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I .  INTRODUCTION 

Sperm competition (Parker 1970a), like other aspects of reproductive biology 
described by the theory of sexual selection, can be viewed within the traditional 
context of interactions among males and between males and females (Darwin 1871, 
Huxley 1938). Recent work has focused mainly on the more obvious behavioral 
and morphological features related to direct competition among males. For ex- 
ample, multiple copulations (Smith 1979), testis size (Harcourt et al. 198l), penis 
morphology and size (Waage 1979, this volume; Smith, this volume), prolonged 
copulation or guarding of females by males (Parker 1970a), and sperm plugs (Parker 
1970a) may be viewed as adaptations which reduce the likelihood of a male’s 
sperm being preempted by sperm from prior or subsequent matings. 

The ability of females to influence whether or not sperm competition avoidance 
mechanisms evolve has received less emphasis (but see especially Walker 1980). 
This neglect is curious, since females in many species have considerable physical 
control over copulation and the fertilization of their eggs and thus some potential 
for evolutionary “manipulation.” Although the outcome of a selective conflict 
between the sexes (Parker 1979) can be difficult to predict (Maynard Smith 1977, 
Parker 1979, Schuster and Sigmund 1981, Knowlton 1982), such situations should 
not be ignored. In this paper we will (1) review how mechanisms in males that re- 
duce sperm competition can be costly to females, with special emphasis on the 
relationship between multiple mating and female fitness; (2) analyze the likely 
evolutionary outcomes given such costs; and (3) interpret some patterns observed 
in nature (particularly the relationship between certainty of paternity and male 
parental care) in light of these theoretical considerations. Our main concern is to 
determine the conditions under which selection on females is likely to counteract 
selection on males for avoiding sperm competition. 

.+ 

-.- 
11. COSTS TO FEMALES 

L .  

It should be stated at the outset that sperm competition avoidance mechanisms 
need not be costly to  females (e.g., Parker, Thornhill, this volume). Parker (1 970b) 
and Borgia (1 98 I), for example, present data showing that female dung flies are less 
likely to be damaged and can oviposit more rapidly when they are effectively 
protected by their mates from other males. In other species, excess sperm, sperma- 
tophores, and sperm plugs can provide nutrients for females (Thornhill 1976; 
Sivinski, this volume). However, since our purpose is to determine whether the 
interests of females can inhibit development of sperm competition avoidance 
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mechanisms, we will concentrate on potential costs which may arise directly as 
a consequence of the actual methods used or indirectly through their effectiveness 
in reducing sperm competition. Four major categories of costs are presented below, 
in order of increasing conceptual complexity. Although we cite possible examples 
where appropriate, quantitative documentations of these costs are not currently 
available. 

A. Costs Stemming from Methods Used 

The methods used by males to reduce sperm competition may impose direct 
costs on females independent of their sperm competition consequences. Although 
such costs may often be quite trivial (e.g., sperm displacement typically takes 
little time and does not injure the female), there are a number of probable ex- 
ceptions. For example, mechanisms aimed at preventing female rematings could be 
costly if they resulted in tissue traumatization (as described for poeciliid fishes by 
Constantz, this volume) or reduced efficiency of oviposition (as suggested for 
several insect sperm plugs; see Parker, this volume). Among the mechanisms which 
function to prevent females from using previously acquired sperm, multiple cop- 
ulations (e.g., as described for giant water bugs by Smith 1979) are particularly 
likely t o  be costly because they may interfere with other activities or increase 
the risk of predation (see Trivers 1976, Daly 1978). Insemination through the body 
wall (see Hinton 1964), which may have arisen in the context of competition with 
previously deposited sperm (if sperm injected directly into the female were more 
likely to fertilize the eggs; Lloyd 1979) probably at least initially had negative 
effects on females. 

B. Nutrient Losses 

Males in some species donate nutrients to females while mating, f m  example 
through food offerings or via materials received with the sperm (e.g., for insects 
see Thornhill 1976; Bogs  and Gilbert 1979; Gwynne, this volume). Therefore, 
if sperm competition avoidance mechanisms such as sperm plugs make it more 
difficult for females to mate again, there could be energetic costs to females. The 
potential evolutionary significance of this cost may be limited, however. As male 
contributions become more substantial, male coyness (e.g., Rutowski 1980) with 
previously mated females would be a more likely evolutionary response (Walker 
1980, Dewsbury 1982), if refusing to mate with a recently mated female were 
less costly than preventing the female from remating. 

. ; , ~ ~ ! i ! , : ~ ~ j } ~ } ~ ~ ' ~ ~ ) ~ ~ : ~ : ~ : ~ ~ ~ ! ~ i ~ , ~ ~ ~ ~ ~ ! ~ : ' ~ ~ ! : ~ ~ ~ : : , ; l ~ ~ : , ! ' ~ ~ ~ ~ ~ ~ : ' ~ ~ ; ~ ; , ~ , ~ . , , ~ ~ ! ~ ! ! ~ ~ ~ ~ , ~  
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C. Reduction in Amount of Sperm Available 
r 

Since it is in the male's interests for the female to use all his sperm before 
soliciting other matings, sperm competition avoidance mechanisms that prevent a 
female remating could result in her having insufficient numbers of sperm for 
fertilization of all her eggs. Generally, however, one would expect males to  con- 
tribute a modest excess of spemi so that all potentially laid eggs could be fertilized. 
Thus in most species females are unlikely to suffer such a cost. A possible exception 
may be found in honey bees, in which the sperm supplies of a single male cannot 
meet the needs of a queen for her entire lifespan. (This limitation in sperm numbers 
may be the result of sexual selection for another character, high maneuverability 
in flight, necessary for a male to have any chance of obtaining a copulation [see 
Parker, this volume] .) Queens must remove male genital parts from their reproduc- 
tive tracts in order to copulate again, and wild queens that lay only unfertilized 
eggs (drone producers) are sometimes found (T. Seeley, pers. corn.) .  

~ 

D. Reduction in Sperm Diversity 

Effective sperm competition avoidance mechanisms reduce either the number of 
males which contribute sperm to a female or the evenness of their effective con- 
tributions. Although the average sperm quality available to singly mated females is 
not expected to  differ from the average sperm quality of multiply mated females 
(see Parker, this volume), several theoretical analyses suggest that more diverse 
sperm supplies gained by multiple matings could increase the fitness of multiply 
mated females over singly mated females. Multiple matings have the effect of 
increasing the variance in sperm types within a single female and correspondingly 
reducing the variance in the number of sperm types among females or among 
broods of the same female. 

I .  Variance in Offspring Numbers -4 

Gillespie has modeled the populational consequences of both between- _; 

generation variance (1973, 1977) and within-generation variance (1974, 1977) in 
the number of offspring produced (see Fig. 1). The basic idea behind these models 
is that under certain circumstances there can exist a relationship of decreasing 
returns between the number of viable offspring produced and parental fitness. 
This leads to the conclusion that if two strategies produce the same mean number 
of surviving offspring but have different variances, then the strategy with the lower 
variance will be favored. In relation to sperm competition, these models indicate 
that females that don't fertilize all their eggs with sperm from a single male may 
be fitter because the variance in their reproductive success decreases as a result. 
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A. WITHIN GENERATION VARIANCE 

STRATEGY 1 STRATEGY 2 

1 1 

NUMBER OF SURVIVING FEMALE OFFSPRING PER FEMALE 

B, BETWEEN GENERATION VARIANCE 

STRATEGY 1 STRATEGY 2 

OVER A l l  

GENERATIONS a 
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NUMBER OF SURVIVING FEMALE OFFSPRING PER FEMALE 

Fig. 1. Probability distributions for the number of female offspring per female given within 
(A) or between (B) generation variance. Gillespie (1977) predicts that in both cases strategy 2 
will have the higher fitness. In (A) the strength of this effect depends on population stability 
and size, as it is mediated through reduced probability of extinction. Within any generation 
we would predict that multiply mating females would show less variance in the expected 
number of surviving offspring. However, for between generation variance (B) we see no justifi- 
cation for distinguishing singly and multiply mated females. 
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'4 i 

The least restrictive of Gillespie's models (1973) predicts that strategies which * 

vary little from one generation to the next in their success can be favored over 
strategies whose success fluctuates more widely through time. We can see no ob- 
vious reason why the amount of between-generation variance in the number of off- 
spring produced by multiply mated individuals should be less than the between- 
generation variance for single maters, however (Fig. 1B). It is much easier to en- 
vision the possibility of more variance in reproductive success among females that 
mate singly than among females that mate multiply in any single generation (Fig. 
1A). This stems from the fact that some singly mated females might do very well 
and others might do very poorly, while the reproductive success of multiply mated 
females would be averaged out through fertilizations involving a mixture of sperm 
qualities. 

One of the clearest indications that multiple mating can reduce variance in 
reproductive success is found in the work of Page and Metcalf (1982). Theoretically 
and empirically, they have shown in the honey bee (which has a multi-allelic sex- 
determination locus for which homozygosity is lethal) that variance in brood 
viability decreases with increases in the number of matings by the queen (average 
brood success is unchanged). Although most species lack this peculiar genetic 
feature, males that successfully court and carry recessive genetic defects will be 
found at low frequencies in most populations. The likelihood of genetic incom- 
patibility between two potential mates will be even greater when there is strong 
overdominance (e.g., as in sickle cell anemia) or when there are moderate amounts 
of inbreeding. 

The strength of the advantage of low variance within generations depends on 
overall population stability (average number of surviving daughters per female 
approximating one) and decreases with increasing population size, however. This 
makes it difficult to interpret the selective importance of even unambiguous dif- 
ferences in variance such as were described by Page and Metcalf (1982). Thus the 
costs to females of sperm competition avoidance mechanisms arising from the con- 
siderations outlined by Gillespie may be of importance only whert- population 
sizes are small and stable, and/or costs to females in achieving multiple matings 
are comparatively low (i.e., mean numbers of offspring produced by singly and 
multiply mated females are nearly equal). 

Rubenstein (1982) took the populational approach of Gillespie and applied it 
to individuals. Rather than comparing strategies producing equal average numbers 
of offspring per individual but with different populational variances, he asked 
whether a strategy producing a lower variance in expected success in resource 
acquisition when used over the lifetime of an individual would result in a higher 
average number of offspring for that individual. In this case, lower variance should 
produce higher average fitness if there is an ecological relationship of diminishing 
returns between resources available to the individual and numbers of offspring 
produced. Although relating this idea to single versus multiple matings is not as 

.,- 

( j  
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straightforward, a loosely parallel situation would be one in which females pro- 
ducing a mixture of high and low quality offspring or using a mixture of high and 
low quality sperm would do nearly as well as females with only high quality off- 
spring or sperm and much better than females with only low quality offspring or 
sperm (see below). 

2. Variance in Offspring Quality 
. j d  

Formal similarities between benefits of multiple matings and benefits of sexual 
reproduction suggest that given sibling competition and unpredictable environ- 
ments, multiply mating females might on average do better than singly mating fe- 
males (Parker, this volume). There is certainly no question that “environments,” 
defined broadly, are unpredictable. The optimum genotype for an offspring will 
depend on when and where it is, and females vary genetically in many ways that are 
distinct from whatever genetic factors influence mating behavior. Even if females 
“knew” their own genotype and had perfect information about the environment, 
an accurate assessment of the genotypes of all potential mates would not be 
possible. 

The effect of sperm diversity on variance in offspring quality is illustrated in Fig. 
2. As indicated, the combination of sib-competition and soft selection (Wallace 
1975) yields an advantage to multiply mated females. In Maynard Smith’s (1976) 
model, a female’s offspring compete with both siblings and offspring from other 
females, and only a limited number of individuals that are among those best 
adapted to  prevailing conditions (which are unpredictable from generation to 
generation) survive. Alternatively, sib-competition could occur while the offspring 
were still being cared for by the parent. In this case, if each female were only able 
to rear successfully some most viable fraction of the clutch, the mean fitness of the 
surviving offspring produced by multiply mated females would exceed that of 
singly mated females. 

3. Female Incitation of  Male-male Sperm Competitioii/ 

* .  Many authors have suggested that females should act so as to fertilize their eggs 
with sperm bearing the “best” genes. Cox and LeBoeuf (1977) went on to  suggest 
that the probability of this could be increased if females encouraged aggressive 
interactions among potential mates, the argument being that they would then be 
more likely to produce effectively aggressive, reproductively successful sons. A 
parallel argument could be made with respect to sperm; by mixing the sperm of 
several males, females could insure that their eggs were fertilized by the most 
competitively successful sperm, increasing the likelihood that their sons would 
also have competitive sperm, Alternatively, however, females could benefit through 
the production of sons that effectively avoid sperm competition. Given the 
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S I N G L Y  M ATE D MULTIPLY M A T E D  

F E M A L E S  F E M A L E S  

OFFSPRING QUALITY 

f t  f t  
Fig. 2. The differential effect of “soft” selection acting on sperm rece ivdor  offspring 

produced by singly mated and multiply mated females. Both types of female receive sperm 
that is of the same mean fitness when averaged over many females (white arrows). After “soft” 
selection has occurred, the average fitness of multiply mated females’ offspring is higher (black 
arrows). The total area under each curve represents the number of siblings or sperm before 
the operation of “soft” selection, while the hatched areas indicate those individuals that sur- 
vived “soft” selection. 

’ 

.>,. 

potential for these two opposing forces operating via sexual selection and the 
success of sons, the significance of the argument that females benefit by encour- 
aging competition among the sperm of different males remains unclear. 

Females would benefit more broadly if there were a correlation between sperm 
competitiveness and the viability of the individual bearing competitive sperm 
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genes. Such a correlation is unlikely, however, except in the case of gross genetic 
abnormalities (see Sivinski, this volume). Since genetic abnormalities of this magni- 
tude would typically be apparent in courting males, incitation of sperm competi- 
tion for this purpose would seem to be unnecessary. 

4. Magnitude of Importance of Sperm Diversity 

. 1. In the above discussion we have assumed that multiply mated females receive 
a more varied array of sperm within a brood than singly mated females. But because 
even a single mating produces substantial genetic variability (Williams 1975), it 
could be argued that the additional benefits associated with producing more vari- 
able offspring from multiple matings will be comparatively slight. Related to this 
is the more controversial point (see Jarvi et al. 1982) that there will be little genetic 
variance in traits most closely associated with fitness. In considering whether ad- 
ditional matings should ever be beneficial, however, it must be remembered that 
costs of additional matings may also be low, and certainly often less than the 
potential two-fold cost of sexual reproduction itself. 

It should also be noted that the influence of multiple mating on female fitness 
depends to  some extent on the temporal patterning of mating and egg production 
that characterizes a population. When potentially highly fecund females use sperm 
received during a short period to fertilize their entire production of eggs, reduction 
in sperm variability from sperm competition avoidance mechanisms will be at its 
maximum. In species which have less temporally restricted mating opportunities, 
many males may father a female’s offspring over a lifetime, although any one 
clutch would be more likely to have a single father when sperm competition avoid- 
ance mechanisms are well developed. In such cases, the potentially substantial 
benefits of mixed paternity associated with sibling competition among offspring 
in a single brood would be minimized. Some sibling competition between members 
of different broods might be possible, although females must then devote more 

could theoretically reduce the level of parent-offspring conflict (Parker and Macnair 
~ ~ } ~ } ~ ) ~ ~ ~ ) ( ‘ ~ ) : ~ ~ ~ ~ ~ ~ ) ~ ~ ~ ~ ~ ) ~ ~ ~ ~ } ~ } ~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ } ~ ) ~ ) ~ : ~ ~ . : ~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ : , ~ j } j : ~ ~ ~ ~ ~ ~ 4 ~ ~ : ~ ~  * I . resources to offspring that may ultimately fail. On the other hand, this apngement 

1979). 
+ <  

111. THE RESOLUTION OF CONFLICTING MALE 
AND FEMALE INTERESTS 

in general, two arguments are invoked to explain or predict the outcome of an 
evolutionary conflict between two parties (Parker 1979). The first is to assume that 
the party experiencing the greater selection pressure will win the conflict (e.g., the 
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evolution of anisogamy; Parker 1979). The second argument, which is based on the . 
concept of phylogenetic inertia, predicts that the party that is better able to 
“manipulate” the other, based on existing adaptations, will win the evolutionary 
confrontation (e.g., parent-offspring conflict; Parker and Macnair 1979). 

However, in trying to explain the evolution of male sperm competition avoid- 
ance mechanisms that are costly to females, only the first argument, based on 
relative selection pressures, has been seriously considered (but see Walker 1980). 
Consequently, since the selection pressures acting on males are generally much 
greater than those acting on females (quantity versus quality of offspring respec- 
tively), it is usually concluded that females will not greatly influence the evolution 
of sperm competition avoidance mechanisms in males. But will this conclusion 
still hold if the second argument mentioned above is also taken into account? 

As Parker (this volume) has pointed out, if females are able to decide when 
copulation is terminated, the female sex is in a potentially strong position to 
influence the evolution of sperm competition avoidance mechanisms. Starting 
from this premise we have utilized the principles of games theory in order to 
construct a model to determine the evolutionary dynamics of associated male and 
female mating strategies and hence the evolution of sperm competition avoidance 
mechanisms. We have assumed that males may or may not have sperm Competition 
avoidance mechanisms, while females have the prerogative to determine when 
copulation ends. The latter seems reasonable since in many species females must 
cooperate with males if insemination is to occur (e.g., many insects, fishes, etc.). 
In particular we have examined the consequences of females terminating mating 
when males that are attempting to reduce sperm competition are detected. Given 
the widespread phenomenon of female coyness (e.g., Darwin 1871), termination 
of mating in response to novel male behavior or morphology would seem to be 
probable enough to deserve theoretical investigation. The model has been kept 
simple in order to provide qualitative predictions; the building of a very precise 
(and complicated) model seems inappropriate since the estimation of parameter 
values will typically be difficult, especially for the evolutionary an9cedents of 
present-day situations. 

,, 

2. 

I 

A. The Model 

Assume that males either do or do not have some behavioral or morphological 
trait causing the active prevention of sperm competition (e.g.. multiple copulations, 
sperm plugs, etc.). “Tolerant” females do not distinguish between “active” and 
“passive” males, while “intolerant” females do distinguish, and terminate the 
mating when they detect that their mate is attempting to  limit their ability to 
use previously acquired sperm or to obtain future mates. When an active male/ 
intolerant female mating is interrupted, both individuals achieve some fractional 
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success from this mating and have some probability of finding another mate within 
the time period during which they would have been unavailable for remating had 
the first mating continued. These time periods need not be the same for males 
and females (e.g., a female may spend extra time ovipositing), since the relative 
successes of strategies used by members of one sex are not defined by the success 
of strategies in the other sex. Individuals that remate can achieve, at most, the 
same total reproductive success as individuals that have a complete single mating. 
Note that it is not necessary to assume that there is a direct relationship between 
the time spent in an initial, interrupted mating and the success achieved from it, 
because these parameters can be varied independently. 

Active males have a higher certainty of paternity than passive males for both 
complete and interrupted matings because it is assumed that premature termination 
of mating occurs after the active male has implemented his sperm competition 
avoidance mechanism. Although this assumption may be invalid for certain or- 
ganisms, the qualitative predictions of the model are unaffected by changing this 
assumption. Tolerant females may experience a cost or a benefit associated with 
sperm competition avoidance mechanisms. 

The payoffs to active and passive males, and tolerant and intolerant females, 
resulting from the four possible mating combinations are shown in Fig. 3. For 
males, the relevant parameters are: 

p = the proportion of males in the population which actively attempt to prevent 
sperm competition. 

r = the certainty of paternity of a passive male (one which makes no attempt to 
prevent sperm competition) relative to an active male (which does). It is assumed 
that r < 1 (Le., that the certainty of paternity of active males is at  least as high as 
that of passive males, even if the cost of the trait that is responsible for reducing 
sperm competition is incorporated into r). 

fm = the number of offspring that an active male can father as a result of an initial 
mating with an intolerant female, relative to the number of offspring that a male 
can father in a mating that is not prematurely terminated (0 < fm < 1). 

am= the probability of an active male mating again (within the time period during 
which he would have been unavailable for remating had the initial mathg con- 
tinued) following the termination of an initial, incomplete mating with an in- 
tolerant female. 

'I 

.'. For females, there is a parallel set of parameters: 

q = the proportion of tolerant females in the population. 
s = the reproductive success of a female that tolerates a mating with a male that 

actively prevents sperm competition, relative to the reproductive success of a fe 
male that mates with a passive male (s < 1 when the sperm competition avoidance 
mechanism is costly to the female). 
the number of offspring produced by an intolerant female from an initial mating 
with an active male, relative to the number of offspring that are produced when a 
mating is not prematurely terminated (0 <ff? 1). 
the probability of an intolerant female matmg again (within the time period 
during which she would have been unavailable for remating had the initial mating 
continued) following the termination of a mating with an active male. 

ff = 

af = 
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Fig. 3. The payoff matrix for tolerant and intolerant females mating with active and passive 
males. For each of the four sectors, payoffs to males appear below the diagonal; payoffs to fe- 
males appear above the diagonal. For active male/intolerant female matings, the expression for 
the payoff depends on whether the first, interrupted mating was less than (upper expression) 
or greater than (tower expression) one-half complete with respect to the expected success from 
uninterrupted matings. We assume only one additional mating is possible a f t e d n  interrupted 
mating ends, in the time period required for one complete, initial mating. cj 

B. Analysis 

The first step is to determine the equations that underlie the dynamics of the 
male and female strategies as shown in Fig. 4. These can be obtained by setting 
expressions for the payoffs to active and passive males equal to one another and 
solving for the frequency of tolerant females (4) at which this occurs. The favored 
male strategies either side of this equilibrium can subsequently be determined. 
This procedure is then repeated for tolerant and intolerant female payoffs to 
determine the dynamics of the female strategies. For each sex, the position of 
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MALE DYNAMICS 

73 

I ,  

. I  

M1 M2 

F7 

FEMALE DYNAMICS 

F2 

Fig. 4. Direction of change in the frequencies of male and female mating strategies as a 
function of the frequency of mating strategies in the opposite sex. The differences between 
M1 and M2, and between F1 and F2 are determined by the parameter values. In (F3), 
intolerance carries a cost that is independent of matings with active males (not indicated in 
Fig. 3), but otherwise the conditions are identical to those for F2. 

the critical value and the strategies favored either side of it are determined by the 
values of the parameters. A fuller derivation that illustrates the dynamics more 
precisely is included in the Appendix. 

For males, it is clear that if tolerant females are sufficiently common, active 
males will always increase in frequency because they gain the benefits of increased 
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certainty of paternity without frequently suffering from interrupted matings with . 
intolerant females (see Fig. 4, top). This result is obtained from Fig. 3 by com- 
paring the payoff to active and passive males when encountering a tolerant female 
(active payoff = 1 ; passive payoff = r; 1 > r). But it is not necessarily true that 
active males will be more successful than passive males for all frequencies of toler- 
ant females. As the second graph for males (M2) of Fig. 4 illustrates, there may be 
some critical frequency of tolerant females, qcrit, below which passive males do 
better than active males. This situation will occur when the payoff to an active 
male mating with an intolerant female is less than the payoff to a passive male. 
Values of qcrit for various values of the other parameters are shown in Table I. 
They indicate that the evolution of active prevention mechanisms is favored @e., 
is less likely to be blocked by the presence of intolerant females) when the prob- 
ability of a male mating again (am) is high, when the relative number of intolerant 
female’s offspring that an active male can potentially father cfm) is high, and when 
the relative certainty of paternity of passive males (r)  is low. 

For females, in this simple analysis, there can be no critical frequency of active 
males which yields an advantage to tolerant females on one side of the critical 
frequency and a disadvantage on the other side. This follows from the equal payoffs 
accorded to tolerant and intolerant females when mating with passive males. 
Tolerant females will therefore always decrease or always increase in frequency 
when there are active males in the population, depending upon which strategy does 
better in interactions with active males (see F1, F2 of Fig. 4). In general, tolerance 
is favored when the reproductive success of tolerant females mated with active 
males (8 )  is high, when the probability of a female mating again (af) is low, and 
when the relative reproductive success of an intolerant female mating with an active 
male crf> is low. 

If, however, we assume that intolerance carries a cost independent of inter- 
actions with active males (which is not indicated in Fig. 3) such that the payoffs 
to tolerant and intolerant females mating with passive males are now unequal, then 
the possibility exists, in situations in which tolerance would o t h m i s e  always 
decrease, of a critical value of p, Pcrit, above which tolerance would decrease and 
below which tolerance would increase (F3 of Fig. 4). For example, the ability of 
an intolerant female to terminate a mating might depend upon some morphological 
character that would have to be maintained. This would give tolerant females an 
advantage over intolerant females when mating with passive males since the struc- 
ture could impose a cost without any benefit being derived from it. 

The male and female dynamics illustrated in Fig. 4 can now be combined in 
all the possible male/femde pairwise combinations to determine in each case the 
resultant coevolutionary path of the male and female strategies (see Fig. 5). Widely 
varying outcomes are possible. At one end of the spectrum, tolerant females and 
active males have a selective advantage for all values of p (F1 of Fig. 4) and q 
(M1 of Fig. 4), which invariably favors the evolution of sperm competition 
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TABLE I 

Values of qc.ita for Seven Values of amb, Three Values of r C, and Five Values of f m d Y e  

fm 
I .  am r .o 1 .10 .25 .s 0 .75 

0.01 

. (  

0.10 

0.25 

0.50 

0.75 

0.90 

0.99 

~ 

.25 

.s 0 

.7s 

.24 

.49 

.75 

.16 

.4 4 

.72 

.2s 

.s 0 

.75 

.2s 

.s 0 

.75 

.2s 

.5 0 

.7s 

.2s 

.5 0 

.IS 

.25 

.5 0 

.75 

.25 

.5 0 

.75 

.22 

.4 7 

.7 3 

.20 

.4 3 

.69 

.17 

.38 

.6 3 

.14 

.3 3 

.5 6 

.13 

.30 

.52 

.13 

.29 

.5 0 

.15 

.42 

.70 

.12 

.38 

.66 

.08 

.3 1 

.s 9 

.os 

.26 
5 2  

.04 

.2 3 

.4 7 

.03 

.2 1 

.44 

< O  
.33 
.66 

< O  
.30 
.64 

< O  
.24 
.5 9 

< O  
. ls  
.5 0 

< O  
.07 
.40 

< O  
.03 
.33 

< O  
.oo 
.30 

< O  
< O  
-4 9 

< O  
< O  
.44 

< O  
< O  
.33 

< O  
< O  
-00 

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

< O  
< O  
< O  

aMinimum frequency of tolerant females required for active males to increase in frequency. 
bprobability of males remating. 
CRelative certainty of paternity of passive males. 
dThe number of intolerant female’s offspring that an active male can father relative-@ the num- 

When fm is .7S or larger, qcrit is always less than 0 (no minimum frequency of tolerant fe- 

, : , ~ , : ~ ~ ~ ~ ~ ~ ~ ) ~ ! i ~ ~ : ~ ~ ~ ~ ~ ) ~ , ~ : ~ : ~ ~ ~ : ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ : ! ~ ~ ~ ~ ~ ~ : ~ ~ ! ~ ! ~ ! ~ ~ ~ ~ ~ j } ~ ~ ~ ~ ~ ~ i : ! ~ ~ ~ , : l  ‘ ber for tolerant females. 

males) for all values of am and r indicated. 
< &  

avoidance mechanisms in males (Fig. 5A). At the other end of the spectrum, 
active prevention of sperm competition by males is only favored when tolerant 
females are common (M2 of Fig. 4), a situation which cannot be stably maintained 
because tolerant females are always at a disadvantage (F2 of Fig. 4). In this case 
we would not expect to  find traits in males related to the avoidance of sperm 
competition (Fig. 5E). Other combinations of selective pressures produce less 
predictable outcomes. Fig. 5F, for example, suggests the possibility of oscillating 
frequencies, or more likely (based on Parker 1983) a mixture of the four male 
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D 
P 

M 2 & F 2  
E 

I p+ I 

J\ I 

M 2 & F 3  
F 
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am LOW a, LOW am LOW of HIGH am LOW a, HIGH 

fm LOW f, LOW f m  LOW f f  HIGH fm LOW f, HIGH . 

Fig. 5. Evolutionary dynamics of male (vertical component) and female (horizontal com- 
ponent) mating strategies combined. Asterisks indicate likely outcomes resulting from these 
dynamics. (C) and (F) are identical to (B) and (E) respectively, except that intolerant females 
suffer some cost independent of their encounters with active males. Parameter values favoring 
each dynamic are indicated, although these values need not all hold for the dynamic to be 
achieved. 
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and female strategies. Other apparently predictable outcomes are not likely to be 
stable over long periods of time; although Figs. 5 B  and 5C indicate an end point 
of active males and intolerant females, this would seem to be the starting point 
for sexual conflict of the form described by Parker (1979). The eventual outcome 
would depend on the strength of selective pressures on males and females and the 
efficacy of mutations affecting these strategies (Parker 1979). Finally, some com- 
binations (Fig. 5D) suggest that reaching the ultimately stable outcome of active 
males and tolerant females might require considerable time; the frequency of tol- 
erant females changes very slowly when active males are rare (because tolerant and 
intolerant females can be equally successful with passive males), making it difficult 
to reach the high critical frequency of tolerant females, qcrit, required for active 
males to  increase in frequency. Thus, in this case, at any one time (e.g., the 
present), it is unlikely that all species will have reached the equilibrium of tolerant 
females and active males. 

- (  

1V. NATURAL HISTORY PATTERNS 
AND MODEL PARAMETERS 

A. The Timing of Detection by Females 
of Active Male Strategies 

One influential parameter in our model is fm, the relative number of intolerant 
female’s offspring that an active male can potentially father, which will depend 
on the type of mechanism used by males to reduce sperm competition. Some 
mechanisms, for example sperm plugs and postcopulatory guarding, can only be 
detected by the female after sperm transfer has been completed. In such cases, 
fm can approach 1 and no critical frequency of tolerant females is required in 
order for active males to  increase in frequency (Table I). Other male sperm com- 
petition avoidance mechanisms, such as the removal of sperm from previous 
matings before any new sperm are transferred (described by Waage 1979, for a 
damselfly as requiring 90% or more of the total time spent in copula) are detectable 
before the male achieves any reproductive success at all, and therefore fm = 0. 
Note that the probability of remating for males (am) will not necessarily be high 
when fm is low, because am will often be largely determined by the sex ratio among 
potentially reproductive individuals (the operational sex ratio; E d e n  and Oring 
1977). In such cases, high starting frequencies of tolerant females may be required, 
decreasing the likelihood that such a strategy can evolve (see Table I). Thus, the 
model predicts that strategies like that described by Waage for damselflies should be 
rarer than sperm competition avoidance mechanisms that are implemented after 

. .  
i ~ ~ ~ ~ ~ , ~ } ~ ) ! ! ~ , ! ~ : ~ ~ ~ ~ i ~ ~ ~ ~ ~ ~ ; ~ ! ~ ~ : ~ ! ~ ! , } ~ } ~ ~ ~ ) ! : ~ ~ ~ ~ ~ ~ ~ ~ ! ! ~ ~ ~ ~ ~ : ! ! ~ ! ~ : ~ ! ~ ) ~ ~ ~ ~ ~ ~ ~ ) ! : ~ ~ ~ : ; ~ ~ ! ~  
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sperm transfer. Although it is not clear how common preliminary sperm removal 
strategies are throughout the animal kingdom (e.g., the mammalian penis may. * 

function in a comparable fashion; Parker, this volume), at least in insects pre- 
insemination sperm removal does not appear to be common, despite the fact that 
the morphological and behavioral specializations do not seem to be extraordinarily 
complex. . *  

B. Sperm Competition, Certainty of Paternity, 
and Paternal Investment 

Recently, there has been considerable interest in the relationship between 
certainty of paternity and paternal investment (see Werren et aZ. 1980). On one 
side, several authors have pointed out that in species in which male parental care 
is well developed, certainty of paternity is also quite high (e.g., Loiselle and Barlow 
1978; Ridley 1978; Alexander and Borgia 1979; Gwynne, this volume). On the 
other, theoreticians have argued that there is no simple reason for high certainty 
of paternity to favor the evolution of male parental care or vice versa (Maynard 
Smith 1978, Grafen 1980, Werren et al. 1980). The existence of this pattern and 
the lack of an obvious explanation has prompted theoreticians to consider other 
models with more complex assumptions (werren et aZ. 1980; Knowlton 1982; 
Parker, this volume). 

The model presented here predicts a potentially strong association between 
certainty of paternity and male parental care for two reasons. First, any substantial 
pre- or postcopulatory investment by the male will affect probabilities of remating 
for males and females (am, af); as male parental investment increases relative to 
female investment, am will increase and af decrease because of the shift in oper- 
ational sex ratio. These changes favor the evolution of sperm competition avoidance 
mechanisms by making dynamics such as those shown in Fig. 5A more likely (see 
also Borgia 1979). 

Second, certainty of paternity of passive males relative to active malm (r)  should 
also be directly influenced by particular types of male parental investment. For 
example, as male nutrient contributions increase, the selection pressures acting 
on females to achieve multiple matings also increase (because the amount of 
paternal nutrient investment a female receives will be determined by the number of 
matings that a female achieves). As the number of males that a female mates with 
increases, the relative certainty of paternity of passive males (r)  decreases. In our 
model when r is low, the starting frequency of tolerant females required for the 
spread of active males is also low or zero (Table I), making the evolution of sperm 
competition avoidance mechanisms (and hence the evolution of high certainty of 
paternity for active males) more likely. Although the importance of nutrients to 
females will also make male prevention of multiple matings more costly to females 

I C  . 
. 
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(s low), this can at most lead to sexual conflict (Fig. 5B), which may often be 
resolved in favor of the male’s interests (Parker, this volume). 

In summary, a correlation between male parental care and effective sperm 
competition avoidance mechanisms (high certainty of paternity) is to be expected. 
This correlation is achieved via the influence of paternal investment on the evolu- 
tion of certainty of paternity and not vice versa; ie. ,  our model does not predict 
that increased certainty of paternity should itself select for further increases in male 
parental care (in contrast to many previous models). Our reasoning also shows that 
paternal investment cannot be viewed as a single parameter to be plugged into a 
model; the form of the investment (e.g., nutrients to female while mating vs. 
nutrients to or care of offspring) can influence the extent of its impact on the 
evolution of sperm competition avoidance mechanisms. 

V. SUMMARY 

Sperm competition avoidance mechanisms can be costly to females. These costs 
arise directly from the methods used by males or through the resulting reduction 
in the ability of the female to mate effectively more than once. The most widely 
experienced cost is probably reduction in offspring diversity which, like sexual 
reproduction, is advantageous when environments are unpredictable and siblings 
compete with each other. Female incitation of competition among sperm from 
several males is unlikely to be of great importance. 

Overall, costs to females associated with sperm competition avoidance mech- 
anisms will typically be less than the potential benefits of the mechanisms to males. 
Despite this fact, these costs may often be great enough to favor the implementa- 
tion of a strategy in females whose evolutionary consequence is to reverse the 
direction of selection acting on males. Our model suggests that in some situations 
this may enable females to prevent the evolution of male sperm EGmpetition 
avoidance mechanisms (that are costly to females) by “manipulating” the fitnesses 
of male mating strategies. This evolutionary manipulation can be achieved through 
the ability of females in many species to determine when copulation is terminated. 
By terminating copulation prematurely whenever a male attempts to implement 
a sperm competition avoidance mechanism, the female can differentially decrease 
the fitness of active males relative to passive males. 

For certain sets of parameter values, passive males will be fitter than active 
males and the evolution of sperm competition avoidance mechanisms will be 
prevented. For other sets of parameter values, the costs to females of sperm com- 
petition avoidance mechanisms will be less than the costs of prematurely termina- 
ting copulation, and the potential for males to increase their reproductive success 



80 Nancy Knowlton and Simon R Greenwell 1 

by increasing certainty of paternity will be high, thus favoring the evolution o f ,  
sperm competition avoidance mechanisms. This latter condition is likely to apply 
whenever males invest heavily in the offspring, which probably helps to explain 
the documented association between high certainty of paternity and high paternal 
investment. In still other situations the model predicts selection for sperm com- 
petition avoidance mechanisms in males and selection for resistance to such mech- 
anisms in females. The evolutionary outcome of such a sexual conflict can only be 
decided by the strengths in each sex of the opposing selection pressures and by 
the ability of one sex to manipulate the other (Parker 1979). 

Unfortunately for scientists, these two aspects of sexual conflict over sperm 
competition are likely to work in opposite directions (selection more intense on 
males but females having more physical control over their bodies), potentially 
balancing each other and thus making it difficult to predict evolutionary outcomes. 
By examining the consequences of the ability of females to determine when cop- 
ulation ends, our model has reduced the domain over which these inconclusive 
arguments need be applied and has shown that under certain circumstances females 
can influence the evolution of sperm competition avoidance mechanisms. 

(I 

- 
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APPENDIX 

Using the payoff matrix in Fig. 3 and following Maynard Smith (1977) and Parker (1979), 
active prevention of sperm competition by males will increase in frequency whenever (for 
f m  <0.5) 

(1) q + ( 1 - q ) [ f m + a , ( q [ l - f m I  + [ I  -4Ifm)I > q r + ( 1  -q ) r  

or (for fm 2 OS) 

4 + ( l - ~ ) [ f m + a m ( q [ l - f m I  + [ I  - q I [ 1 - f m I ) I > ~ + ( l  - q P  (2) 

-that is, when the payoff t o  active males exceeds the payoff to passive males. These inequali- 
ties simplify to: 

q2(am[2fm - 11 + 4 ( 1  + a m  - 3 a ~ f m  -fm> + V m [ l  + a m ]  - r )  >o  

q ( [ l  - f m l [ l  - a m J ) + V m [ l  - a m ]  +am - r )>O 

p s + ( 1  - p ) > p ( l j - + a f [ p f f + ( 1  -pNl - f f ) l ) + ( 1  - P I  

(3) 

and 

(4) 

respectively. Similarly, female toleration will increase in frequency whenever (for ff < 05) 
(5 1 

or (for ff2 0.5) 

PS + ( 1  - P) > p ( f f +  af[p(1 - ff, + (1 - p)(l - @ I )  + ( 1  - P )  (6) 

-that is, when the payoff to tolerant females exceeds the payoff to intolerant females. These 
inequalities simplify to: 

(7 ) p2(a f [ l  - 2 f j - 1 ) + ~ 0  - f f - a d l  - ~ ~ I I ) > o  
and 

(8) 

The expressions on the left hand side of inequalities 3, 4 and 7, 8 can be plotted against 
A p and A q respectively in order to determine the rate of change in the frequency of the male 
and female strategies as a function of the frequency of the strategies present in the opposite sex 
(see Figs. 6, 7). For each inequality, the constraints imposed by the range of values that the pa- 
rameters can take (mostly between 0 and l)  limit the number of general classes of positions 
that each curve can take to two. The positions of the curves, which depend upon the specific 
parameter values, determine the evolutionary dynamics of male and female strategies. The dis- 
tance of the curve from the “x-axis,” at  any one point, is a measure of the rate at which the 
mating strategies of that sex are changing in frequency (for that particular frequency of mating 
strategies in the opposite sex). When the curve lies above the “x-axis” strategy “Y” is increasing 
while when the curve lies below the “x-axis” strategy “Y” is decreasing. The points at which 
the curves cross the “x-axis” are therefore critical since they represent positions either side of 
which different mating strategies are favored. By determining for each class of curves which 
mating strategy is favored for each frequency of mating strategies in the opposite sex, the dy- 
namics of the male and female strategies can be expressed as trajectories in statespace (Figs. 4, 

1 
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5) and the equilibrium positions discovered. At this stage, the distinction between thefm: ff> 
0.5 and fm, ff < 0.5 inequalities disappears since Figs. 4 and 5 only illustrate the direction of ’ 
evolution; they do not incorporate the rate of evolution of the mating strategies. 

Fig. 6. The change in p (frequency of active males) as a function of q (frequency of tolerant 
females). For all values of 4 where a curve falls above the “x-axis,” active males will increase in 
frequency (Ap > 0). The parenthetical number next to each curve indicates the Appendix 
inequality from which it was derived, while the key shows the parameter relationships which 
distinguish the pair of curves associated with each inequality. The shapes of the curves are 
dictated by the fact that the coefficient of 92  in (3) must be negative and the coefficient of 
9 in (4) must be positive. The critical values of q (qcrit) occur where the curves cross the 
“x-axis” in the range 0 < q < 1. The sign and absolute value of qcrit depend upon the param- 
eters a,,,, fm and r. 

--- 

Fig. 7. The change in q (frequency of tolerant females) as a function of p (frequency of 
active males). For values of p for which a curve falls above the “x-axis,” tolerant females will 
increase in frequency. The parenthetical number next to each curve indicates the Appendix 
inequality from which it was derived, and the key shows the parameter relationships which 
distinguish the pair of curves associated with each inequality. All the equations must cross 
the “x-axis” at p = 0. Equation (7) additionally crosses the “x-axis” at a biologically irrelevant 
point; its U-shape is required because the coefficient of p 2  must be positive. 
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