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INTRODUCTION

The oviposition behavior of insect parasitoids has
been intensively studied because it should play a pro-
found role in host–parasitoid population dynamics and
because they are an excellent group of organisms as
models for testing evolutionary theory (Charnov, 1982;
Godfray, 1994; Ueno, 1999a; Hochberg and Ives, 2000).
Much attention has been paid to the issues of host
acceptance/suitability, clutch size and sex allocation,
and a number of environmental factors affecting such
behavior have been identified (Vinson and Iwantsch,
1980; Charnov, 1982; Waage and Godfray, 1985; van
Alphen and Visser, 1990; Godfray, 1994).  Less atten-
tion, however, has focused on variation of oviposition
behavior in parasitoids, and a number of questions have
been remained unsolved (Godfray, 1994; Heimpel and
Collier, 1996; Ueno, 1999b; Babendreier and
Hoffmeister, 2002; Ueno and Ueno, 2005).  A main ques-
tion that remains is factors affecting individual variation
of oviposition behavior.

Optimal foraging theory emphasizes the importance
of physiological state, i.e. egg load, hunger level, etc., in
determining variation of parasitoid behavior.  The robust
prediction of the theory is that female insects with
greater egg loads should express broader host ranges by
ovipositing on hosts of lower quality (Mangel 1987, 1989;

Godfray, 1994; Heimpel and Collier, 1996; McGregor,
1997).  In fact, egg load has recently been suggested to
influence the oviposition behavior of parasitoids
(Heimpel and Rosenheim, 1995; Heimpel et al., 1996;
Ueno, 1999b; Babendreier and Hoffmeister, 2002;
Burger et al., 2004).  These studies show that individual
variation in host acceptance behavior can relate to varia-
tion in egg load.  However, there are still a number of
open questions, and the validity of egg load effects
should be confirmed for other parasitoids with different
life history traits.

Here, we focus on host acceptance behavior of the
parasitoid wasp Itoplectis naranyae (Hymenoptera:
Ichneumonidae).  The parsitoid is widely distributed in
East and South East Asia (Townes et al., 1965) and is
commonly abundant in rice paddies where it attacks
several lepidopteran pests (Yasumatsu and Watanabe,
1965).  I. naranyae therefore plays an important role as
a natural enemy in the ecosystem of rice fields.  The
females parasitize host pupae and prepupae by laying
their eggs singly within them.  Female I. naranyae pro-
duces relatively large, yolk–rich anhydropic eggs con-
tinuously throughout the lifetime (Ueno and Ueno,
2004).  Thus, the female invests much material to eggs,
and the reproductive trait should lead to a flexible
behavioral decision in response to egg load.  It is how-
ever not known whether egg load affects oviposition
behavior of I. naranyae.

In this paper, experiments were designed to evalu-
ate the effects of prior host experience and egg load on
host acceptance decisions by I. naranyae.  Empty
hosts, i.e. host cocoons from which wasps of I.

naranyae had already been emerged, were used here.
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Oviposition behavior of parasitoids commonly varies among individuals even under controlled labo-
ratory conditions.  Some female parasitoids actively oviposit on many hosts whereas the others may show a
weak response to hosts, accepting only a fraction of hosts for oviposition.  Variation of egg load, i.e. the
number of mature eggs that a female carries, can be a major source of such behavioral variation among
female parasitoids.  In the present study, we assessed the effect of egg load versus prior host experience on
host acceptance behavior of Itoplectis naranyae, a major ichneumonid parasitoid wasp inhabiting in rice
paddies.  Here we used empty host cocoons (parasitized hosts after wasp emergence) to examine the
wasps’ responses to hosts that were not available for oviposition but contained useful host information to be
learnt.  More females that had oviposition experience attacked the test hosts than naïve females.
Experienced females carried more mature eggs than naïve females, suggesting that the difference in host
attack rate could be due to the difference either in egg load or in prior host experience.  A multiple logistic
regression analysis showed that egg load effect was significant while experience was not.  Females with a
greater egg load were more likely to attack hosts.  Thus, egg load was the sole factor affecting the wasps’
decision to attack empty hosts, and, at least in part, explained behavioral variation observed in I.
naranyae.  The importance of physiological state, i.e. egg load, in determining parasitoid foraging behavior
was discussed.
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Although empty cocoons cannot be used as an oviposi-
tion site, they contain information of the host and the
host–habitat cues, such as odors, physical features,
place etc.  Such host–associated information may be
useful for host searching females if they can learn.
Therefore, females may approach and attack empty
cocoons even if they are of no value as an oviposition
site.  Then, the behavioral response should depend on
the environment and physiological state of female
wasps.  By using empty host cocoons, we examined how
wasps’ behavior was flexible in response to environmen-
tal and physiological variables.  Based on the results, we
discuss the importance of egg load as a determinant of
parasitoid oviposition behavior.

MATERIALS AND METHODS

Parasitoid and host

A laboratory colony of Itoplectis naranyae was
established using adult parasitoids collected from
Fukuoka City, Japan.  Female parasitoids were placed
individually in plastic containers (7.5 cm in diameter,
5.5 cm in height), together with tissue paper saturated
with a honey solution.  The tissue paper was replaced
twice a week thereafter.  The containers were kept at
20±1 ˚C. 

The colony was maintained on pupae of a laboratory
host, greater wax moth Galleria mellonella (Linnaeus)
(Lepidoptera: Pyralidae).  Host cocoons containing fresh
pupae were presented to female I. naranyae in the
plastic containers.  Parasitized hosts were removed and
held at 20±0.5˚C until wasp emergence.  Newly emerged
wasps were paired and placed in the plastic containers
and maintained as mentioned above.

The greater wax moth was mass–read in plastic
boxes (20cm*30cm*5cm), bedded with a
wheat–husk–based artificial diet (wheat husk, honey,
bee wax, glycerin, and yeast).  Containers were kept in a
climatic camber, 25–35 ˚C and 60–80%RH.  Mature lar-
vae were collected and placed in a pupation camber in
order to obtain clean cocoons.  Collected cocoons were
stored in a refrigerator in order to prevent further devel-
opment.  It is possible to confirm pupation within
cocoons by color. 

Experimental procedures

From the fourth day to the eighth day from the
emergence of wasps, females were subject to
pre–experimental treatments.  Two female groups were
set up.  For one group, female wasps for testing were
given host experi–ence.  A female in the plastic container
was allowed access to two fresh host cocoons for two
hours.  Two cocoons were placed in a container at once,
where a female was kept.  Two hours later, host cocoons
were removed from the container.  This procedure was
repeated for five consecutive days; each female for test-
ing was allowed to experience a total of 10 host cocoons
during the pre–experimental period.  Females for
another group experienced no hosts during the
pre–experimental treatment.  Thus, naïve females were

prepared.
All experiments were taken place in a climate room

(25±5 ˚C).  The additional light source, a desk light, was
placed right above the experimental arena in order to
prevent biased wasps’ behaviors due to phototaxis.  The
same kind of the plastic container (7.5 cm in diameter,
5.5 cm in height) was used as the experimental arena.
Tests were taken place on the ninth day from the emer-
gence.  A female wasp was placed in a new container
prior to the test.  In this experiment, an empty cocoon
that considered relatively low in value was used as a
reward.  Cocoons from which wasps had already
emerged, thus empty, were collected from the
mass–rearing container at least one day prior to the
experiment. 

Test was initiated by presenting an empty host
cocoon for a female wasp in the container.  The direct
observations started immediately after host introduc-
tion.  Behavioral responses to the host were carefully
observed.  Whether or not the female attacked the host
was recorded.  Ovipositor drilling was regarded as ‘host
attack’, and this type of behavior meant that female
wasps accepted a host to see the suitability for ovipo-
sition.  The observation was terminated after 2 hours
from host introduction.  After the test, all females were
dissected under a microscope to count the number of
mature eggs in the ovary.  Forewing length was mea-
sured as an index of wasp size.  In all, 121 female wasps
were used for the experiment.  Statistical treatments
were made with the aid of JMP (SAS Institute, 1997). 

RESULTS AND DISCUSSION

The proportions of females that mounted and
attacked empty test hosts differed between the female
groups (Chi–squared test; N＝121, df＝1, x2＝6.62, P＝
0.010).  The majority of females with prior host experi-
ence (98.0 %) attacked test hosts whereas only 84.9% of
non–experienced females did so (Fig. 1).  The numbers
of mature eggs that test female wasps carried also dif-
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Fig. 1.  The effect of prior host experience on the proportions of
female wasps that attacked a test host during the obser-
vation.  The proportions differ significantly between the
groups (Chi–squared test; P＝0.01).



fered significantly between the groups (ANOVA; df＝1,
F＝82.29, P＜0.0001), and the experienced females had
greater egg load than naïve females (Fig. 2).  Wasp size,
measured with forewing length, did not differ between
the groups (ANOVA; df＝1, F＝2.26, P＝0.14).

A multiple logistic regression analysis was then
made.  The whole model obtained was highly significant
(N＝121, r2＝0.173, df＝2, x2＝13.51, P＝0.0012), and
the analysis showed that egg load had a significant effect
on wasps’ behavior but prior experience did not (Table
1).  Interaction between the two factors was not signifi-
cant (P＞0.05).  Accordingly, simple regression analyses
were performed to examine the relationship between
egg load and host attacking decision.  For the experi-
enced female group, no significant regression was
obtained simply because test females except one indi-
vidual attacked empty cocoons (Fig. 3a; df＝1, x2＝3.41,
P＝0.065).  For naïve females, a significant relationship
was detected between the egg load and the likelihood of
females attacking empty hosts (Fig. 3b; df＝1, x2＝3.89,
P＝0.049, also see Table 1).  Test females with more
than 4 eggs all attacked host cocoons while a high pro-
portion of females with a few eggs did not respond to
hosts presented.

Thus, our study has demonstrated that egg load is
involved in host acceptance behavior in I. naranyae,
and that females with a greater number of mature eggs
show a higher tendency to attack empty hosts.  The dif-
ference in host attacking rates between female groups
appears to be explained by the difference in egg load
between the groups.

Many species of female parasitoids that continue to
mature eggs throughout the lifetime feed on hosts to
gain nutrients required for egg production (Jervis and
Kidd, 1986; Heimpel and Collier, 1996).  Therefore,
there should be a clear link between host feeding and
egg production for such parasitoids.  This is the case for
I. naranyae (Ueno, 1998; Ueno and Ueno, 2004).  In
this situation, female I. naranyae that have previously

been presented with hosts (i.e. experienced females)
would use some portions of hosts for feeding purposes
and gain additional nutrients for egg production.  Such
females are likely to produce new eggs during the
pre–experimental period.  The group of experienced
females in fact carried more eggs than the naïve females
group (Fig. 2).  Then, prior host experience and egg
load should be mutually confounding.  The difference in
proportions of females attacking hosts (Fig. 1) might
arise from the difference in egg load or from prior expe-
rience with hosts. 

To separate the effects of the two confounding fac-
tors, we used a multiple logistic regression analysis.  The
analysis assessed that host acceptance by I. naranyae

was influenced by egg load and not by prior experience
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Fig. 2.  The effect of prior host experience on the number of
mature eggs that a female wasp held in the ovary.  The
mean numbers differ significantly between the groups
(ANOVA; P＜0.0001).  The data are shown as means ± SD.

Fig. 3.  Logistic regressions showing the relationships between egg
load and likelihood of females attacking a test empty host
(Above: naïve females, below: experienced females).  Also
see Table 1 for the result of a multiple logistic regression
analysis that evaluates the effects of host experience
versus egg load.

Table 1. Multiple logistic regression analysis for evaluating the
effect of prior host experience and egg load on the
likelihood of female wasps attacking a test host
during the observations

Egg load
Prior experience

The whole model constructed is highly significant (N＝121,
r2＝0.173, df＝2, x2＝13.51, P＝0.0012).  Interaction term is
not included because it is not significant.

Factors

6.89
0.33

x2

0.009
0.56

P values



(Table 1).  Simple logistic regression analyses also sup-
ported the result (Fig. 3).  The analyses demonstrated
that females were more likely to find and attack test
hosts during 2 hours observations, indicating that the
motivation to oviposit was higher in females with greater
egg load. 

Optimal host selection theory robustly predicts that
the decision to oviposit on a host should be linked to the
number of mature eggs that a female carries (Collier,
1995; Heimpel and Rosenheim, 1995; McGregor, 1997;
Burger et al., 2004).  This prediction was empirically
supported only for a few parasitoid species (Heimpel
and Rosenheim, 1995; Heimpel et al., 1996; Ueno,
1999b; Babendreier and Hoffmeister, 2002).  The pre-
sent study demonstrates that the prediction also holds
true for I. naranyae (Fig. 3).

An adaptive explanation for egg load effects is that a
female parasitoid should not be choosy about hosts
when she has many eggs because she may die before all
eggs are laid.  In contrast, a female insect should be
choosy about hosts and select to oviposit on high quality
hosts when she has relatively few eggs.  This is because
she may lose opportunities to oviposit on hosts of high
quality due to egg exhaustion after she has laid eggs on
hosts of low quality.  Likewise, females with a great egg
load should examine any type of hosts even if the hosts
are seemingly unsuitable for oviposition.  This is because
such hosts should contain a number of information that
can be useful for finding hosts that may be present adja-
cent areas.  Learning such information will enhance effi-
cacy of host searching thereafter.  In fact, female I.
naranyae learns host–associated information during an
attack of empty, seemingly no–value hosts (Ueno and
Ueno, unpublished).

Many researchers would notice that motivation to
oviposit differs among individual females: Some females
may show a broad host range in terms of host species
and types while the others may select to oviposit on a
limited range of hosts.  In other cases, females may lay
many eggs during a laboratory test but the others lay
only a few eggs.  In a laboratory condition in which many
variables can carefully be controlled, less variation in
oviposition behavior would be expected; in fact, one
would still find a considerable variation. 

Three major factors may be involved in behavioral
variation: Genetic elements, physiological and informa-
tional states (Lewis et al., 1990).  The experiments pre-
sented here were designed to evaluate the importance of
the two factors, i.e. experience (informational state) and
egg load (physiological state), in affecting the host
attacking behavior of I. naranyae females.  Our study
has identified an involvement of egg load.  Rapidity of
behavioral responses varies among test females, and egg
load difference explains at least in part the variation in
rapidity.  Until recently, most studies of foraging behav-
ior have made the simple assumption that egg supply of
foraging parasitoids is not limiting and that maximizing
oviposition rate per unit time was the best strategy for
them (e.g. Waage and Godfray, 1985; van Alphen and
Visser, 1990; Godfray, 1994).  Under this assumption,

however, behavioral variation observed is not under-
stood with adaptive interpretations.  As theory stresses
(e.g. Mangel 1987, 1989; Collier, 1995; Heimpel and
Rosenheim, 1995; McGregor, 1997), a female parasitoid
can maximize her lifetime reproductive success by mak-
ing different decisions at different egg loads.  Then,
behavioral variation emerges as a consequence of
adaptive responses.  Understanding egg load effects on
behavioral responses can contribute to the fundamental
understanding of parasitoid foraging behavior, which has
been molded by natural selection.
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