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Dynamic games and field experiments
examining intra- and intersexual conflict:
explaining counterintuitive mating behavior in
a Mediterranean wrasse, Symphodus ocellatus

Suzanne H. Alonzo and Robert R. Warner
Department of Ecology, Evolution and Marine Biology, University of California, Santa Barbara,
Santa Barbara, CA 93106-9610, USA

Intersexual conflict and intrasexual competition are widely recognized as playing critical roles in determining mating systems.
Although they occur simultaneously in populations, these processes are usually treated independently. In reality, the fitness of
reproductive strategies will depend on the outcome of both within- and between-sex conflicts. Using a modeling approach based
on multiple, linked, dynamic state variable models, we examined the reproductive behavior of a Mediterranean wrasse, Sym-
phodus ocellatus. We compared the predictions of models that examine only a single conflict interaction with those that consider
multiple within- and between-sex conflicts simultaneously. The observed distribution of sneaker males and females among nests
was compared with those predicted by the models. We found that the closest fit with empirical observations and experiments
is given by the model that examines conflict between females, sneakers, and nesting males simultaneously. Removal of successful
nests indicated that females join nests with few or no sneakers present, whereas sneakers join these nests only later, even though
this leads to lower sneaker mating success. This behavior can be explained by observing that although sneakers would have
higher fitness at nests where the spawning rate is greater, females would not be willing to spawn at these nests in the presence
of sneakers. Presumably, once the nests have achieved high past success, females are willing to spawn in the presence of sneakers
because of the associated decreased chance of nesting male desertion. Key words: dynamic game model, fish behavior, Labridae,
mating systems, sexual conflict. [Behav Ecol 11:56-70 (2000)]

mpressive variation in mating systems exists within and be-
tween species. Theory has focused on explaining and pre-
dicting patterns of mating behavior (Arnold and Duvall, 1994;
Clutton-Brock, 1991; Davies, 1989, 1992; Emlen and Oring,
1977; Hammerstein and Parker, 1987). Often, however, we re-
main unable to explain fully the behaviors we observe. Com-
petition between males for access to mates or resources has
long been recognized as an important force in the evolution
of reproductive strategies. Male competition has been held
responsible for the occurrence of extreme secondary sexual
characteristics in some species and the stable coexistence of
discrete alternative reproductive behaviors in others (Anders-
son, 1994). More recently, researchers have recognized the
importance of interactions between the sexes on the evolution
of mating systems. Clearly, both intra- and intersexual inter-
actions are important factors in driving mating behavior. How-
ever, these interactions are usually considered in isolation. We
suggest that in order to have a complete understanding of
reproductive tactics in many species, intra- and intersexual in-
teractions should be considered simultaneously. For example,
males often compete between themselves for territories. Yet,
female mating strategies will determine the type of territory
with the highest mating success. The degree of female choos-
iness will dictate the distribution of success between males,
and thus the degree to which males will compete for territo-
ries. However, female choosiness will be affected by the vari-
ation in male and territory quality. Thus, within-sex interac-
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tions may set the stage for between-sex conflict. Just as easily,
mate choice strategies can drive competition between males,
and female choice can nullify predictions made when consid-
ering only the interactions between males.

Theoretical models have greatly enhanced our understand-
ing of reproductive behavior (e.g., Arnold and Duvall, 1994;
Curstinger, 1991; Davies, 1989; Gross, 1984; Hammerstein and
Parker, 1987; Ims, 1988; Johnstone et al., 1996; Kirkpatrick,
1982, 1985, 1986; Maynard Smith, 1977, 1982; Maynard Smith
and Price, 1973; Parker, 1979, 1984). However, models and
empirical studies of sexual conflict and mate choice focus on
the behavior and fitness of males and females, but tend to
ignore the concurrent interactions between males (Anders-
son, 1994; Arnold and Duvall, 1994; Davies, 1989; Hammer-
stein and Parker, 1987; Janetos, 1980; Kirkpatrick, 1982, 1985,
1986, Losey et al., 1986; Parker, 1979, 1990, 1992, 1993; Real,
1990, 1991; but see Crowley, et al. 1991; Johnstone et al.,
1996). In contrast, research and theories examining the evo-
lution of alternative reproductive strategies focus primarily on
within-sex games (Dawkins, 1980; Dunbar, 1983; Gross, 1984,
1991, 1996; Lucas and Howard, 1995; Lucas et al., 1996; Park-
er, 1990; Rubenstein, 1980; Waltz, 1982). Although these mod-
els have been useful in explaining the stable coexistence of
alternative behaviors, patterns of parental care and female
choice, they fail to fully explain the variation we observe in
reproductive behaviors. Although game theoretic models do
exist that examine interactions within and between multiple
groups (Crowley et al., 1991; Hugie and Dill, 1994; Johnstone
et al., 1996; Sih, 1998), this type of model has not been ap-
plied to mating systems. Further, our model examines conflict
within and between the sexes simultaneously while also con-
sidering temporal dynamics and state dependence.

In a Mediterranean wrasse, Symphodus ocellatus, females ac-
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tively select spawning situations (Taborsky et al., 1987; van den
Berghe et al., 1989; Wernerus, 1988). Small sneaker males
compete through sperm competition while large males in the
population court females, defend nests and provide parental
care (Taborsky et al., 1987; Warner and Lejeune, 1985). Con-
flicts exist between and within the sexes and have the poten-
tial to influence reproductive behavior in this species. Al-
though past research has clarified many aspects of the repro-
ductive biology of this species, much about the mating behav-
ior of S. ocellatus is not fully understood. For example, mating
success is extremely skewed between nests, but this variation
is not explained by any intrinsic nest or nesting male char-
acteristic (Wernerus et al., 1989). Furthermore, although fe-
males prefer nests without sneakers, nests with the highest
mating success also have the most sneakers present. To un-
derstand this counterintuitive distribution of mating between
nests, we used a model to examine the known interactions
within and between the sexes. We show that the only way to
understand fully the complex interactions in S. ocellatus, and
the mating behavior they exhibit, is to examine multiple con-
flicts within and between the sexes simultaneously. We com-
pared predictions of models that examine a single interaction
with those that consider conflict within and between the sexes
simultaneously. We then compared these predictions to field
observations and experiments. We have argued that the si-
multaneous consideration of conflicts within and between the
sexes should give a more complete understanding of repro-
ductive behavior. If this is the case, models examining inter-
and intra-sexual interactions should explain observed behav-
ior more fully than simpler models.

Study species

General information

S. ocellatus is found on rocky and seagrass substrates in shallow
coastal waters (Fiedler, 1964; Voss, 1976). Estimates of adult
densities range from 0.34 to 0.94 individual per square meter
(Lejeune, 1985; Taborsky et al., 1987). There is no evidence
for sex change in this species (Bentivegna and Benedetto,
1989; Warner and Lejeune, 1985). The breeding season lasts
for approximately 2 months between May and June (Fiedler,
1964; Lejeune, 1985; Voss, 1976). Spawning is demersal (Fied-
ler, 1964; Lejeune, 1985). All females examined during the
reproductive season had active gonads (Taborsky et al., 1987;
Warner and Lejeune, 1985). Males in all size classes have ac-
tive testes, but some adult males have been found with inactive
testes in intermediate size classes (Taborsky et al., 1987).
These males were not involved in reproductive behavior in
that season (Taborsky et al., 1987). Mating occurs daily from
sunrise to sunset (Lejeune, 1985). Individuals live 2-3 years
(Lejeune, 1985; Warner and Lejeune, 1985), reaching a max-
imum of 8.5 cm standard length.

Male alternative reproductive behaviors

Observations of the males of this species have indicated that
distinct classes of male reproductive behavior exist (Taborsky
et al., 1987). The most obvious behavior is that of the nesting
male. These males build nests out of algae, court females, and
care for the eggs (Gerbe, 1864; Soljan, 1930; Taborsky et al.,
1987). Parental care includes fanning and defense of the eggs
against conspecific and other egg predators (Fiedler, 1964;
Lejeune, 1985) and ends upon hatching (Lejeune, 1985). Un-
defended eggs have no chance of survival (Alonzo, personal
observation; van den Berghe et al., 1989). The nesting males
go through a nest cycle of construction, spawning, and fan-
ning the eggs (Lejeune, 1985). The nest cycle lasts on average
10 days (Fiedler, 1964; Lejeune, 1985; Wernerus, 1988; Wer-
nerus et al., 1989). Males often change nesting sites between

cycles, moving from 10 cm to 10 m from their previous site
(Fiedler, 1964; Wernerus, 1988; Wernerus et al. 1989). About
one-third of all nests are deserted by the nesting male before
the end of the nest cycle (Taborsky et al., 1987). The mating
success of the nest seems to determine the probability of de-
sertion, and male success varies greatly between days and be-
tween nest cycles (Wernerus, 1988; Wernerus et al., 1989).
Nesting males tend to be the largest males (>8 cm) in the
population, show distinct coloration during the breeding sea-
son (Warner and Lejeune, 1985; Taborsky et al., 1987), and
are usually 2 years old (Alonzo, Taborsky, and Wirtz, in prep-
aration).

Smaller males in the population perform typical sneaking
behavior (Taborsky et al., 1987; Taborsky 1994). These males
hover around actively spawning nests and attempt to join the
nesting male’s spawns (Lejeune, 1985; Wernerus, 1988; Ta-
borsky et al., 1987). They have mature testes and sperm and
are capable of fertilizing eggs (Warner and Lejeune, 1985).
These males do not provide any care or defense of eggs (Ta-
borsky et al., 1987). They also move freely between nests (Le-
jeune, 1985; Taborsky et al., 1987). These males tend to be
the smallest adult males (4.5-8 cm) in the population and
have a distinct color pattern on the opercules, but are oth-
erwise indistinguishable from females (Taborsky et al., 1987;
Warner and Lejeune, 1985). Males observed sneaking tend to
be 1-2 years old (Warner and Lejeune, 1985). Sneaker males
have larger testes than nesting males (Warner and Lejeune,
1985) and produce larger quantities of sperm per spawn
(Alonzo and Warner, unpublished data). Recent evidence sug-
gests that sneaking and nesting may actually be separate life
histories (Alonzo, Taborsky, and Wirtz, in preparation) with
similar mating success (Taborsky et al., 1987; Warner and Le-
jeune, 1985).

Female choice

Multiple studies on female choice in this species have failed
to show any relationship between mating success and any in-
trinsic male or nest character, yet nesting male success varies
greatly (van den Berghe et al., 1989; Wernerus, 1988; Wer-
nerus et al., 1987, 1989). Females visit many nests and will
spawn in only a few of those they visit (Taborsky et al., 1987).
Females may visit and spawn in a single nest repeatedly
through one day, but do not remain loyal to a given male
between days or nest cycles (Taborsky et al., 1987). Females
do, however, seem to spawn with a greater frequency in nests
that have a recent history of high mating success (Wernerus,
1988) and prefer nests without sneaker males (van den Ber-
ghe et al.,, 1989). Thus, females do not choose males, but in-
stead are choosing spawning situations (Wernerus, 1988; Wer-
nerus et al., 1989).

Sexual conflict

The cost of sneaker males to nesting males is not only shared
paternity, but reduced mating success (van den Berghe et al.,
1989). There is also a strong correlation between previous
mating success and the number of sneaker males at a nest
(Lejeune, 1985; Wernerus, 1988). When sneaker males were
experimentally removed, the mating success of a nest in-
creased threefold (van den Berghe et al., 1989). The success
of any remaining sneaker males also increased (van den Ber-
ghe et al., 1989). Females obviously prefer nests without
sneaker males, as do nesting males. However, sneaker males
prefer nests with high spawning rates, as do other females.
Therefore, sneaking leads to conflict between females and
sneaker males, between nesting and sneaker males, between
females and nesting males, and even between individual
sneaker males. Females are also in conflict with nesting males
over their desertion of nests.
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The distribution among nests of both females and sneakers
is extremely skewed in S. ocellatus (Lejeune, 1985). A few nest-
ing males have very high success. Although nest sites do not
appear to be limiting in this species (Wernerus, 1988; Wer-
nerus et al., 1989), the skewed distribution of mating in this
species means that nesting males are in conflict with other
nesting males for access to mates. These high-success nests
attract females, presumably because of their low chance of
nesting male desertion. However, these nests also attract
sneakers which females attempt to avoid. Because females pre-
fer nests with high levels of success to avoid desertion, females
are not in conflict with one another over access to nests. In-
stead, females should prefer nests where many other females
are also present. It seems counterintuitive that females would
choose to spawn in nests with many sneakers present when
many other nests exist with few or no sneakers. Similarly, the
sneaker distribution greatly increases competition between
sneakers. The observed distribution of both females and
sneakers seems suboptimal for all groups involved. We use
both field experiments and a dynamic game model to exam-
ine this counterintuitive observation.

The model

Basic model structure

We modeled the behavior of females, sneakers, and nesting
males in three fitness equations linked by the fact that the
fitness of each individual depends on the behavior adopted
by others. For example, in each time period of the model,
nesting males decide to desert or to remain at their current
nest. This behavior generates a probability of desertion for
each nest. Females choose between nests based on the prob-
ability of nesting male desertion and the number of sneakers
present. Female choice generates the mating success associ-
ated with each type of nest. Sneakers distribute themselves
between nests based on both female mating rate and com-
petition with other sneakers. The solution of the sneaker fit-
ness equation is used to generate the frequency distribution
of sneakers. The three equations are therefore tightly linked,
and the solution of one creates parameters that affect the
behavior choices in another (Figure 1).

To model multiple dynamic game interactions simulta-
neously, we extended the basic structure of a dynamic pro-
gramming game (Houston and McNamara, 1987; Mangel and
Clark, 1988) to examine the interactions between three fitness
functions (Alonzo and Warner, 1999). The fitness of sneaker
and nesting males is separated into two equations because
their behavior and life histories are distinct (Alonzo, Taborsky,
and Wirtz, in preparation; Taborsky et al., 1987). Because we
modeled their behavior separately, their relative frequencies
are fixed at the level observed in the field. For every iteration
of the model, the algorithm examines the solution of the fit-
ness equation for females, sneakers, and nesting males. Then
each of these solutions was used to generate parameters that
are included in the next iteration of the three fitness equa-
tions. Therefore, the solution of one equation depends di-
rectly and indirectly on the solution of all three equations in
the previous iterations. Iterations continue until all three so-
lutions are stable.

Analysis of the model

The purpose of these models is to make predictions to be
compared with field experiments and observations. We used
knowledge of the system to form the model and choose re-
alistic values for parameters whenever possible. For some pa-
rameters, such as survival rates, it is difficult to ascertain values
in the field. For these parameters, we must make assumptions.
However, parameter values will only affect predictions if they
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Multiple variables link the three dynamic programming equations.
These links summarize the known interactions within and between
the sexes in Symphodus ocellatus. M represents female spawning
patterns, N indicates the number of sneakers at a nest, and D is the
probability a nesting male will not desert his nest.

lead to different behaviors. In each of the equations described
below we assume that survival (A\) does not differ between
nests of different types. For any parameter that does differ
between behavioral choices, we conducted sensitivity analyses
(for details, see the appendix). Although this is a dynamic
model, we assume that behavior is independent of the abso-
lute time period (i.e., t<< T). This type of analysis is generally
valid when there is not a definite end to the time period un-
der consideration and the model coefficients do not depend
on time (Mangel and Clark, 1988).

We compared the predictions made by forms of the model
that vary in whether they examine only within-sex conflict in-
teractions or examine multiple conflict interactions simulta-
neously. First, we examined each fitness equation in isolation.
Then we examined links between two groups such as between
sneakers and females. Finally, we examined the predicted dis-
tribution of sneakers and females between nest types when
conflict interactions within and between all three groups are
considered. We then compared these qualitative predictions
with field observations of sneaker and female distributions be-
tween nest types.

Nesting-male fitness equation

In the nesting-male fitness equation, males can either desert
or stay at their current nest. Nests vary both in their age (day
in the nest cycle) and the mating success males have experi-
enced since the beginning of the nest’s cycle. We refer to this
as the nest state. Past mating success of a nest is X(¢), and the
time in the nest cycle is C(#). These two factors determine the
state or type of nest a nesting male is experiencing. Each time
period represents one day. If a male remains at a nest, he
automatically increases his nest age by 1 day, or by remaining
atanest, C(¢ + 1) = C(¢) + 1, and his success, X({), changes
as a function of the distribution of females between nests. In
the field, mating success is extremely skewed in distribution,
and males differ in success by orders of magnitude (Lejeune,
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Functions used in the model. (a) The relationship between the
percentage of females spawning in the male’s nest type (M) and
the probability a nesting will increase in success state, p(M). is given
by the equation p = 1—[1/(M + 1)], except p = 0.01 when M = 0
(where M is determined by the solution of the female fitness
equation). (b) The relationship between the total number of
sneakers at a nest () and the probability a female’s spawn will be
joined by a sneaker (S;) is given by the relationship S, = 1—[1/(,
+ 1)]. (c) An individual sneaker’s chance of sneaking each spawn
decreases as a function of the number of sneakers at the nest. In
the model, this relationship is given by the equation S; = 1/(V, +
1).

1985; Wernerus et al., 1989). We assume x = 0, 1, 2, 3,4, 5
and nest success is 10*. We also assume that the mating success
of a nest is to a certain extent stochastic. If females prefer that
type of nest, the probability of changing success states will be
high. In a given time period, males either stay at the same
success state or increase by one state. Let M(x,c) represent
the mating rate at a nest in success state x and of age c¢. We
assume mating rate is determined by the proportion of fe-
males preferring nests in state x and of age ¢. The probability,
pIM(x,¢)], of changing x is an increasing function of mating
rate [M(x,c); Figure 2a). Although nest state increases with
mating rate, nesting males only gain fitness at the completion
of the nest cycle. If a nesting male deserts his current nest,
then he starts over in the next time period with zero past
success (x = 0) and at the beginning of a new nest cycle (c¢

= 1). Nesting male survival between time periods (¢) is \, and
T represents the final time period. Because males either re-
main at their present nest or start over at a new nest, we as-
sume that survival is constant and does not depend on the
behavior adopted. Let F(x,¢,t,T) represent the maximum ex-
pected fitness of a nesting male at a nest with success state x
in day ¢ of the nest cycle at time ¢. The reproductive value of
deserting a nest [V, (x,¢t7T)] in state x and ¢ days at time
¢ into the nest cycle is

Viesen (%, ¢, £, T) = N0, 1, ¢ + 1, T), (1)

and the reproductive value of staying with a nest [V,
(x,6,t,T)] is

Vi (%, ¢, 4, T) = p(M(x, ) )NF(x', c+ 1, ¢+ 1, T)
+ (1= p(M(x, 0)) )N (x, ¢+ 1,t+ 1, T)if ¢<10, (2)
where
x' = min[b, x + 1]
Vi(x, ¢, &, T) = 10 + ANF(0, 1, ¢ + 1, T) if ¢ = 10,
and nesting-male fitness is
F(x, ¢, t, T) = max[ V. (x, ¢, t, T), Vi (x, ¢, t, T)].  (3)

The computer algorithm finds the behavior (desert or stay)
for each nest state and time combination that leads to greater
fitness for the nesting male. From the solution of this equa-
tion, we calculate D(x,c), the probability the nesting male will
stay with the nest until eggs spawned at this time period will
develop (see appendix). D(x,¢) ranges from 0 to 1, where
D(x,¢) = 1 indicates the nest will not be deserted. We assume
that males must start over with a new nest at the end of the
tenth day in the nest cycle and eggs require 3 days to develop
(Lejuene, 1985). Males only have immediate mating success
when they complete a nest cycle. At that point they obtain
fitness dependent on their past mating success represented by
the state variable x.

If we solve Equation 3, independent of female or sneaker
behavior, this is an optimality model (see appendix). If the
female mating rate is equal across nests of different states, the
model predicts that males will still desert nests with low past
success if they are late in the nest cycle. If the mating success
is higher at nests that have already had success, nesting male
desertion of low-success nests becomes even more pro-
nounced. Males desert nests after a few days if they have not
been successful and start over (Kelly and Kennedy, 1993; Le-
jeune, 1985; Wernerus, 1988). Given the assumptions we have
made, nesting males are predicted to desert low-success nests
that are more than a few days into the nest cycle. At this point,
we have not allowed for the fact that females, and as a result
sneaker males, may alter their mating behavior in response to
nesting male desertion and thus possibly alter this prediction.

Female fitness equation

We assume for simplicity that female choice is independent
of female condition. The fitness associated with reproducing
in a nest of type i depends on the probability the nesting male
will stay with the nest until the eggs hatch (D)), as well as the
probability of spawning with a sneaker male. Females choose
between nests that vary in their age and past mating success.
These nest types (i) correspond directly to the above-de-
scribed nest states (x,¢) in the nesting-male fitness equation.
The solution of the female fitness equation gives the female
preference for different types of nests. As the number of
sneaker males at a nest type increases (NN;), the probability a
female will mate with a sneaker male [N,/ (N; + 1)] also in-
creases (Figure 2b). Nests vary in both the probability of de-
sertion (D,) and in the number of sneakers at the nest (N).
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Figure 3

Females trade-off sneaker pres-
ence and nest desertion. The
boundary sneaker number
(N,) increases with the num-
ber of sneakers at the other i

Number of sneakers N1
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nest (N,) and the relative 04
probability that nest will not be
deserted (D,/D,).

These parameters are given by the solution of the sneaker and
nesting-male fitness equations. The reproductive success of
spawning with only a nesting male (R,,,) is assumed to be
higher on average than the reproductive success of spawning
with sneakers (Rgy). Let N denote survival during one time
period, 7, the final time period, and G(¢,7), the maximum
expected reproductive success of a female mating at a nest
with an associated probability of desertion (D) and sneaker
presence (N;). The reproductive value, Y;(¢,7), of mating at
any nest of type i is

Yi(t, T) = D[Ryy/(N; + 1) + N;Rgy/(N; + 1)]
+ NG+ 1,T) (4)
and female fitness is

G(t, T) = max {Y,(1, T)}. (5)

i

From the solution of this equation, the relative mating suc-
cess at each nest type (proportion of females mating at each
nest) can be calculated. For the female equation, we must
make an assumption about the relative success of mating with
a sneaker or nesting male. Although we do not actually know
why females avoid sneakers, we assume that female reproduc-
tive success is for some reason lower when mating with sneak-
er males (i.e., Ry, > Rg). We conducted sensitivity analyses
to ensure that our conclusions were robust (for details see the
appendix).

For females, there is clearly a potential tradeoff between
desertion and sneaking. Female fitness increases as V; decreas-
es or D; increases. The degree to which the number of sneak-
ers present affects female fitness will depend on the relative
reproductive success of mating with sneakers and nesting
males. Females might, for example, be willing to spawn in the
presence of sneakers if the chance of desertion were suffi-
ciently low. In contrast, other nests might only be acceptable
to females if few or no sneakers are present. In some cases,
female fitness might be equal at nests where desertion prob-
abilities and sneaker numbers differ. A nest with few or no
sneakers might compensate for a higher chance of nest de-
sertion. Two nest types will lead to equal success for females
when

Dy[Ryy/ (Ny + 1) + Ny Rgy/ (N + 1)]
= Dy[Ryy/(No + 1) + NoRgy/ (N, + 1)1 (6)

For simplicity, assume that when females mate with sneakers,
females achieve zero mating success (Rgy = 0) compared to
mating with nesting males (Ry,, = 1). Nest 1 will be acceptable
despite a higher sneaker presence when

DI/D2=0.75
DI/DZZO.S
i D1/D2=0.25
0 5 10 15 20
Number of sneakers N2
D\/(N, + 1) = Dy/(N; + 1) or
N, = (D/Dy)(Ny + 1) = 1. (7)

For females, as the relative probability of the nest not being
deserted increases (D,/D,), the acceptable number of sneak-
ers at that nest (2V;) increases as well (Figure 3). Females are
predicted to prefer the nests that lead to the highest fitness
given the trade-off between sneaker number and nest deser-
tion.

Sneaker fitness equation

Sneakers choose between nests of different states, and nest
states are determined by age and past mating success. These
states correspond directly to the nest states in the nesting
male and female fitness equations. Each nest type has an as-
sociated number of sneakers present, N, and expected mating
rate, M, The reproductive value (Z) of reproducing at dif-
ferent nest types depends on M, and N,. If a male would have
higher fitness at another nest, he will switch to that type of
nest. If fitness at his current type of nest is higher or equal to
other nests, then the male will not move between nests. If only
some males leave the nest, we assume the identity of the male
that moves is determined at random (but see Mangel and
Roitberg, 1993). If different nest types lead to equal fitness,
sneakers will distribute themselves equally between these
nests. The individual probability of sneaking a spawn [S; = 1/
(N; + 1)] is a function of the number of sneakers at the nest
(Figure 2c). As before, let N denote survival and 7 the final
time period. Let H(¢,T) represent the maximum expected fit-
ness of a sneaker at time £ The success of an individual sneak-
er, Z(t,T), choosing a nest with an associated number of
sneakers (,) and spawning rate (M,) is

Z(t,T) = M/(N; + 1) + NH(t + 1,7), (8)
and sneaker fitness is

H(t, T) = max {Z,(t, T)} 9)

Female spawning (M) is predicted by the outcome of the fe-
male equation. The number of sneakers at a nest is generated
by calculating the proportion of sneaker males choosing each
nest type. One can easily see that if M; remains the same,
sneaker success will increase if the sneaker number (N)) de-
creases.

The sneaker fitness equation incorporates interactions be-
tween sneakers. Therefore, this equation, even in isolation
from the female or male nesting equation, is a game model.
If we examine only sneaker male behavior, N, varies while M,
is fixed. In this case, sneakers are predicted to distribute them-
selves in proportion to both competition from other sneakers
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Table 1
A comparison of the model predictions

Model form Sneakers

Females Nest male

Equations solved separately Ideal free distribution

Female and sneaker Evenly distributed among

nests
Female and nesting male No prediction
The complete model Sneak only at high-success
nests

Prefer low-desertion, no
sneaker nests
Evenly distributed
nests

Desert nests that are late cycle and
low success

among No prediction

Desert low-success nests mid-late
cycle

Prefer successful nests

Spawn only at high-success
nests

Desert all but high-success nests

and the female mating rate in an ideal free way. This means
that sneakers will distribute themselves such that individual
sneaker fitness, given by M,/ (N, + 1), is the same for all nest
types. If female mating rate is the same between nests, then
the number of sneakers at nests should be equal across nests.
However, if mating rate varies, those nests with high mating
rates are predicted to have many sneakers present, and those
with few females present will have few or no sneakers present.
Therefore, if female mating success is skewed between nests,
sneaker competition could explain the skewed distribution of
sneakers. If this is the case, the model predicts that the indi-
vidual sneaker fitness should be the same across nests with
different number of sneakers present.

Interactions between groups

In summary, females are predicted to trade-off desertion by
nesting males with the cost of spawning with sneakers, and
sneakers are predicted to distribute themselves between nests
in proportion to the mating rate. If we examine both female
and sneaker behavior simultaneously, these predictions
change. Interactions between females and sneakers can be ex-
amined numerically (see appendix for details). If females are
distributed between nests that differ in sneaker numbers,
sneaker males are predicted to redistribute themselves, thus
causing female preference to change. Interactions between
sneakers and females only have a few possible stable distri-
butions. If nests do not vary in desertion rates, females and
sneakers are predicted to distribute themselves equally among
nests. If nests differ in desertion probabilities, the only stable
distribution of females and sneakers occurs where both fe-
males and sneakers spawn only at nests with the lowest chance
of nesting male desertion. Any other distribution is unstable
because as soon as sneakers join the nest, it becomes unat-
tractive to females.

We have assumed that neither nesting males nor sneakers
are directly affected by each other’s presence. This is clearly
an oversimplification because nesting males share paternity
with sneakers, and sneakers require the parental care provid-
ed by nesting males. However, their fitness is connected by
their effect on female choice. Past research has shown that
the cost of sneakers to nesting males is as much through re-
duced mating success as shared spawns (van den Berghe et
al.,, 1989). Although nesting males do direct aggression toward
sneaker males, it has not been found to affect sneaker fitness
(Taborsky 1994; Taborsky et al., 1987). For these reasons, we
focus on the indirect interactions between sneakers and nest-
ing males caused by female behavior.

Females prefer nests that nesting males will not desert. Nest-
ing males prefer nests where their chance of obtaining success
is high. Therefore, females and nesting males actually prefer
the same kinds of nests. However, nesting males are always
predicted to desert nests with low success that are not at the
beginning of the nest cycle even if female spawning is the

same across nests. This causes females to prefer the nests that
have already been successful. If the number of sneakers is
equal across nests, then females will simply prefer nests with
the least chance of being deserted. Therefore, if only females
and nesting males interact, mating success will be skewed to
nests in high success states.

In summary, the connections between groups can drastical-
ly alter the predictions made by the model. The interactions
between sneakers, females, and nesting males can be exam-
ined using the dynamic state variable algorithm (see appen-
dix). When we examine all of these interactions simultaneous-
ly, only one type of distribution leads to a stable solution of
the model. The computer algorithm predicts that female and
sneaker distributions will be extremely skewed such that the
mating rate at nests with no past success is practically zero.
Then males will never desert high-success nests, and females
and sneakers will be distributed exclusively at the nests. This
raises the question of how this distribution can ever exist if
females almost never spawn at low-success nests. We have as-
sumed that even unpreferred nests have a small chance of
changing nest state (Figure 2a). The model predicts that if
mating success is somewhat stochastic at the beginning of the
nest cycle, then the few nests that get some success in the
beginning by chance will become successful.

The mating distribution predicted by the complete model
clearly differs from those predicted by simpler forms of the
model (Table 1). When only interactions between sneakers
were considered, we predicted a simple ideal free distribution
of sneakers between nests. Interactions between sneakers and
females alone predict an even distribution of sneakers and
females between nests. Interactions between nesting males
and females predict a somewhat skewed distribution of fe-
males between nests. In contrast, the complete model predicts
that the distribution of females and sneakers should be ex-
tremely skewed among nests, and this distribution, though sta-
ble, will not lead to the highest immediate mating success
available. The distributions of females and sneakers among
nest observed in the field is extremely skewed (Lejeune, 1985;
Wernerus et al., 1989) and can only be explained by the mod-
el that examines multiple conflict interactions within and be-
tween the sexes.

Given that only the complete model can predict the ob-
served mating distribution, it is interesting to consider some
of the more specific predictions of the complete model. As
mentioned above, individual variation in nesting male success
is completely driven by chance in the model. Therefore, it is
possible that males become highly successful simply because
they happen to achieve sufficient early mating success. The
model also predicts that there will be a lag between a nest
achieving mating success and the subsequent arrival of sneak-
er males. The state of the nest must first increase before
sneakers can successfully mate at the nest. This also makes the
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prediction that if we could experimentally increase the state
of any nesting male sufficiently, he should become highly suc-
cessful independent of his identity or quality. Finally, the
skewed mating distribution and desertion behavior of nesting
males is robust to large variation in parameter values (see ap-
pendix). This argues that the mating system, though extreme-
ly dynamic, is also very stable. By altering the state of a nest,
we could manipulate the mating success of that nest, but the
distribution of sneakers and females among nests when ma-
nipulated should quickly return to their premanipulation
state. We examine some of these predictions below.

Experiments

Manipulation of the number of sneakers at a nest

The complete model predicts that the stable distribution of
sneakers between nests will be suboptimal for both sneakers
and females. However, the interactions within and between
the sexes cause this distribution to be stable. Sneaker com-
petition alone would predict that if the number of sneakers
at the nest were altered, sneakers would redistribute them-
selves to the premanipulation level (Table 1). If the number
of sneakers at a nest is decreased, mating success of the re-
maining sneakers should increase. The solution of the female
equation also predicts that a reduction in the number of
sneakers at the nest should increase female preference for
that nest (Table 1). Similarly, if the number of sneakers at a
nest increased, the mating success of females and sneakers
should decrease. The sneaker-only model predicts that sneak-
er males will distribute themselves in an ideal free way be-
tween nests, whereas the complete model argues that sneaker
distribution will be more skewed. When interactions between
all groups are considered, sneaker males are predicted to oc-
cur in high numbers at those nests where females are willing
to spawn in the presence of sneakers. This will occur at nests
that have little chance of being deserted. We examined these
predictions experimentally by manipulating the number of
sneakers at a nest and observing the resulting mating success
and behavior of females, sneaker, and nesting males. We also
examined the premanipulation distribution of females and
sneakers between nests.

Nest removal experiments

Theory that only examines interactions between sneakers pre-
dicts that males distribute themselves between nests in an ide-
al free way. To understand the fact that sneakers do not do
this, one has to consider both the interactions between and
within the sexes, as well as their temporal dynamics. From the
model, we predict that nests must first achieve mating success
before either the number of females or sneakers at the nest
will increase. This is predicted despite the fact that sneakers
have lower success at these nests than they would have at nests
where there are fewer competitors. The question remains,
how does this process begin?

This surprising prediction may be the result of a trade-off
between present and future fitness for sneakers. The higher
past success at a nest, the higher the probability that the nest-
ing male will not desert. These nests are, as a result, very
attractive to females. If sneakers go immediately to the nests
with low past success, females may not spawn at these nests in
the presence of sneakers. However, if sneakers join a nest once
high mating rates have been established, females may spawn
in the presence of sneakers. That is, females are likely to
spawn in a nest with many sneakers if the undesirableness of
sneaking is counteracted by the higher probability that nest-
ing males will provide parental care. By delaying sneaking ac-
tivity in a nest, sneakers may manipulate the interaction be-
tween nesting males and females to their advantage. Accord-

Behavioral Ecology Vol. 11 No. 1

ing to the model, the only distribution that is stable, given
nesting male desertion, is to have a few nests with most of the
spawning females and sneakers.

We tested this prediction by removing a successful nest and
observing how the females and sneaker males redistributed
themselves between remaining nests. We observed all of the
nests in one area and then removed one nest with high female
visitation rates and many sneakers. We conducted repeated
observations on the remaining nests to determine the effect
of the manipulation on sneaker distribution and the mating
success of individual females, sneakers, and nesting males.

MATERIALS AND METHODS

We conducted all of the research under natural conditions
near the University of Liege (Belgium) Marine Laboratory, La
Station de Recherches Sous-Marin et Océanographique (STA-
RESO), located near Calvi, Corsica, France. A high density of
S. ocellatus individuals is found in Revellata Bay near the re-
search station. We made all of the observations on the rocky
substrate within 200 m of shore at =15 m depth using SCUBA.
We conducted research in May and June of 1996 and 1997.
We caught nesting males before the reproductive season and
marked individuals using a pattern of subcutaneous injections
of alcian blue. We observed individual nests throughout the
study area. We used the same protocol for all observations.
We observed focal nests for 10 min and remained a minimum
of 3 m from the nests. We also noted the identity of the nest-
ing male (determined by the alcian blue mark) at the begin-
ning of each observation. To determine the mating success of
females, sneakers, and nesting males, we noted a variety of
variables during each observation. We counted the number
of sneakers present at the nest once every minute. We consid-
ered a sneaker male to be at the nest if he was within 3 m of
the nest, oriented toward the nest, and not feeding. We also
observed the number of females that visited a nest. We de-
fined females to have visited a nest if they came within 10 cm
of the nest. We also determined the number of females that
spawned in the nest, the total number of times they spawned,
and the number of spawns joined by a sneaker. Finally, we
noted the number of chases directed by the nesting male to-
ward sneaker males.

For all analyses, we represent female mating success by the
proportion of females spawning per nest. This is an estimate
of the probability a given female will spawn in the nest she is
visiting. We use the average number of sneaked spawns per
sneaker to represent the success of sneaker males. This is cal-
culated by dividing the total number of sneaked spawns per
observation by the average number of sneakers present at the
nest. We estimated nesting male success by the number of pair
spawns that were not sneaked. This is a conservative measure
because it assumes the nesting male does not obtain any fit-
ness from sneaked spawns. Clearly, other possible measures of
mating success exist, but the qualitative results did not differ
when we used variations on these measures.

Sneaker decreases

We randomly selected nests with a minimum of five sneakers
present. We observed a nest for 10 min, noting the identity
of the nesting male, the number of sneakers present, the
number of females visiting and spawning in the nest, the total
number of spawns, the total number of sneakers, and the
number of chases as described above. After this observation,
we caught sneakers using small, hand-held nets and held these
males in a live bait bucket. After the number of sneakers pre-
sent around the nest had been reduced significantly (a min-
imum reduction of three), we left the nest undisturbed for 5
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min. We then observed the nest as described above. Subse-
quently, we released the captive males away from the nest.
After a 30 min, we observed the nest a third and final time
for 10 min. We conducted 20 replicates of 3 observations
each. We performed controls by releasing any caught sneaker
males immediately and conducting the three successive ob-
servations exactly as done for the experiment (N = 5).

Sneaker increases

To increase the number of sneakers at a nest, we removed a
nearby nest with many sneakers. Therefore, we chose a pair
of nests, both of which had sneakers present and which were
in close proximity to one another (within 5 m). We observed
the focal nest for 10 min. Following this observation, we cov-
ered the other nest. From pilot observations, it was apparent
that it required 20-30 min for sneakers to leave a nest that
had been covered. Therefore, we allowed 30 min to pass after
the nest was covered before observing the focal nest again.
We conducted 20 replicates of 2 observations each. We per-
formed five controls by following exactly the same protocol as
above except covering an active nest that did not have sneak-
ers present at the nest.

Nest removal experiments

To determine female and sneaker choice between nests, we
observed the effect of removing a high-success nest on the
distribution of sneakers and females between remaining nests.
We chose sites where a number of nests existed within one
area. We observed all nests within 10 m of the removed nest.
These nests could be grouped by their past mating success.
We observed all nests for 10 min before the manipulation.
Some nests had zero mating in the first (premanipulation)
observation and had no sneakers present. We classified these
nests as zero-success nests. Other nests had a low mating rate
and one or two sneakers present at the nest. We classified
these nests as low past-success nests. Finally, we classified nests
with many sneakers present as high pastsuccess nests. We
chose groups of nests that had one low past-success nest and
two high past-success nests. We also observed the zero-success
nests throughout the experiment.

We conducted all observations using the same protocol as
described above. For each replicate of the experiment, we ob-
served all nests three times: before any manipulation, a sec-
ond time at least 30 min after the manipulation, and a third
time at least 4 h after the manipulation. After the first set of
observations, we covered one of the nests with high past suc-
cess with a net. From pilot studies, we knew that both females
and sneakers will desert a nest covered this way, while the
nesting male will remain at the nest. Within 30 min of cov-
ering the nest, female visitation and sneaker presence is prac-
tically zero.

Analysis of the data

Sneaker decreases

We tested all variables for normality using a Kolmogorov-Smir-
nov test (Zar, 1996). We tested the assumption of equal vari-
ances using the Levene-Median test (Snedecor and Cochran,
1989). Because all variables deviated significantly from nor-
mal, we conducted a Friedman’s nonparametric two-way AN-
OVA on each variable. We made pairwise comparisons using
the Student-Newman-Keuls method (Zar, 1996).

Sneaker increases
We examined the effect of treatment by comparing the two
observations. We assessed the normality of the differences us-

ing the Shapiro-Wilk test (Shapiro and Wilk, 1965; Zar, 1996).
We attempted transformations if variables were significantly
non-normal and performed a paired ¢ test on the differences
or transformed differences. We expected sneaker number to
increase and therefore used a one-tailed ¢ test. The success of
females, nesting males, and sneakers is expected to decrease,
as is female spawning rate, sneak rate, and total spawning rate.
Because we made no predictions regarding the direction of
change in chases or female visitation rate, these tests are two
tailed.

We also examined the relationship between spawning rate
and the number of sneakers at nests. In these analyses, we
only used the premanipulation observations pooled between
the two experiments. We calculated a simple linear regression
between the number of sneakers at the nest and total spawn-
ing opportunities per sneaker (total spawns/number of sneak-
ers present). The sneaker-only model predicted that this re-
lationship should not have a slope significantly different from
zero because sneakers are predicted to distribute themselves
among nests in proportion to spawning rate.

Nest removal experiments

First, we examined changes in variables between the three
observations for each nest type. This indicated how the fre-
quency of females spawning and the number of sneakers at a
nest changed as a result of the manipulation. We also com-
pared variables at a given time between nest types. This anal-
ysis indicated the nest type that leads to higher individual fit-
ness for each group at any given time. We tested for deviations
from normality using a Kolmogorov-Smirnov test (Zar, 1996).
We also tested for deviations from the assumption of equal
variances using a Levene-Median test (Snedecor and Cochran,
1989). We made comparisons between the three observations
using a repeated-measures ANOVA when variables met the
assumptions of normality and equal variances. We used a
Friedman’s nonparametric ANOVA when variables deviated
significantly from normality or had significantly unequal var-
iances. We made pairwise comparisons using the Student-New-
man-Keuls method (Zar, 1996). We made comparisons be-
tween low and high pastsuccess nest types for each observa-
tion using a paired ¢ test where variables did not deviate sig-
nificantly from normal. If variables deviated significantly from
normal, we performed a Wilcoxon signed-rank test. All of
these tests were two tailed.

RESULTS
Sneaker decreases

The number of sneakers at the nest was significantly de-
creased by the manipulation and returned to the original level
in the final observation. Female success, nesting-male success,
and sneaker success all increased when the number of sneak-
ers at the nest was decreased (Figure 4 and Table 2). Spawn-
ing rates, the number of females spawning, and sneak rates
all increased with decreased sneaker number and then re-
turned to premanipulation levels. No significant differences
existed in female visitation rates (Table 2).

Sneaker increases

Sneaker success, female success, nesting-male success, spawn-
ing rates, and sneaking rates were square-root transformed to
meet the assumptions of normality. Sneaker numbers in-
creased significantly as a result of the manipulation. Sneaker,
female, and nesting male success also decreased as a result of
the manipulation (Figure 5 and Table 3). Spawning rates,
chases, and sneak rate all decreased as a result of the manip-
ulation, and female visitation rate did not change significantly.
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Figure 4

Sneaker decreases. When the number of sneakers at the nests is
decreased, the mating success of all groups increases. The decrease
in sneakers and increase in success is unstable, returning to the
premanipulation level in the final observation.

Table 2
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Sneaker increase and decrease controls both indicated that
when sneaker number was not manipulated, other variables
remained unchanged as well (N = 5). In contrast to the pre-
diction of an ideal free distribution based on the sneaker-only
model, a significant relationship exists between sneaker pres-
ence and spawns per sneaker. This relationship is decreasing
(Figure 6), with a slope and intercept significantly different
from zero. This indicates that spawns per sneaker are not con-
stant across nests, as predicted by the sneaker-only model, but
instead decrease with increasing numbers of sneakers at the
nest.

Nest removal experiments

Comparisons between observations

Variables for which we report F ratios did not deviate signifi-
cantly from normality or equal variances. For all other vari-
ables, we report the x? value from the Friedman’s nonpara-
metric ANOVA. At high pastsuccess nests, the number of
sneakers increased significantly after the manipulation (Table
4). In the final observation, the number of sneakers at the
nest returned to the premanipulation level (Figure 7). No
other variables differed significantly between observations for
nests with high past-success (Table 5). Nests with low past-
success did not experience an increase in the number of
sneakers present in the first observation after the manipula-
tion (Figure 7). However, in the final observation, the number
of sneakers at the nest had increased significantly (Table 5).
The total spawning and proportion of females spawning at the
nest were highest in the second observation (Table 5). Com-
parisons made between zero past-success nests indicated that
all variables remained unchanged by the manipulation at
these nests. As a result, these nests were excluded from com-
parisons between nests types.

Comparison between nest types

The number of sneakers at the high past-success nests was
significantly higher than the low past success nests in both the
first (premanipulation) and second observation (Table 6 and
Figure 7). However, the numbers of sneakers at the two nest
types were not significantly different from the final observa-
tion (Table 6). Although significantly more females visited the
high past-success nests in the pre- and first postmanipulation
observations, an equal number of females visited both nest
types in the final observation. Total spawns was significantly
higher at the low-past success nests in the first postmanipu-
lation observation, but in the final observation no differences
in spawning were found. At first, mating success was higher
for sneaker males at the low past-success nests, but then be-
came equal in the final observation. Nesting male success fol-

Results of sneaker decrease experiments (n = 20)

Observation (mean)

Variable Before During After X2 P
Sneaker number 8.30 3.85% 7.96 30.90 <.001
Female visitation rate 19.30 20.6 17.70 1.60 45
Female spawning rate 3.95 18.1% 3.60 12.78 .002
Total spawning rate 6.95 27.85%* 4.85 13.73 .001
Sneaking rates 3.55 11.35% 1.80 23.73 <.001
Female success 0.20 0.63%* 0.23 12.90 .002
Sneaker success 0.44 2.96%* 0.29 23.73 <.001
Nesting-male success 3.40 16.5% 3.05 10.98 .004
Chases 17.95 19.65% 11.05 7.60 .022

* Significantly different from other means.
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Sneaker increases. When the number of sneakers at the nest is
increased, the mating success of all groups decreases significantly.

Table 3

Results of sneaker increase experiments (n = 20)
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Sneaker males are not simply distributed in proportion to the total
spawning rates at nests. If males were distributed in an ideal free
way between nests, total spawns available per sneaker should be
equal across nests. Instead, a significant negative relationship exists
between spawns per sneaker and total sneaker number. The
relationship is given by the equation y = —0.26x + 3.08, where
both the negative slope (¢ = —2.52, p = .016) and the intercept (¢
= 4.27, p = .0001) are significantly different from zero.

lowed the same pattern. Female success was higher after the
manipulation at the low past-success nest type, but then was
not significantly different between nest types at the final ob-
servation.

Conclusions

Sneaker increase and decrease
By increasing the number of sneakers at the nest, the com-
petition between sneakers is increased. However, the conflict
between nesting males or females and sneakers is also in-
creased due to a higher probability that any spawn will be
sneaked. In addition, the conflict between the nesting male
and female over sneaking is increased. In contrast, by decreas-
ing the number of sneakers, the success of all individuals is
increased, and the conflict between each group is decreased.
The fact that sneaker success is lower at the stable sneaker
number than with fewer competitors can be explained by
competition between sneakers (Sibly, 1983). However, the dis-
tribution of sneakers among nests is not explained by inter-
actions between sneakers alone. Spawning rates at nests with
many sneakers were lower than nests with fewer sneakers pre-
sent (Figure 7). As predicted by the model, the existence of
multiple simultaneous conflict interactions led to situations
where all individuals involved have lower fitness.

Variable Before During P

Sneaker number 4.54 7.82 14.24 <.001
Female visitation rate?® 14.25 16.20 1.89 .074
Female spawning rate 3.35 1.90 2.11 .024
Total spawning rate 6.90 3.20 2.24 .019
Sneaking rates 3.15 1.80 1.96 .033
Female success 0.24 0.16 2.75 .006
Sneaker success 0.75 0.22 4.42 <.001
Nesting-male success 3.75 1.40 1.81 .044
Chases 17.80 12.75 2.61 .017

*Means are not significantly different from one another. All other means differ significantly from one

another.
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Table 4
Comparisons between observations for high past-success nests

Observation, mean (SE)

Behavioral Ecology Vol. 11 No. 1

Variable Before Post 1 Post 2 Statistic P
Sneakers at the nest 6.55 (0.81) 10.91 (1.57)* 6.24 (0.65) x> =155 <.001
Female visits 14.17 (1.93) 16.08 (2.00) 14.83 (1.97) X2 = 2.04 .36
Females spawning 1.00 (0.41) 1.58 (0.75) 3.42 (1.33) X2 = 2.63 27
Total spawns 1.83 (0.84) 2.25 (1.14) 5.50 (2.05) X2 = 2.38 31
Spawns sneaked 0.92 (0.53) 1.33 (0.86) 2.41 (0.80) x> = 113 .36
Pair spawns

(nesting-male success) 0.92 (0.45) 0.92 (0.50) 3.08 (1.41) x> = 154 .46
Sneaks per sneaker

(sneaker success) 0.15 (0.08) 0.13 (0.08) 0.44 (0.17) x2= 1.17 .58
Proportion of females spawning

(female success) 0.11 (0.05) 0.10 (0.04) 0.22 (0.08) x? = 3.41 18
Chases 16.00 (3.91) 13.42 (3.29) 17.08 (3.42) F = 0417 .66

* Significantly different from other two means.

Nest removal experiments

After nest removal, the number of sneakers initially increased
at nests that already had many sneakers present and did not
change at the low past-success nest type. However, spawning
rate and female mating success were higher at the nests with
low past success. In other words, females and sneakers did not
join the same nests, and sneaker success was higher at the
nests to which sneakers did not redistribute. Immediately after
the manipulation, low pastsuccess nests had the same fre-
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Figure 7
Results of nest removal experiment. Bars indicate SEs of mean.

quency of sneaked spawns and lower competition with other
sneakers as the high pastsuccess nests. Yet sneakers did not
move to these nests. In the final observation, both nests are
equivalent in all variables. Sneakers are initially choosing nests
that lead to lower immediate mating success. As the model
predicts, although choosing the low past-success nest might
lead to immediate higher mating success, this distribution
would be unstable because females would be less likely to
spawn there. However, once these nests have achieved high
success, females are willing to spawn in the presence of sneak-
ers. Presumably, this female preference occurs because of the
decreased chance of nesting-male desertion.

DISCUSSION

The simultaneous resolution of multiple conflict interactions
can explain the counterintuitive observation that sneakers de-
lay sneaking at nests despite higher potential immediate mat-
ing success. It is possible that factors we have not considered
could also explain this pattern of distribution. For example,
sneakers could simply be unable to assess which nest would
lead to higher fitness. Though this may be true, it is still clear
that the examination of competition between males or female
choice in isolation would not have fully explained the ob-
served mating behavior in S. ocellatus. Furthermore, the ex-
perimental results are consistent with the natural pattern of
success at nests. Given the models compared here, the distri-
bution is best explained by the simultaneous resolution of
multiple conflict interactions.

These multiple conflict interactions create trade-offs for
both sneakers and females. Although similar to traditional life-
history trade-offs (Roff, 1992; Stearns, 1992), these trade-offs
are generated by sexual conflict. Females trade-off the cost,
whatever it might be, of mating in the presence of sneakers
with the cost of nesting male desertion. This trade-off enables
sneakers to achieve mating success despite the fact that fe-
males prefer to spawn with nesting males. In fact, we predict
that females are willing to spawn in the presence of sneakers
because of nesting male desertion. Therefore, nesting male
behavior leads, through female choice, to conflict between
sneakers and nesting males. This counterintuitive pattern can
only be understood by a careful analysis of all of these ele-
ments simultaneously.

Recent research into sexual conflict has indicated that con-
flict is a common force in many species (reviewed by Anders-
son, 1994). The consideration of sexual conflict has clearly
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Table 5
Comparisons between observations for low-success nest

Observation, mean (SE)

Variable Before Post 1 Post 2 Statistic P
Sneakers at the nest 1.09 (0.09) 1.31 (0.13) 4.69 (0.80)* X2 = 16.17 <.001
Female visits 5.58 (1.04) 7.58 (2.10) 11.58 (2.57) F=3.28 .057
Females spawning 2.17 (0.59) 3.67 (0.89) 2.33 (0.74) X2 = 2.54 25
Total spawns 4.75 (1.40) 9.33 (2.19) 4.67 (1.88) F =284 .08
Spawns sneaked 0.92 (0.34) 1.92 (0.47) 3.17 (1.47) X2 = 1.04 .60
Pair spawns

(nesting-male success) 3.83 (1.13) 7.42 (1.96)* 1.50 (0.50) F =642 .006
Sneaks per sneaker

(sneaker success) 0.74 (0.21) 1.50 (0.41) 0.47 (0.18) X2 = 2.79 .25
Proportion of females spawning

(female success) 0.32 (0.07) 0.52 (0.04)* 0.19 (0.05) F =361 .044
Chases 15.75 (3.53) 15.92 (3.57) 17.00 (3.69) x2 = 0.17 .92

Significantly different from other two means.

extended our theoretical and empirical understanding of mat-
ing systems and reproductive behavior (e.g., Clutton-Brock
and Parker, 1992; Davies, 1989, 1992; Davies and Hatchwell,
1992; Hammerstein and Parker, 1987). Yet the simultaneous
consideration of multiple conflict interactions can lead to a
more complete understanding of the reproductive behavior
of a species as well as variation in behavior between species.
Clearly, a complete theory of mating systems and reproductive
behavior must also consider the basic reproductive biology
and ecology of a species. These basic elements will influence
the costs and benefits and behavior and may even drive the
conflict interactions. We argue that the simultaneous resolu-
tion of multiple conflicts within and between the sexes will
drive mating behavior in most species.

Our understanding of mate choice has increased signifi-
cantly in recent years (e.g., Andersson, 1994; Crowley et al.,
1991; Janetos, 1980; Johnstone et al., 1996; Kirkpatrick, 1982,
1985, 1986; Kirkpatrick and Dugatkin, 1994; Losey et al., 1986;
Real, 1990, 1991). However, if one is trying to understand
female choice in a species, our research indicates that it is not

Table 6

sufficient to consider only how female fitness is affected by
different patterns of female choice. We must also allow for
the fact that female choice will influence the fitness of male
behavior. This in turn will alter female mating success. Simi-
larly, the behavior of other females in the population may
affect the fitness of female choice either directly or indirectly
through their effect on male behavior. Whenever female
choice drives male mating success, we must consider the in-
teractions both within and between the sexes to fully explain
patterns of female mate choice.

Although past research has determined the main mecha-
nisms that can maintain alternative behaviors and document-
ed patterns of expression (Austad, 1984; Caro and Bateson,
1986; Dominey, 1981, 1984; Dunbar, 1983; Gross, 1984, 1991,
1996), we have little understanding of how interactions be-
tween the sexes influence alternative reproductive behaviors.
If we are interested in predicting the occurrence of alternative
male reproductive strategies, we will need to consider the pos-
sible effect of female choice on male behavior (Alonzo and
Warner, 1999; Henson and Warner, 1997). If female fitness is

Comparisons between high and low past-success nests for each observation

Observation
Variable Before Post 1 Post 2
Sneakers at the nest High>low High>low No difference

t = 6.59 p<.001 W= —78 p<.001 t=127p= .23
Female visits High>low High>low No difference

Females spawning
Total spawns
Spawns sneaked

Pair spawns
(nesting-male success)

Sneaks per sneaker
(sneaker success)

Proportion of females spawning
(female success)

Chases

t = 5.33 p<.001
No difference

t= —1.465p = 0.17
No difference
t=-157p=.15
No difference
W=3p=.9
Low>high
t=—211p= .06
Low>high
t=—-20p=.03
Low>high
t=—240 p= .04
No difference
t=.052 p = .96

t =491 p<.001
No difference
t=—166p=.13
Low>high
t=254p=.03
No difference
t=—0.70 p = .50

Low>high

L= —286p=.02
Low>high

t= —3.62p=.004
Low>high

t= —353p=.005
No difference
t=—0.46 p = .66

t=1.15p =27
No difference
t=0.71 p=.49
No difference
t=29p=.77
No difference
t=0.46 p = .66
No difference

W= -9 p=6.438
no difference
t=—0.12p= 91
No difference

t= —398 p = .002
No difference
t=0.02p=.99
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affected by the type of male with whom they mate, female
choice between alternatives alters the predictions made by
considering interactions between males alone (Alonzo and
Warner, 1999). There may also be situations where females
are not affected by the presence or absence of male alterna-
tives. Therefore, we need not only to ask how will female
choice affect the evolution of male alternatives, but also ques-
tion under what circumstances interactions between the sexes
will not be important.

Clearly, there will be cases where a single conflict interac-
tion can fully explain the observed reproductive behavior in
a species. However, in other cases, such as S. ocellatus, multi-
ple interactions within and between the sexes must be consid-
ered simultaneously in order to understand mating behavior.
The skewed, suboptimal distribution of both females and
sneakers between nests could only be explained through care-
ful consideration of multiple interactions simultaneously. We
also argue that a complete theory of reproductive behavior
and the evolution of mating systems will need to consider the
simultaneous resolution of multiple conflict interactions if our
goal to fully predict and explain observed variation in behav-
ior.

APPENDIX
Details of numerical methods

The game method

The computer algorithm solved each fitness equation sepa-
rately. The nesting-male nests states (x,¢) correspond directly
to the nest types (z) that females and sneakers experience.
Using the behavioral matrices resulting from the backward
iteration, a forward simulation calculated the proportion of
females preferring nest types, M(x,c) or M, the proportion
of sneakers preferring nests types, N, and the probability each
nest state would be deserted, D(x,¢) or D, These values were
then used in another backward iteration. This iteration pro-
cedure was continued until all behavioral matrices and vari-
ables did not change between successive iterations. This is the
same as the behavior being stable against invasion. It is pos-
sible that a dynamic game can fail to converge to a stable
solution. This was not a problem for this model as long as we
used the stabilization method described below.

Stabilizing the model

We used a method proposed by McNamara et. al (1997) to
stabilize dynamic state variable game models. This was espe-
cially necessary for the models examining multiple conflict
interactions simultaneously. The change in behavior is
damped between iterations. This is achieved by allowing only
some portion (8) of the population to change behavior. The
damping increased as the number of iterations searching for
a stable behavior increased (8 = 1/number of runs). Thus,
for any given iteration the behavior adopted by the popula-
tion is mw, = 8B(mw, ;) + (1 — d)m, ;.

Game initiation

To begin the entire iteration procedure, we assumed that no
nests were deserted (i.e., D = 1 for all nests) and that females
and sneakers were evenly distributed between nests. Final re-
sults did not differ if other assumptions were made. We also
had to make assumptions about the distribution of nest types
at ¢ = 1. For the results presented here, we assumed that males
all started at x = 0 and ¢ = 1 at ¢ = 1. Female and sneaker
behavior did not depend on state, and thus no assumptions
needed to be made. Results presented are only for those time
periods after which the nesting male state distribution had
stabilized and was independent of the absolute value of z. The
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nesting male state distribution for ¢ > 1 was determined by
the male behavior and the probability of changing success
state, p[M(x,c)]. All distributions were calculated based on
proportion of individuals in the state rather than simulating
the actual number of individuals.

For the incomplete models, we made assumptions about the
input parameters (M,D, or N) that were not an outcome of
the model. For example, for the female-only fitness model, we
solved only the female fitness equation and examined a variety
of sneaker distributions and desertion probabilities. Similarly,
for the sneaker and nesting-male interactions, we examined
the effect of a variety of sneaker distributions on the solution
of the linked female and nesting male fitness equations.

State variables

In the iterations presented, we always assumed that the max-
imum nest cycle value, ¢,,,, was 10. This value is based on nest
cycle duration in the field. Although changing the value dras-
tically (¢, = 2 or ¢,,, = 100) does alter the qualitative pre-
dictions, the exact number does not drive the predictions.
With ¢, slightly smaller or larger, the mating distribution
remains skewed, and highly success nests are rare and never
deserted by the nesting male. In the results presented here,
we also assume that the maximum nest state, x,,,,, was always
5. However, we also examined situations where the maximum
was smaller (x,, = 2) and larger (x,,, = 10). With x,,. = 2,
the qualitative results hold, but the skew is less extreme be-
cause there are fewer nest states. Similarly, with «,,, = 10, the
highest nest state remains the rare and has high mating suc-
cess. The skew is more apparent the more nest states that are
considered. However, the qualitative results that the mating
distribution is skewed and nesting males desert all but high-
success nests are unaffected by the exact number of nests
states.

Time variables

We always assumed that a time period ¢ — ¢ + 1 represented
one day. However, we always allowed 7 to be large enough
that the behavior was independent of time. The maximum
number of time periods required was 7= 1000. The results
we present are only for time periods << 7. We focus on time-
independent behavior because we are interested in short-term
changes in behavior at a nest. However, it would be interesting
to examine in the future whether day in the nest cycle influ-
ences behavior patterns as well. We would expect individual
behavior to change near the end of the reproductive season.

Reproductive success variables

For nesting males and sneakers, reproductive success is en-
tirely determined by variables that are outcomes of the other
fitness equations. For female reproductive success we always
assumed Rgy < Ry, Only the relative differences affect pre-
dictions. As a result, we assumed R, = 1 and examined Rgy
< Ryin 0.1 intervals from 0 to 1. As long as Ry < Ry, the
predictions did not differ. Even if R, = 0, females will mate
in the presence of sneakers at high-success nests and nesting
males desert all but high success nests. If Rgy = Ry, females
do not avoid sneakers, and the mating distribution is evenly
distributed between all nests except low-success nests late in
the cycle, which are deserted by the nesting male. We did not
consider the case where Rg, > Ry, because we know that
females avoid mating with sneakers if at all possible.

Reproductive success functions

For individual and total sneak rates, we made assumptions
about the form of the function (Figure 2). If the probability
of state change (Figure 2a) for the nesting male is linear, mat-
ing becomes slightly less skewed in distribution, and nesting
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males still desert all but the most successful nests. If total
sneaker probability (Figure 2b) was linear with respect to the
number of sneakers at the nest, females still were only willing
to spawn in the presence of sneakers as long as Rgy < Ry,
Results did not differ greatly if sneak rate was a linear function
of N. Females were still only willing to spawn in the presence
of sneakers at high-success nests.

Survival probability

For the results presented here, we assumed that the survival
probability was equal for all behaviors; we set A = 0.99. We
also ran the models with X\ = 0.95, and the results remained
the same. If survival is very low (A < 0.7), then nesting males
are less likely to desert nest with any success. However, ob-
served survival probality during the reproductive season is
very high.

Calculating D(x,c)

The solution of the nesting male fitness equation gives the
behavior a male will adopt at every nest state and time com-
bination. We also know the probability the male will change
state p[ M(x,c)]. From these two factors, we calculate the prob-
ability the nesting male will not desert the nest before eggs
that are spawned in the present time period will hatch. In S.
ocellatus it takes on average 3 days for eggs to develop (Lejeu-
ne, 1985). We assume for all of our calculations that the nest-
ing male must remain with the nest for three time periods
after the female spawns (¢ + 3). In every time period there is
the probability, p[ M(x,¢)] that the nesting male’s success state
will change. Let 6(x,c) be the behavior adopted by the nesting
male and p[ M(x,¢) ] be the probability of increasing in success
state if nest success state is x and time in the cycle is ¢ If the
nesting male chooses to desert or reaches the end of a nest
cycle, b(x,c) = 0; otherwise, b(x, ¢) = 1. If there are fewer
than 3 days left in the nest cycle (¢ > 7), then the nest will
certainly be deserted before the eggs can hatch, and D = 0.
If ¢ < 7, the total probability the male will remain with the
nest for the next three time periods is

D= b(x, ¢) (1 — p(M(x, ¢)))b(x, c+ 1)(1 — p(M(x, c+ 1)))
X b(x, ¢+ 2)(1 — p(M(x, ¢ + 2)))b(x, ¢ + 3)
+ b(x, ¢) (1 = p(M(x, ¢))) b(x, c+ 1) (1 = p(M(x, c+1)))
X b(x, ¢ + 2)p(M(x, ¢ + 2))b(x’, ¢ + 3)
+ b(x, o) (1 — p(M(x, ¢)))b(x, ¢ + 1)p(M(x, ¢ + 1))
b(x', ¢+ 2)(1 — p(M(x', ¢+ 2)))b(x', ¢ + 3)
b(x, 9p(M(x, ¢))b(x', ¢+ 1)(1 — p(M(x', ¢ + 1)))
b(x', ¢+ 2)(1 — p(M(x', ¢+ 2)))b(x', ¢ + 3)
b(x, ) (1 — p(M(x, ¢)))b(x, ¢ + 1)p(M(x, ¢ + 1))
b(x', ¢ + 2)p(M(x', ¢ + 2))b(x", ¢ + 3)
b(x, 9p(M(x, ¢))b(x', ¢ + 1)p(M(x', ¢ + 1))
b(x", ¢+ 2)(1 — p(M(x", ¢ + 2)))b(x", ¢ + 3)
b(x, 9p(M(x, ¢))b(x', ¢+ 1)(1 — p(M(x', ¢ + 1)))
b(x', ¢ + 2)p(M(x', ¢ + 2))b(x", ¢ + 3)
b(x, 9p(M(x, ¢))b(x', ¢ + 1)p(M(x', ¢ + 1))
X b(x", ¢ + pM(x", ¢ + ) b(x", ¢ + 3), (A1)

+ X 4+ X + X + X + X

where
x' = min{5, x + 1}.

If the nesting male deserts the nest in the current time period
[b(x,¢c) = 0], then clearly D = 0. Otherwise, the desertion

probability depends both on the probability of changing suc-
cess states, p(M), and the behavior chosen by the male in each
nest state.
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