by most members of the popu- 
lation cannot be beaten by any 
other strategy in the game) for rival 
males depending on the infor- 
mation available to them and on 
whether the roles that they play 
(first or second to mate) are 
assigned randomly or not”. 

ESS modelling has also been 
applied to cases where some 
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males are ‘guarders’ and others are 
‘sneakers’, and these models pre- 
dict that if sneak matings are rare, 
guarders should spend less effort 
on ejaculates than sneakers, and 
that when guarders are able to 
detect sneak matings they should 
increase the number of sperm they 
deliver into the female tract”“. The 
results are rather similar when the 
model is applied to extra-pair 
copulations (EPCsJ: a male should 
deliver more sperm when perform- 
ing an EPC than when mating with 
its own female, unless he has 
detected an EPC by his female, in 
which case he should also deliver 
higher sperm number9 Clearly 
these models can be applied to 
sneak matings in mammals and to 
EPCs in birds. 

The disproportionately high suc- 
cess of EPCs in some bird species 
(e.g. indigo bunting, Passerina 
cyanea; see Ref. 2 1) could perhaps 
be explained by EPCs containing 
higher sperm numbers. It has 
recently been shown that, when 
males engage in EPCs, they deliver 
more sperm when EPCs take place 
after they have ceased to mate 
with their own partner (which is 
when most EPCs occur) than when 
they take place during the pair’s 
copulation period22. It is still not 
clear whether this difference is due 
to a constraint in the number of 
spermatozoa available during the 
pair copulation period. or to a ‘pru- 
dent’ allocation of spermatozoa 
during this period. 

Sperm size and the race to fertilize the 
ova 

Parkery,23 originally suggested 
that the evolution of high sperm 
numbers under sperm competition 
may have been achieved at the 
expense of a reduction in the size 
of each male gamete. The assump- 
tion underlying this proposal is 
that all spermatozoa have equal 
chances of fertilizing the ova and, 
therefore, that the best possible 
strategy is to produce as many 
spermatozoa as possible - no mat- 
ter how small. A trade-off between 
sperm numbers and sperm size has 
been assumed ever since, but has 
remained untested. 

A recent study has shown that 
such a trade-off does not exist in 
mammals since, contrary to the 
prediction, polyandrous species 

whether the dlf[eruncea bet-wan mctiftMrous and pdysndfous spa&w remain after con- 
trolling for phylogenetic effects. 

have longer spermatozoa than 
monandrous specie9. This analy- 
sis was carried out independently 
for rodents and primates, and was 
significant at the level of species 
and genera, and after controlling 
for phylogenetic effects. 

The differences in sperm size are 
largely explained by differences in 
tail length, which is the most 
variable portion of mammalian 
sperm25. The adaptive value of 
long-tailed spermatozoa under 
sperm competition seems to lie in 
the faster swimming speed that 
they achieve24. Thus, when compet- 
ing against spermatozoa from rival 
males to fertilize the ova, long- 
tailed spermatozoa are able to 
swim faster and reach the ova 
sooner. 

it is still not known in which 
parts of the mammalian female 
tract rival spermatozoa compete 
against each other, but physiologi- 
cal evidence points to the portion 
between the lower isthmus of the 
oviduct and the oviductal ampulla 
(the site of fertilization) as poten- 
tially important (see Fig. I). This is 
because after the period of resi- 
dence in the lower isthmus of the 
oviduct, spermatozoa seem to 
detach from the oviductal epi- 
thelial cells in response to a ‘signal’ 
released around the time of ovu- 
lation, and start to swim actively 
towards the ova’b,*7; the spermato- 
zoa that reach the ova first are 
the ones most likely to achieve 
fertilization28. 

It has been argued that ‘products 
of ovulation’, such as ova, vest- 
ments and/or follicular fluid, enter- 
ing the oviductal lumen may lead 
to movement of spermatozoa 
towards the site of fertilization. 
Recent evidence favouring the idea 
that chemotaxis may lead human 

spermatozoa towards the site of fer- 
tilization has been presented”,‘“, 
but careful analyses have not con- 
firmed such claimsi’. On the other 
hand, detailed studies have shown 
that spermatozoa commence to dis- 
place toward the site of fertilization 
just before ovulation; the basis of 
this phenomenon seems to be 
related to a local counter-current 
transfer of follicular hormones from 
the ovarian vein to the ovarian and 
uterotubal arteries”. Interestingly, 
a coordination between ovulation 
and sperm release also seems to 
occur in birds but the mechanisms 
underlying this process are still 
unknown. 

The advantages conferred by 
longer spermatozoa to male mam- 
mals may not be directly appli- 
cable to other taxa. In birds, sperm 
competition seems to have 
favoured the evolution of long 
(perhaps also in this case faster- 
swimmingl spermatozoa when 
sperm storage tubules are in short 
supply, and of spermatozoa that 
are long enough to fill the sperm 
storage tubules, thus preventing 
access to them by rival spermato- 
zoa? Possible advantages of 
sperm competition for females are 
discussed in Box 4. 

Fertilizing or ‘kamikaze’ sperm? 
An alternative view holds that 

the way spermatozoa from rival 
males compete within the female 
tract resembles more a battle than 

The ‘kamikaze sperm 
typ%esis’ proposes that not all 
spermatozoa within an ejaculate 
have a fertilizing function, but 
rather that certain sperm morphs 
are designed to block spermatozoa 
from rival males (e.g. by forming 
plugs) or to directly attack and 
destroy other spermatozoa37,“‘. 
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This hypothesis has attracted 
much attention but so far there is 
little evidence to support it. 
Perhaps the most serious drawback 
is the lack of specific predictions 
concerning which sperm morphs 
perform the various functions that 
have been proposed. Harcourt’4 
has derived a number of predic- 
tions from the original hypothesis 
and concluded that they are not 
supported by the available evi- 
dence. Harcourt’s argument relies 
mainly on the fact that monandrous 
and polyandrous primates do not 
differ in the proportion of normal 
spermatozoa, proportion of motile 
spermatozoa, or the coefficient of 
variation of sperm size in their 
ejaculates. 

Order effects 
In birds the last male to mate 

with the female is the one most 
likely to fertilize the next ovum (the 
so-called last male advantage)‘. In 
contrast, there are no clear order 
effects in mammals. In this group 

the male most likely to fertilize the 
ova is the one that times copu- 
lation so that its spermatozoa are 
ready to fertilize the ova when ovu- 
lation takes place (see also Ref. 
35). Because mammalian sperma- 
tozoa need to undergo ‘capaci- 
tatiorP* before they are able to 
fertilize (a process that can take up 
to six hours), optimal mating time 
should allow time for capacitation 
to be completed. When two males 
copulate close in time, and sper- 
matozoa from both males are 
potentially capable of fertilizing 
the ova at the time of ovulation, 
then the male who has delivered 
the highest number of spermato- 
zoa is the one most likely to fertil- 
ize the ova. Thus, in mammals 
paternity is determined by a com- 
plex interaction between mating 
order, delay between matings, 
timing of matings in relation to 
ovulation. and number or duration 
of matings”-“. These factors could 
also explain results from field stud- 
ies which had previously been 

storaie tubules . . . . / / A-’ / 

T + Vagina 

Fig. I. Schematic representation of the reproductive tracts of female birds and eutherian mammals. The 
central column shows where some of the most relevant events take place 

interpreted as strict order effects 
(e.g. Ref. 41). In the field, mate 
guarding could influence the timing 
of matings and the delay between 
mating9’. 

Implications for mating systems 
The differences in reproductive 

biology and sperm competition 
mechanisms between birds and 
mammals are likely to have played 
a major role in shaping sexual 
behaviour and mating systems. 

As we have seen, female birds 
lay their eggs in chronological 
sequence over a number of days 
(roughly at the rate of one egg per 
day), an adaptation which mini- 
mizes the weight carried by the 
female during flight. Apparently, 
male birds are able to detect when 
females become fertile by relying 
on changes in female flight when 
they carry a developing egg, and 
by the presence of eggs in the 
nesP4. After ovulation there is a 
narrow window in which fertiliz- 
ation can take place. Once fertilized 
it takes about 24 hours for the 
ovum to acquire all the vestments 
and the shell before it is laid. This 
process takes place as the ovum 
travels down the reproductive tract 
on its way out. Thus, while being 
formed, the egg pushes out the 
spermatozoa that remain in the 
lumen of the tract and in addition 
spermatozoa can not swim up 
because the tract is blocked. After 
the egg is laid, the next ovum is 
ovulated. spermatozoa are trans- 
ported to the site of fertilization 
and the whole process is repeated 
as many times as eggs are laid (see 
Fig. I). 

Most copulations take place 
before egg laying starts, and the 
female stores spermatozoa in the 
sperm storage tubules until her fer- 
tile period ends. However, it is the 
last male that mates with a female 
that is most likely to fertilize the 
ova. Thus, although the males need 
not stay with the female in order to 
ensure that there are enough sper- 
matozoa to fertilize all the eggs, 
they are forced to mate guard the 
female until the last ovum is ferti- 
lized to ensure paternity. The ben- 
efits of prolonged mate guarding 
are likely to have contributed to 
the evolution of the pair bond 
which is so common in birds (see 
also Ref. 45). In addition, mate 
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guarding throughout egg laying 
results in the male being present 
when the offspring are being pro- 
duced, and this in turn may have 
contributed to the evolution of 
paternal care (see Fig. 2). 

The mammalian scenario could 
not have been more different. 
Within each sexual cycle all the ova 
are ovulated and fertilized simul- 
taneously. The best way in which 
males can ensure paternity is by 
timing their matings so that their 
spermatozoa are still fertile, and 
have had the time to undergo 
capacitation, at the time ovulation 
takes place. The main difficulty for 
males will be to be able to predict 
with such precision when ovulation 
will take place. This ability is 
likely to vary greatly between 
species because in some mammals 
females ovulate in response to 
copulation, while in others ovu- 
lation is spontaneous. Futther- 
more, among the latter there is 
great variability in the duration of 
oestrus, and the longer the duration 
of oestrus in relation to sperm life 
span the more unpredictable ovu- 
lation will be. Finally. while in 
some species females signal very 
clearly the time of ovulation fe g. 
sexual swellings in some primates), 
others do not. Thus, whether males 
do any mate guarding or not will 
depend on the degree of syn- 
chrony between the females in the 
population, the duration of oestrus, 
and the predictability of ovulation. 
Taking these factors into consider- 
ation will surely improve our 
understanding of mammalian mat- 
ing patterns. Because ah ova are 
fertilized simultaneously and 
females undergo gestation. the 
male is not necessarily present at 
the time when the offspring are 
produced. This may well have con- 
tributed to the lack of paternal care 
in mammals. 
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Female Control of Paternity 
Tim Birkhead and Anders Marller 

Of the two component5 of sexual selection, 
female choice is much less obvious than 
male-male tompetitioa, and hence has 
always been considered to be of secondary 
importance. However, recent field obser- 
vations and new theory have brought 
about a radical change of emphasis. It now 
appears that although a female’s choice of 
who father5 her offspring often occurs in a 
subtle manner, it may be widespread and 
take place through a variety of behaviouraf 
and physiological mechanisms, including 
the manipulation of male behatiour and 
the selection of sperm within the female 
reproductive tract. 

There has never been any doubt 
that males compete for females, 
but the idea that females choose 
which male fathers their offspring 
has been more controversial. 
Female choice has been difficult for 
empiricists to demonstrate because 
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it is often tricky to distinguish intra- 
from intersexual selection in the 
field. Theoreticians have also found 
female choice a thorny issue. par- 
ticularly when it occurs in the 
absence of any resources such as a 
territory or paternal care’. However, 
increasing empirical evidence that 
females choose males for their 
genetic quality alone has forced 
theoreticians to think again, and it 
is now recognized that there is no 
reason why such a system should 
not evolve’. 

Our aim in this review is to con- 
sider the different ways in which 
female choice might occur. Specifi- 
cally, we discuss the idea that fe- 
males can control the paternity of 
their offspring, in the light of two 
recent developments: the shift in 
emphasis from male-driven pro- 
cesses to female-driven ones and 
the incorporation of anatomy and 
physiological mechanisms into 
behavioural ecology. Of the four 
broad areas of animal behaviour 
(development, control, survival 
value and evolution), behavioural 

ecology has successfully focused on 
survival value, largely ignoring the 
rest. Recently, however, behavioural 
ecologists have broadened their 
horizons by also considering the 
control mechanisms or causal fac- 
torS underlying behaviouP. This 
has been especially productive in 
the study of sexual selection, and in 
sperm competition in particular, 
because the enormous amount of 
information on reproductive anat- 
omy and physiology had not pre- 
viously been considered in terms of 
its survival value. One consequence 
of this has been the appreciation of 
the potential for choice within the 
female reproductive tract. These 
developments have provided ad- 
ditional insights into the operation 
of sexual selection and generated 
many new hypotheses. 

Female paternity control may 
occur at several different stages of 
the breeding cycle: (I) before 
copulation; (2) during copulation; 
(3) after copulation but before fer- 
tilization; and (4) following ferti- 
lization. The mechanisms used by 
females before copulation will be 
largely behavioural. but at other 
stages the entire range of mech- 
anisms might be employed. 


