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Summary. Among insect parasitoids, superparasit- 
ism is said to occur when a second clutch of eggs 
is laid on a previously parasitized host. Ovicide 
occurs when a parasitoid destroys a clutch of eggs 
laid on a host by a previous female. Here, general 
models are constructed to predict the conditions 
which favor superparasitism and ovicide. Major 
predictions for the ovicidal model were that ovicide 
is more likely to occur if the time necessary to 
kill eggs is short, if travel times and the proportion 
of parasitized hosts increases and if the competitive 
advantage of a first clutch is large. The predictions 
of the models were tested by examining superpara- 
sitism and ovicide in Bracon hebetor (Say), a gre- 
garious, ectoparasitoid of phytisiine moths. Using 
a wild and eye color mutant  of B. hebetor to distin- 
guish first and second clutches, it was found that 
the competitive advantage of a first clutch over 
a second clutch increased with the time between 
ovipositions. Patterns of superparasitism and ovi- 
cide in B. hebetor were in qualitative agreement 
with the major predictions of the model. Most no- 
tably, ovicide increased in frequency with a de- 
crease in the overall rate of host encounter and 
an increase in the proportion of parasitized hosts 
encountered. 

Introduction 

While the literature on clutch size evolution and 
infanticide in vertebrates is extensive (Lack 1947; 
Stearns 1976; Hausfater and Hrdy 1985), only re- 
cently has attention been directed toward inverte- 
brates (Parker and Courtney 1984; Polis 1985; 
Parker and Begon 1986; Godfray 1987a). Much 
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of the theoretical interest in the evolution of inver- 
tebrate clutch sizes involves parasitic wasps (i.e. 
parasitoids) which lay one or more eggs in or on 
the body of other arthropods (Suzuki and Iwasa 
1981; Charnov and Skinner 1984; Skinner 1985; 
Iwasa et al. 1984; Waage and Godfray 1985; God- 
fray 1986; Godfray 1987b; Godfray and Ives 1988). 
The eggs hatch and the larvae feed until the host 
is consumed or a maximum size is achieved. The 
amount of resource available to each parasitoid 
offspring is a function of both host size and the 
number of eggs laid by the ovipositing female. 
Thus, which hosts a female decides to parasitize, 
and the clutch size she lays has a major effect on 
progeny fitness (Strand 1986). 

Much of invertebrate clutch size theory is based 
on models developed originally for birds and mam- 
mals. However, the clutch size decisions of parasi- 
toids involve phenomena for which there is no 
counterpart in vertebrate ecology. In this paper we 
discuss theoretical medels of two such phenomena, 
superparasitism and ovicide, and tests of these 
models. We define superparasitism as the deposi- 
tion of a second clutch of eggs on a host. Although 
a second clutch may be laid by the same female 
(self superparasitism) or by other females (conspe- 
cific superparasitism) (van Dijken and Waage 
1987), we restrict ourselves here to cases of conspe- 
cific superparasitism only. Ovicide is said to occur 
when a wasp destroys a clutch of eggs laid on a 
host by a previous female. 

Superparasitism is a very common feature of 
parasitoid biology (Bakker etal.  1985; Waage 
1986) while ovicide is comparatively rare or unrec- 
ognized. A number of theoretical studies have ex- 
amined superparasitism (Parker and Courtney 
1984; Charnov and Skinner 1984; Skinner 1985), 
and in the first portion of this paper we build on 
this work to produce a model of superparasitism 



422 

that also allows for the inclusion of the evolution 
of ovicidal behavior. The only theoretical work on 
ovicide in insects that we are aware of is that on 
the possible significance of behavior observed in 
granivorous beetles (Smith and Lessells 1985). 
However, recent study of Bracon hebetor (Say) (Hy- 
menoptera: Braconidae), an ectoparasitoid of phy- 
ticiine moths (Lepidoptera: Pyralidae) such as Plo- 
dia interpunctella Hfibner, revealed that this species 
engages in ovicide (Strand 1988a). We test some 
of the predictions of our model by examining the 
clutch biology of B. hebetor. 

Model 

In this section we develop a model framework in 
which to examine the evolution of ovicidal behav- 
ior in parasitoids. Ovicidal behavior is intimately 
associated with superparasitism which has been 
modelled by several workers examining reproduc- 
tive strategies which maximize the rate of fitness 
gain over time. Charnov and Skinner (1984) and 
Skinner (1985) considered superparasitism as a 
problem analogous to the optimal prey and patch 
problems in classical foraging theory (Stephens and 
Krebs 1986). While a very important step, this ap- 
proach does not explicitly acknowledge the  influ- 
ence of other foraging females on the optimal re- 
productive strategy of a particular ovipositing fe- 
male. To examine this, an explicitly game theoretic 
approach is required. Parker and Courtney (1984) 
used such an approach in their study of superpara- 
sitism. They assumed two classes of females existed, 
those that attack unparasitized hosts and those 
that attack previously parasitized hosts. Again, 
while an important advance, this model is limited 
in that it does not consider the more realistic bio- 
logical situation of a female encountering both par- 
asitized and unparasitized hosts. One consequence 
of this is that the Parker and Courtney model never 
predicts that a female should refrain from super- 
parasitism. This occurs because one class of female 
oviposits exclusively on parasitized hosts and thus 
will never be selected to abandon its only reproduc- 
tive channel. 

Because of the limitations of existing models 
of superparasitism, we first develop a new model 
of superparasitism before examining the evolution 
of ovicide. This model is structurally similar to that 
of Parker and Courtney (1984), but also incorpor- 
ates some ideas from Skinner (1985). Initially, we 
define and defend the currency we use in the opti- 
mization procedures to approximate Darwinian fit- 
ness followed by an examination of superparasit- 

ism where members of the first and second clutches 
are assumed to have identical competitive effects 
on each other. We then relax the unrealistic as- 
sumption of first and second clutch equivalency, 
and conclude this section with the incorporation 
of ovicidal behavior. 

Choice of currency 

Optimization models rely on the assumption that 
natural selection acts to maximize fitness even 
though in practice it is often assumed that a simpler 
quantity such as the rate of energy gain over time 
is equivalent to this. Like previous models we too 
assume that selection will act to maximize the rate 
of fitness gain over time where fitness is a function 
of the number and quality of offspring produced 
by a searching parasitoid female. We believe this 
is a realistic currency for parasitoids which are lim- 
ited by their ability to find and handle hosts. How- 
ever, other workers have realized that if a parasi- 
toid is limited by the number of eggs available for 
oviposition rather than time, then rate of gain of 
fitness over time will not be an appropriate cur- 
rency (Parker and Courtney 1984; Iwasa et al. 
1984; Godfray 1986). Alternative currencies in 
clutch models without superparasitism have been 
examined with the results suggesting that conclu- 
sions based on the assumption of time limitation 
will be qualitatively, but not quantitatively, true 
for egg limitation (Godfray 1987 a). 

Superparasitism assuming equivalence of clutches 

Consider a rare individual which lays x eggs on 
an unparasitized host and y eggs on a previously 
parasitized host in a population composed almost 
exclusively of individuals with the strategies x* and 
y*. Throughout the text we refer to clutches laid 
on unparasitized hosts as first clutches and clutches 
laid on parasitized hosts as second clutches. We 
assume that a proportion p of all hosts encountered 
by wasps are previously parasitized and that the 
probability of a host attacked by a wasp being 
itself subsequently superparasitized is q. It is as- 
sumed that the probability of a third attack is 
small. Let g be the encounter rate with hosts and 
F(x) and F(y) the fitness of the x eggs and y eggs 
on unparasitized and parasitized hosts respectively. 
The parasitoid will be selected to seek a strategy 
pair {x, y} which maximizes its fitness when played 
against a population using strategy {x*, y*}. With 
Was the fitness of the mutant  we seek 



max { W [(x, y), (x*, y*)]} 

=max{g ( (1 -p )  xF(x)+pyF(y))}  x>O,y>O (1) 

The encounter rate g will depend on both the abun- 
dance of hosts in the environment and the amount 
of time spent in oviposition. If (z) is the average 
time it takes to find one host and t(x) and t(y) 
the time it takes to lay x and y eggs, the average 
amount of time spent finding and ovipositing on 
one host will be (z+(1-p)t(x)+pt(y)).  The en- 
counter rate will be proportional to the reciprocal 
of the time spent finding and ovipositing on an 
average host 

g =g(x,  y)oc 1/(z +(1 --p) t(x) +p  t(y)) (2) 

We define f(z) as the fitness of a larva on a host 
with a total of z larvae. Initially, we assume that 
members of the first and second clutches have 
identical competitive effects on the other members 
of the clutch. Under  these conditions the fitness 
functions F(x) and G(y) are 

F (x) = (1 - q) f (x) + qf (x + y*) 
F(y) = f ( x *  + y) 

(3 a) 

(3b) 

Note that the mutant  is rare and to a first approxi- 
mation is superparasitized by, and superparasitizes, 
a wild type wasp. 

Since the optimal strategy {x, y) depends on 
the strategy adopted by the rest of the population 
{x*, y*}, we seek the Evolutionarily Stable Strategy 
(ESS) that cannot be bettered by a mutant  strategy, 
that is, if {x*, y*} is an ESS then 

w[(x*, y*), (x*, y*)] 

- WE(x, y), (x*, y*)] __0 x_>O,y_>O (4) 

for all x 4: x*, y 4 = y*. As long as the non-negativity 
conditions are not violated, the optimal strategy 
set can be found by differentiation of the fitness 
function which gives the conditions 

OWl(x, Y)'~ x(X*' y*)] . . . .  

~W[(x, Y)'ay(X*' y*)] y=,. = 0 (5) 

In addition, for the solution to be a maximum, 
it is required that the second derivatives, evaluated 
at the same point, are negative. Applying this meth- 
od to equation (1) gives the simultaneous equations 

g (x, y) {(1 - p) IF (x) + x F~' (x)] } 

+ g;r (x, y) {(1 --p) x F (x) + p yF (y)} = 0 (6 a) 
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g(x, y) ((p) IF(y) + yF~ (y)]} 

+ g'y(x, y) {(1 - p) xF(x) + pyF(y)} = 0 (6 b) 

with everything evaluated at x = x* and y = y*, and 
where primes denote derivatives and subscripts the 
variables with respect to which the derivatives are 
taken. These equations will normally have to be 
solved iteratively. For numerical examples we fol- 
low the example of Parker and Courtney (1984) 
and assume t(x)=tx and t(y)=ty, i.e. it takes a 
constant amount of time, t, to produce an egg re- 
gardless of circumstances. We also assume that the 
relationship between larval fitness and the number 
of larvae on a host (z) can be described by the 
function 2 -exp(mz)  where m is a constant. Under 
this assumption larval fitness declines at an acceler- 
ating rate, becoming zero at a clutch size of In 2/m. 
This assumption is reasonable for parasitoids 
(Parker and Courtney 1984) although Ires (1988) 
has indicated that the predictions of this type of 
model can be influenced by the functional choice 
off(z). A series of numerical explorations indicated 
that the results for the numerical exploration pre- 
sented in this section and the sections to follow 
on clutch nonequivalence and ovicide are represen- 
tative for the fitness function 2-exp(mz) .  Predic- 
tions of the model include: 

1. The superparasitizing female should lay 
fewer eggs on the host than the first female. As 
found in previous models, this prediction results 
from the reduction in quality of a host that already 
contains larvae that will compete with the second 
clutch. 

2. Increased search time (z larger) leads to an 
increased clutch size. This prediction, again com- 
mon to previous models of superparasitism, results 
from a long search time increasing the value of 
investing more time per host. 

3. An increase in the proportion of superpar- 
asitized hosts that a wasp encounters (increased 
p) leads to larger clutch sizes on both fresh and 
parasitized hosts (Fig. 1). To see why this occurs, 
consider a parasitoid deciding whether to lay an 
additional egg on a host. Opposing the benefit of 
another offspring is the cost in time spent oviposit- 
ing that otherwise could be spent searching for a 
new host. This cost will be reduced as the expected 
quality of a new host decreases (because of the 
greater probability it will be superparasitized) lead- 
ing to larger clutch sizes for both first and second 
clutches. 

4. An increase in the probability of subsequent 
superparasitism (larger q) decreases the size of a 
first clutch and increases the size of a second clutch 
(Fig. 1). An increased probability of subsequent su- 
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Fig. 1. The effects of either increased probability of subsequent 
superparasitism (q varies, p=0.33: fine line) or increased en- 
counter rate with previously parasitized hosts (p varies, q = 0.33: 
heavy line) on the size of first clutches laid on unparasitized 
and second clutches laid on parasitized hosts (model as de- 
scribed in the text with t/z=0.1; m=0.023) 
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Fig. 2. Plot of the ratio of first and second clutches (y/x) as 
a function of the frequency of superparasitism (q/(1-p);  p=q). 
Line a, t /v= 1; line b, t/v=O.l; line c, t/v=0,01 (model as de- 
scribed in the text with m = 0.023) 

perparasitism reduces the value of a fresh host and 
leads to smaller clutch sizes on unparasitized hosts. 
However, this reduction in first clutch size increases 
the value of a parasitized host leading to larger 
second clutches. 

5. Changes in the proportion of superparasit- 
ized hosts encountered and the risk of subsequent 
superparasitism are likely to increase together. Set- 
ting p = q (Fig. 2), the overall  effect of increased 
superparasitism is an increase in the relative size 
of the second clutch. The reason for this can be 
seen by noting that in Fig. 1 the greatest response 
to a change in either p or q was a reduction in 
the size of the first clutch as the risk of subsequent 
superparasitism increased. 

6. Superparasitism always occurs. Avoidance 
of superparasitism never occurs with the assump- 
tions of this model. As the availability of unparasit- 
ized hosts increases clutch size falls and ovipositing 
on parasitized hosts is less favored. However, be- 
cause clutch size is concomitantly falling on unpar- 

asitized hosts, laying a few eggs on parasitized 
hosts is always favored. 

Superparasitism assuming non-equivalence 
of clutches 

Obviously, a failure of the previous model as well 
as that of Parker and Courtney (1984) is that nei- 
ther predicts when a female should refrain from 
conspecific superparasitism. Yet, there are numer- 
ous reports of parasitoids rejecting parasitized 
hosts, particularly when unparasitized hosts are 
abundant  (Waage 1986). The optimality model of 
Skinner (1985) does predict the avoidance of super- 
parasitism but  does not address the interdepen- 
dency of first and second clutch sizes. 

The most unrealistic portion of the previous 
models is that first and second clutches are as- 
sumed to be equivalent. Biologically, equivalence 
of first and second clutches would be expected if, 
for example, the two females oviposited simulta- 
neously. However, it would be more realistic to 
expect that a parasitized host would be encoun- 
tered by a second female sometime after oviposi- 
tion by the first female. This would usually result 
in a superparasitizing female's clutch being at a 
competitive disadvantage due to the existing clutch 
hatching first and consuming a portion of the avail- 
able resource. Thus, the advantage of the first 
clutch will often depend on the time between suc- 
cessive ovipositions, 

To take into account the non-equivalence of 
first and second clutches we weight the detrimental 
effects of a member of the first brood on the second 
brood by a factor # (#>1)  and the effects of a 
member of the second brood on the first by 
(n < 1). Thus, defining f~ as the fitness of an off- 
spring laid in the first (i = 1) or second (i = 2) clutch, 
f l (x ,  y) becomes f ( x + n y )  and fz(x, y) becomes 
f ( # x  + y) and equations 3 a and 3 b become 

F (x) = (1 -- q)f  (x) + qf  (x + n y*) (7 a) 

F(y) = / ( # x *  + y) (7b) 

For  numerical exploration we used the same func- 
tions as in the previous model. Predictions assum- 
ing non-equivalence include: 

1. The ratio of the size of the first clutch to 
the second clutch drops as the competitive advan- 
tage of the first clutch increases. The drop in the 
ratio is due primarily to a drop in the size of the 
second clutch though there is also a smaller rise 
in the size of the first clutch. As the competitive 
advantage of the first brood increases and the fit- 
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Fig. 3. The effect of travel time (z, t = 1) and the competitive 
advantage of the first clutch (#, ~ = 1/#) on the threshold below 
which superparasitism is no longer selected. (model as described 
in the text with p = q = 0 . 3 3 ;  number  of larvae per h o s t = 4 0 ;  
m=0.023) 

hess of superparasitizing larvae drops, it becomes 
unprofitable to spend much time adding eggs to 
previously parasitized hosts that will develop into 
low fitness wasps. The drop in the size of the second 
clutch depends only slightly on the frequency of 
superparasitism. 

2. When the advantage of the first clutch 
reaches a threshold value, superparasitism is no 
longer selected. The larger the first clutch advan- 
tage, the lower the threshold value for selection 
against superparasitism. 

3. The no superparasitism threshold drops as 
travel time increases. The threshold initially drops 
quickly but then asymptotes as travel time gets 
large (Fig. 3). This occurs because the amount of 
time spent on the host becomes negligible when 
travel time is large. Further increases in travel time 
have no effect on the parasitoid's decision. 

Superparasitism and ovicide 

As before, we study a rare mutant  which lays x 
eggs on unparasitized hosts, and y eggs on parasit- 
ized hosts but now destroys k eggs of any clutch 
already present on the host before laying a clutch 
of its own. The remainder of the population 
pursues the strategy {x*, y*, k*}. For  the strategy 
{x*, y*, k*} to be an ESS 

W[(x*, y*, k*), (x*, y*, k*)] 
- W[(x,  y, k), (x*, y*, k*)] > 0  
x >_0, y>_O, x___k>_0 (8) 

for all x:#x*, y~=y*, k~=k*. Assuming ovicide is 
time consuming, it will decrease the encounter rate 
since time spent destroying eggs is time lost to 
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searching. If it takes s(k) time to destroy k eggs, 
the encounter rate (equation 2) now becomes 

g = g (x, y, k) oc 1/(~ + (1 - p) t (x) + p (s (k) + t (y))) (9) 

The fitness of the mutant  W[(x, y, k), (x*, y*, k*)] 
is now 

W [(x, y, k), (x*, y*, k*)] = g {(1 -p) [ (1  - p ) .  x . f  (x) 

+ q. ( x -  k*) . f (x  - k* + ny*)] 

+ p[y . f(#(x* - k)) + y]} (10) 

The right hand side of this equation is composed 
of three terms: (1) the fitness gains from ovipositing 
on an unparasitized host that is not subsequently 
superparasitized, (2) an unparasitized host that is 
subsequently superparasitized and where some 
eggs of the first clutch are destroyed, and (3) a 
parasitized host where k of the eggs of the first 
clutch are killed. The solution to Eq. (8) can some- 
times be solved by differentiation of the fitness 
function but when the ESS number of eggs de- 
stroyed is a boundary value (k = 0 or k = x), numeri- 
cal methods must be employed. Predictions for the 
ovicidal model include: 

1. Ovicide is more likely to occur when the time 
necessary to kill eggs is short. Ovicide competes 
for time with other activities, so the less time it 
takes, the more likely it is to occur. 

2. If it takes the same amount of time to de- 
stroy an egg regardless of the number previously 
destroyed (i.e. s(k)=sk), the model predicts that 
the wasp will either destroy all or none of the pre- 
vious clutch. However, if it takes longer to destroy 
successive eggs in the clutch then partial destruc- 
tion of the clutch will occur. Biologically, "all or 
none" ovicide might occur if the first clutch is read- 
ily apparent to a superparasitizing female while 
partial destruction might occur if the first clutch 
must be searched for. 

3. The frequency of ovicide will increase as 
travel time or the proportion of parasitized hosts 
increase. A wasp encountering a parasitized host 
and first clutch must weigh the benefits of investing 
time in ovicide against the cost in time which other- 
wise could be spent searching for unparasitized 
hosts. As travel time increases, the percentage of 
time with hosts declines, shifting females toward 
maximizing fitness per host and in turn favoring 
ovicide. Increased travel time associated with a 
scarcity of hosts, an increasing proportion of par- 
asitized hosts associated with a scarcity of hosts, 
or an increasing proportion of parasitized hosts 
among all hosts encountered all act to increase the 
benefits of ovicide and superparasitism. 
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Fig. 4. The effect of travel time (z, t = 1) and the competitive 
advantage of the first clutch (/~, ~ = 1//t) on superparasitism and 
ovicide. In the absence of ovicide, superparasitism will be se- 
lected in the parameter space to the left of the heavy line. Super- 
parasitism is favored by a low advantage to the first clutch 
and long travel time. The time it takes to destroy k eggs is 
assumed to be sk, i.e. s(k) is linear. Ovicide is predicted, for 
a particular value of s, below the respective fine line. Ovicide 
is favored by short kill times (low s), long travel times and 
high first clutch advantage. These results were obtained from 
numerical analysis of equation (10) with p = q = 0 . t 5  and 
m=0.17 

4. Increasing the competitive advantage of the 
first clutch increases the liklihood of ovicide. The 
interaction between travel time and the advantage 
to the first clutch is illustrated in Fig. 4. For  differ- 
ent combinations of travel time and first clutch 
advantage, superparasitism with ovicide, super- 
parasitism without ovicide and the absence of su- 
perparasitism are predicted. 

5. Alternative ESSs may occur. When clutch 
sizes are small, so that the progeny of a clutch 
must be considered as integer values, then popula- 
tions of ovicidal and non-ovicidal parasitoids may 
be uninvadeable by rare mutants of the alternative 
type. Areas of parameter space in which alternative 
ESSs occurred appeared along the boundaries be- 
tween regions when pure ovicidal and non-ovicidal 
behavior was predicted. When the probability of 
superparasitism was low these areas were narrow 
but increased significantly when superparasitism 
became common. 

The reproductive strategy of Bracon hebetor 

In this and the sections to follow we present some 
experimental results on the ovicidal behavior of 
B. hebetor. After briefly describing the biology of 
this parasitoid, we present the relationship between 
adult survival and size, and the size of clutch within 
which it developed. We then show the advantage 
of a first clutch in competition with a second clutch 
increases markedly with the time between oviposi- 

tion, demonstrating the importance of not assum- 
ing first and second clutch equivalency. Lastly, in 
examining the superparasitism model with ovicide, 
we test the prediction that the frequency of ovicide 
will increase with the time between ovipositions 
and the frequency of encounter with parasitized 
hosts. 

Reproductive biology of B. hebetor 

B. hebetor is a facultatively gregarious ectoparasi- 
toid of several species of Lepidoptera, particularly 
stored product moths in the family Pyralidae 
(Ulyett 1945; Hagstrum and Smittle 1978). Host 
larvae such as Plodia and Ephestia (=  Cadra) live 
gregariously in stored grains, often building to very 
high densities in warehouses. B. hebetor parasitizes 
hosts over a range of sizes with clutch size increas- 
ing with host weight (Benson 1973). Thus, patches 
of host resource vary in the number and the size 
of hosts available. Average sized females with head 
capsules 0.5-0.6 mm in diameter have a large life- 
time fecundity of 300-350 eggs but a limited daily 
fecundity of 15-30 eggs (Ulyett 1945; Hagstrum 
and Smittle 1978). In addition, females require 3- 
8 h to oviposit per host, thus they may be consid- 
ered both egg and time limited. 

Females parasitize hosts by first injecting sub- 
cutaneously a small quantity of venom which in- 
duces complete paralysis in 15 min (Pick et al. 
1978). After a minimum period of 30 min for host 
examination the female oviposits, placing the eggs 
in one or two aggregations between the host and 
the substrate. Mean clutch size for B. hebetor par- 
asitizing ca. 20 mg Plodia interpunctella fifth instars 
varies from 4-16 depending on encounter rate. The 
eggs hatch in 68-72 h at 25 ~ C, and the host is 
consumed in ca. 72 h. Since the eggs of B. hebetor 
are laid loosely beneath the host larva, they are 
easily moved using forceps or a paint brush. This 
allows the creation of clutches of any size. 

For many parasitoids there is a negative rela- 
tionship between primary clutch size and measures 
of progeny fitness such as survival, size and fecun- 
dity on hosts of similar quality (Waage 1986). This 
too is seen for B. hebetor. In Fig. 5 B. hebetor sur- 
vival and adult size, as measured by head capsule 
diameter, are plotted against increasing primary 
clutch sizes laid on 19-21 mg Plodia interpunctella 
fifth instar larvae. Both mean survival (Fig. 5 a) and 
adult size (Fig. 5b) fall monotonically with the 
clutch size laid by the female. Thus for B. hebetor, 
fitness gain per host of a given quality and individ- 
ual progeny fitness will be influenced by the 
number of parasitoid eggs present. 
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width. A minimum of 20 replicates were performed for each 
clutch size tested 

The effect of the time interval between ovipositions 
on B. hebetor clutch survival 

As outlined in the first model for superparasitism, 
it is assumed that the quality of a parasitized host 
is lower due to the presence of another clutch. As- 
suming competitive equivalence of clutches pro- 
duced by different females, simultaneous oviposi- 
tion by two females would be analogous to the 
effects of increasing the primary clutch as presented 
in Fig. 5. That is, an increase in the number of 
eggs per host would have a negative effect on sur- 
vival and size of all progeny regardless of whether 
the eggs were laid by one or more females provided 
all of the eggs were oviposited simultaneously. 
However, the decline in progeny fitness with prima- 
ry clutch size presented in Fig. 5 likely underesti- 
mates the competitive disadvantage of a second 
clutch if a significant period of time elapses between 
first and second clutch oviposition. Examining this 
disadvantage experimentally is difficult or impossi- 
ble for most gregarious parasitoids because of the 
inability to distinguish progeny from the two 
clutches and the difficulty of manipulating clutch 
size. However, the ectoparasitic habit, ability to 
manipulate clutch size, and the existence of several 
mutant  varieties (Whiting 1961) allow such experi- 
ments to be performed with B. hebetor. To examine 
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Table  1. Mean clutch size, development time and emerging 
progeny size for the Lure and Cho strains of B. hebetor 

Lure Cho 

Clutch size •  9.5 +0.52 9.9 +0.45 
Development time (days) -}-SE b 13.1 +0.05 13.2 -+0.04 
Adult head capsule diameter 0.55 • 0.03 0.56 4- 0.04 

+_SE (mm) b 

" Mean clutch sizes are for those produced by 7 day old mated 
females which had been allowed to oviposit on 1 host per day 
prior to the experiment, n = 20 wasps for each strain. The clutch 
sizes (t=0.65; d f = 3 8 ;  P>0.1) were not significantly different 
for the two strains; 
b Development time for the progeny is from time of oviposition 
until adult emergence. Data for development time and adult 
size (as measured by head capsule diameter) was for a primary 
clutch size of 10 eggs reared on 19-21 mg P. interpunctella fifth 
instars at 27 ~ C and 70% RH. Data are for the progeny pro- 
duced from 12 hosts. Neither development (t= 1.06; df=249;  
P>0.1) nor adult size (t=1.02; df=249;  P>0.1) were signifi- 
cantly different for the two strains 

the competitive advantage of a first clutch over 
a second clutch in B. hebetor, the following study 
was conducted. 

Materials and methods 

To distinguish the progeny of first and second clutches, wild 
Lumberton (Lure) variety B. hebetor were compared to the eye/ 
body color mutant eantelope-honey (Cho) (Whiting 1961). Cho 
wasps are readily distinguished from Lure wasps by their pale 
red eyes and tan body color. Preliminary study found no differ- 
ences in the clutch sizes, development time from oviposition 
to adult emergence, or adult size between the two strains when 
reared under equivalent conditions (Table 1). Both strains were 
maintained in glass culture tubes and fed a 50% honey solution 
daily while P. interpunctella larvae were maintained in 41 glass 
jars filled with crushed wheat. 

To examine the survival of first and second clutches, 5 
day old mated Lure and Cho females were placed individually 
into 5 cm petri dishes and presented uniform fifth instar P. inter- 
punctella larvae weighing 19-21 mg. The precise time of oviposi- 
tion for each female was recorded. Following oviposition the 
eggs were removed with forceps, and the paralyzed hosts 
weighed. After weighing, different numbers of Lure and Cho 
eggs laid at different times were placed on hosts. Small (4 eggs 
first clutch, 4 eggs second clutch), medium (10 eggs first clutch, 
10 eggs second clutch) and large (20 eggs first clutch, 20 eggs 
second clutch) first and second clutches laid 0, 12, 24, or 48 h 
apart were examined. To assure that competitive asymmetries 
not detected in preliminary studies did not bias the results, 
reciprocal experiments were conducted for each clutch and time 
combination. A minimum of ten replicates were conducted for 
each treatment. 

Results 

g2-analyses (~=0.05) of the clutch survival fre- 
quency for each reciprocal experiment revealed no 
differences in outcome regardless of which strain 
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Fig. 6. Relationship between B. hebetor first and second clutch 
survival and the time between oviposition for starting clutches 
of a. 4, b. 10 and c. 20. First and second clutches were equal 
in size for each experiment, and a minimum of 20 female pairs 
were tested for each clutch size and time between oviposition 
interval 

made up the first and second clutch. Thus, data 
for the experiments were pooled. The data pre- 
sented in Fig. 6 indicate that an age difference be- 
tween the two clutches resulted in a large competi- 
tive advantage for the first clutch. With the excep- 
tion of a small (4) first clutch, the survival of the 
second clutch was less than 10% with any temporal 
penalty. In the case of small clutches of 4 eggs, 
the second clutch usually survived because the 
amount of resource available in a 19-21 mg host 
exceeded the amount of resource the first clutch 
could consume. 

However, even with these small clutches the 
second clutch did not usually survive if the time 
between ovipositions was 48 h. In this case even 
though the first clutch did not consume all of the 
host, the remaining host contents desiccated before 
the second clutch had fed sufficiently to complete 
larval development. First and second clutches were 
similarly affected when clutch ages were the same 
(i.e. simultaneous oviposition). However, survival 
of first clutches of 4 and 10 were unaffected when 

a younger second clutch was present. There was 
a small but  significant difference in first clutch sur- 
vival when clutch sizes were 20 (z2-analysis, c~ 
= 0.05). No cannibalism was observed during para- 
sitoid development. Instead poor second clutch 
survival appeared to be due to completion of host 
consumption by members of the first clutch before 
members of the second clutch attained a minimum 
weight necessary for pupation. Similar observa- 
tions by Benson (1973) indicated that densities 
above 8 parasitoid larvae per Ephestia cautelIa host 
resulted in mortality attributable to scramble com- 
petition. 

Ovicide by B. hebetor 

With the variation in density that occurs with 
stored product Leipdoptera, it is likely that B. hebe- 
tot females encounter unparasitized and parasit- 
ized hosts while foraging. Superparasitism readily 
occurs in the laboratory (Rotary and Gerling 1972; 
Benson 1973), but more recent studies also indicate 
that B. hebetor females occasionally commit ovi- 
cide (Strand 1988a). Females encountering a pre- 
viously parasitized larva may reject it or proceed 
through a period of host examination and oviposi- 
tion. A prominant feature of examination is that 
females mount the host and repeatedly walk from 
one end to another, antennating while probing the 
ventral side of the host with the ovipositor. Since 
B. hebetor lay their eggs on the side of the host 
in contact with the substrate, females are only able 
to contact eggs with the ovipositor. If an egg of 
the first clutch is located, the female remains atop 
the host and thrusts with the ovipositor, punctur- 
ing all eggs that are contacted. To test whether 
travel time (i.e. encounter rate) and the proportion 
of parasitized hosts a female encounters influences 
ovicide and superparasitism, the following experi- 
ments were conducted. 

Materials and methods 

Newly emerged females were held together with males for 24 h 
before being separated into 20 cm plastic culture dishes and 
fed a 50% honey solution. All females were 5 days old when 
experiments were initiated, and P. interpunctella fifth instars, 
weighing 19-21 mg served as hosts. 

Lum B. hebetor females were exposed to conditions asso- 
ciated with different rates of encounter with parasitized and 
unparasitized hosts as follows. To simulate different encounter 
rates, females were presented 1 host per i2 h (2 hosts/day), I 
host per day, or 1 host per 3 days. To simulate different levels 
of previous parasitism at each encounter rate, females encoun- 
tered either 3 parasitized hosts for every unparasitized host or 
3 unparasitized hosts for every parasitized host. Females were 
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presented hosts by placing them in 5 cm culture dishes contain- 10- 
ing an unparasitized or parasitized host. All parasitized hosts 
used in the study were parasitized by females not used in the ~_ s- o 
experiments. The first clutches present on parasitized hosts were -~ 6- 
12 18 h old when exposed to the second female, and for con- 
sistency first clutch size was 10 eggs, a typical size for B. hebetor ~ ~. 
ovipositing on ca. 20 mg hosts. The position of each egg in ~ 
the first clutch was noted so that after oviposition by the second g 2- 
female any eggs of the first clutch that were not killed could ~_ 
be distinguished from the clutch of the second female. All experi- 0 
ments were initiated when the female encountered the host and a 
were terminated when the female left the host for 15 min. During 
oviposition, females occasionally dismounted the host and wan- 
dered a short distance only to quickly return and continue the 10c 
oviposition sequence. While choosing a 15 min absence from 
the host was arbitrary, it was a reliable measure of when ovipo- 8c 
sition was completed. Females were observed at 15 rain inter- 
vals from the time of host encounter until the host was rejected ~c 
or oviposition was completed. Thus, absence of a female from ~0 
a host over two consecutive observation periods terminated 
an experiment. A total of 20 wasps were observed for each zz 
encounter rate and parasitized host combination. 

Results 

1 
u 
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e 40 
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b P 

U U U U 

Host order 
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[ ]  1 host/day 
[ ]  1 host/3dczys 
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This experiment compared the frequency of super- 
parasitism and ovicide for wasps encountering 
hosts of different quality (parasitized and unpar- 
asitized) and at different rates. Figure 7 presents 
the percentage of parasitized hosts in which B. he- 
betor killed some or all of the eggs in the first 
clutch. Qualitatively, the trend was that the 
number of females killing eggs of a first clutch was 10- 

1 
higher when the encounter rate and availability of -~ 8, 
unparasitized hosts was low. At each encounter 
rate, over 80% of the females killed some or all ~ 6 
of the first clutch for the first parasitized host en- ~ ~ 
countered. However, the number of females subse- 
quently commiting ovicide depended upon the en- { 2 
counter rate and availability of unparasitized hosts. 0 
For example, females encountering 2 hosts per day a P 
with 3 of every 4 hosts encountered being unpar- 
asitized almost never killed eggs of the first clutch 
after the first day. In contrast, females encountering 
1 host per 3 days with 3 of every 4 hosts encoun- t~,[ 
tered being parasitized usually killed eggs of the ~s0tN 
first clutch and superparasitized. Of particular note ~ ] N ~  6~ 
was that when encounter rates with parasitized 
hosts were high, the number of females that killed ~ 40][~ 
dropped after an encounter with an unparasitized ~ 2o qNI 
host, but as females encountered additional par- tN 
asitized hosts the tendency to kill progressively 0 p 

h rose until yet another unparasitized host was en- 
countered. 

Not  all females that commited ovicide killed 
all 10 eggs of the first clutch (Fig. 8). As mentioned, 
B. hebetor lay their eggs in an aggregate beneath 
hosts. If the aggregate was located by the second 
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Fig. 7a, b. The percentage of B. hebetor females that killed eggs 
of a first clutch under different encounter rates and where: a 
unparasitized hosts are more abundant than parasitized hosts, 
and b parasitized hosts are more abundant than unparasitized 
hosts. Twenty females were tested for each encounter rate 
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Fig. 8a, b. The mean number of eggs killed +_SE in the first 
clutch by B. hebetor females under different encounter rates 
and where: a unparasitized hosts are more abundant than par- 
asitized hosts, and b parasitized hosts are more abundant than 
unparasitized hosts. Twenty females were tested for each en- 
counter rate 
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Table 2. Mean clutch sizes laid by second females on parasitized 
hosts under different rates of host encounter S 

Host order Females not killing 

Mean clutch Mean clutch Number of 
_+ SD (n) of _+ SD (n) of encounters 
females after females that where females 
killing all or did not kill did not kill 
part of the but did or super- 
first clutch superparasitize parasitize 

3 Unparasitized 

1 parasitized 

2 hosts/day 6.0 (1) 4.7 • 2.2 (23) 23 
1 host/day 8.7___5.2 (14) 9.6• (35) 35 
1 host/3 day 9.6___4.7 (44) 6.8• (12) 4 

3 Parasitized 

1 unparasitized 

2 hosts/day 6.5_ 2.8 (22) 5.1 • 2.6 (35) 4 
1 host/day 7.6___4.5 (23) 6.4___3.4 (36) 1 
1 host/3 days 8.8 • (40) 7.1 • 3.8 (17) 3 

" Values exclude the first host encountered (parasitized) and 
include the next 3 parasitized hosts encountered subsequentiy 
(see Fig. 7 for percentage of females that killed eggs of a first 
clutch at each encounter rate) 

female, she repeatedly thrust her ovipositor into 
the aggregate, but sometimes failed to puncture all 
of the eggs. Mean kill times for all females was 
58.9_+ 25 SD min, but because the first clutch was 
concealed and aggregated, it was difficult to assess 
whether the rate of killing changed. After killing, 
females laid second clutches which were smaller 
at high encounter rates (2 hosts/day) than at low 
encounter rates (1 host/3 days) (Table 2). 

Females that did not kill under the different 
conditions usually superparasitized when en- 
counter rates were low, but often rejected the host 
completely when 2 hosts were encountered per day 
(Table 2). Like females that killed, those females 
that did not kill but that superparasitized followed 
the trend of laying smaller clutches when host en- 
counter rates were highest. 

Discussion 

In the first part of this paper, we develop a model 
for superparasitism, building on and synthesizing 
the work of previous authors. Undoubtedly, our 
model could be substantially improved by the addi- 
tion, for example, of a dynamic element that recog- 
nizes that the proportion of hosts parasitized, and 
the risks of superparasitism, will vary over time. 
Such improvement, however, would necessitate a 

more complicated model. The purpose here was 
to construct a minimally complicated model that 
provides predictions which can be examined exper- 
imentally. We have concentrated on the qualitative 
rather than quantitative predictions of the model 
in our experimental efforts. 

Although early workers suggested that super- 
parasitism was maladaptive (Huffaker 1971), an in- 
creasing body of literature supports the concept 
that superparasitism is not necessarily disadvanta- 
geous (Waage 1986; Strand 1986). The laying of 
smaller clutches on parasitized hosts has been re- 
ported for several gregarious parasitoids (Wylie 
1965; Suzuki et al. 1984; van Dijken and Waage 
1987) as has the increased tendency to reject par- 
asitized hosts when unparasitized hosts are abun- 
dant (van Lenteren and Bakker 1975; Klomp et al. 
1980; van Alphen and Nell 1982). Superparasitiz- 
ing females may also show preferences for hosts 
containing the fewest eggs (Bakker et al. 1972; van 
Lenteren and Debach 1981). Since first clutch ad- 
vantage is a function of time of oviposition and 
size, these data suggest that some parasitoids may 
be able to assess the relative first clutch advantage 
of the hosts available, and preferentially invest in 
those hosts for which the probability of second 
clutch survival is greatest. 

In this paper we also present models for the 
evolution of ovicide and test some model predic- 
tions with the parasitoid B. hebetor. B. hebetor 
clearly benefits from ovicide under certain condi- 
tions. The first clutch laid on a host by B. hebetor 
has a significant competitive advantage over a sec- 
ond clutch. Patterns of superparasitism and ovicide 
in B. hebetor are in qualitative agreement with the 
major predictions of the model. Most notably, ovi- 
cide increases in frequency with an increase in time 
between host encounters, and with an increase in 
the proportion of hosts encountered being parasit- 
ized. 

Infanticide and ovicide might be expected to 
occur under conditions where resources are limited 
and competition between clutches or individuals 
is intense (Smith and Lessells 1985). Obviously, 
such a situation exists for some parasitoids, partic- 
ularly when an encountered host is parasitized. The 
advantages of ovicide are clear; killing the eggs 
in the first clutch eliminates competitors which 
would preempt resources otherwise available to a 
second wasp's own progeny. Yet, ovicide is an in- 
frequently reported phenomenon in parasitoids. 
The life history assumed in our model and indeed 
the life history of B. hebetor, are shared by many 
other parasitoids. So why is ovicide not more com- 
mon 9 
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We suggest several reasons. First, the scarcity 
of records of ovicide may be due to the lack of 
appropriate observations and experiments. Numer- 
ous studies have been conducted with B. hebetor, 
yet ovicide has not been reported until now. Sec- 
ond, ovicide may be selectively advantageous, but 
impossible due to the constraint of not being able 
to eliminate the first clutch. For example, endopar- 
asitoids lay their eggs into the hemocoel or into 
specific internal organs of their host. It is unlikely 
that an endoparasitoid could destroy a first clutch 
using physical means like B. hebetor. Many endo- 
parasitoids inject venoms and other factors into 
hosts at oviposition which could adversely affect 
progeny already present (Strand 1986). However, 
it is difficult to envisage a selective factor which 
would kill the first clutch but have no effect on 
any other clutch subsequently oviposited. Al- 
though we recognize that it is probably easier to 
detect ovicide in ectoparasitoids, we would predict 
that it is more common in parasitoids like B. hebe- 
tot which have access to a first clutch. Indeed, in 
our efforts to locate other examples of ovicidal be- 
havior, the few instances found were for ectoparasi- 
toids in the families Bethylidae (Clausen 1940; 
Goertzen and Doutt  1975) and Ichneumonidae 
(Price 1970). Lastly, if a wasp tends to rediscover 
hosts previously parasitized by itself yet is unable 
to distinguish them from hosts parasitized by con- 
specifics, the risks of destroying one's own eggs 
may counter any advantage of ovicide itself. Al- 
though there is limited evidence that parasitoids 
may be able to recognize self and conspecifically 
parasitized hosts (Hubbard et al. 1987), many other 
studies find no supporting evidence for parasitoids 
being able to directly do so (Bakker et al. 1985; 
van Dijken and Waage 1987; Strand 1988a, 
1988b). 
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