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ABSTRACT

Effective biological control of pests is determined by the abundance, retention and searching
efficacy of natural enemies.  To assure their reproductive fitness, natural enemies such as
predators and parasitoids must effectively balance competing resource needs such as an ad-
equate frequency of encounter with prey and hosts for reproduction, requirements of food
other than prey and hosts, and other needs such as shelter and mates.  The other food require-
ments consist primarily of short-term nutritional needs and are often separate from the target
pest, such as plant nectar in the case of parasitoids.  The appropriate quality, adequate avail-
ability, and detectability of these non-mutually exclusive requirements in the target area,
strongly affect the natural enemy’s retention and pest foraging efficacy. We present a concep-
tual model of factors determining eventual foraging behavior of parasitoids that would guide
empirical studies of the resource needs of parasitoids and other insects.  An increased under-
standing of the interplay of the resource web with the habitat would allow us to leverage this
information to design habitat management practices that allow the use of natural enemy spe-
cies for biological control in a consistent and reliable manner.

THE IMPORTANCE OF ADULT FOOD FOR PARASITOIDS

The importance of adult food for natural enemy species such as predators and parasitoids has
been recognized for decades. Parasitoid species (species that lay their eggs on or in other
insect species, eventually killing them) are often used as models of natural enemy foraging
behavior because of the relatively direct link between their foraging behavior and reproduc-
tive fitness when compared with predator species. Numerous laboratory studies have shown
that suitable food sources can substantially increase longevity and fecundity of adult hy-
menopteran and dipteran parasitoids (reviews in Heimpel et al. 1997; Lewis et al. 1998). It is
now appreciated that the consumption of non-host food can influence many other aspects of
parasitoid biology such as egg viability, diapause in progeny, foraging decisions, searching
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efficiency, the onset and rate of egg resorption, primary sex ratio of progeny, flight initiation,
and timing of flight. As a consequence non-host food can affect parasitoid and host dynamics,
competitive interactions and niche partitioning among parasitoid species, productivity in labo-
ratory cultures, and the probability of parasitoid establishment in classical biological control
(Jervis 1998).

Parasitoids can be separated into four broad categories in terms of adult feeding require-
ments: (1) Pro-ovigenic species where adult feeding is needed for maintenance but not for egg
production (e.g., Jervis and Kidd 1996). Very few examples exist of truly pro-ovigenic species
(Jervis et al. 2001). (2) Synovigenic species that do not host-feed but feed on non-host food
for maintenance and egg production (e.g., Microplitis croceipes Cresson, Hymenoptera:
Braconidae) (Takasu and Lewis 1993). (3) Synovigenic species whereby females host-feed for
egg production and both males and females non-host feed for maintenance (e.g. Ooencyrtus
nezarae Ishii [Hymenoptera: Encrytidae]) (Takasu and Hirose 1991), (4) Synovigenic species
whereby females host-feed for both maintenance and egg production (e.g., Bracon hebetor
Say, Hymenoptera: Braconidae) (Jervis et al. 1994; Takasu unpublished). Thus, the basic drive
for adult food sources will vary with the particular parasitoid species, which is determined by
their genetic traits. The mouthparts and the size of the parasitoid as determined by their ge-
netics are also important in their ability to access both host and non-host food sources.  For
host-feeding species, the host materials are mainly obtained directly from the opening of the
puncture wound caused by ovipositor insertion, or for some species, through production of
so-called feeding tubes that allow them to host-feed on less accessible hosts (e.g. Heimpel et
al. 1997). Host materials mainly provide parasitoids with protein, vitamin and salt resources
for reproduction, whereas plant nectars and honeydew provide energy resources mainly from
the sugars present, although amino acids are also present (Harborne 1993).  Several taxa have
specialized mouthparts, referred to as a ‘concealed nectar extraction apparatus’ (CNEA), for
reaching floral nectar (Jervis 1998; Quicke 1997). The CNEA’s of parasitoids vary in length
and are primarily utilized to extract nectar contained in long or deep tubular flower corollas
that are not accessible to larger sized parasitoids or those lacking a CNEA. Those species
lacking a CNEA appear capable of everting their labiomaxillary complex far enough to ex-
ploit nectar contained in very short, narrow, tubular flower corollas or for host feeding from
the ovipositor puncture wound (Jervis 1998). Therefore, the morphology of parasitoid mouth-
parts and parasitoid size will influence the accessibility of both host and non-host food sources
for parasitoid species.

RANGE OF RESOURCE NEEDS

In addition to adult food, parasitoids also need hosts, shelter and mates throughout their life
cycle, and they must balance these needs by effectively responding to stimuli associated with
each of these resources. The need for each of these resources may be more important at differ-
ent times and/or seasons which would depend on the life cycle, and informational and physi-
ological state of the parasitoid.  Although little is known about the distribution of parasitoids
with respect to their resource needs, several studies have shown innate and directed search by
a range of species in response to food-related signals (Patt et al. 1997; Stapel et al. 1997; Wäckers
and Swaans 1993). These responses can be similar to those towards host-related signals shown
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by some parasitoids (e.g., Lewis et al. 1990), but may also be specific to the task of food
foraging (Olson et al. 2003; Wäckers et al. 2002). Learning also plays a significant role in the
search for food as well as hosts, and parasitoids are able to use different visual and olfactory
cues in accordance with their physiological state and previous experience (Iizuka and Takasu;
Lewis and Takasu 1990; Takasu and Lewis 1996; 1999; Tertuliano et al. 2004; Sato and Takasu
2000; Wäckers and Lewis 1994). Learning can be very useful as the quantity and quality of
food resources often varies across plants or within the plant. This variation may be caused by
factors such as the presence of other nectar-feeding species, the spatial and temporal secretion
of nectar, and the nutritional value, repellency, or toxicity of different nectars (Jervis et al.
1993). Tertuliano et al. (2004) found that females that had learned to associate a particular
odor with food rewards will continue to elicit food-searching behaviors after several unre-
warding experiences with the odor when they are very hungry, whereas females that were less
hungry ceased to respond to the learned odor after only two unrewarding experiences. Inter-
estingly, food-searching responses of the less hungry females were recovered after a single
exposure to the odor with a food reward (Tertuliano et al. 2004). Adult parasitoids are, there-
fore, predicted to respond to resource stimuli that are more strongly associated with their
current needs and in accordance with prior experience.

The sources of variation discussed above are not mutually exclusive; rather they overlap
extensively, even within a single individual.  Therefore, it is important that we have a means of
clearly delineating the sources, roles, and interacting effects of the variations. The conceptual
model of Lewis et al. (1990) for collectively describing the various foregoing factors and their
sum effect on foraging behavior of parasitoids are presented in Fig. 1.  The three major sources
of intrinsic variability in the behavior of foraging female parasitoids are represented: (1) ge-
netic diversity among individuals, (2) phenotypic plasticity within individuals because of ex-
perience, and (3) the parasitoids’s physiological state relative to other needs.  The behavior
manifested is also dependent on the foraging environment, so the final foraging effectiveness
of a parasitoid is determined by how well the parasitoid’s net intrinsic condition as a result of
these three components is matched with the foraging environment in which it operates.

In Fig. 1, suppose there is a hypothetical parasitoid species and three foraging environ-
ments: EA, EB and EC.  Under genotypic diversity the response of two representative indi-
vidual genotypes, G1 and G2 are shown.  This response potential consists of the genetically
fixed maximum range of usable foraging stimuli and ultimate level with which the parasitoid
could respond to the stimuli (the total darkened area plus shaded area).  This maximum level
of response to the array of stimuli is shown as a curve, which indicates that the maximum
response level varies with different stimuli in its range.  As reflected by the different range and
curve configurations for G1 and G2, the response potential may vary substantially among
individuals within a population (Hoy 1988; Olson and Andow 2002; Prévost and Lewis 1990).
The activated response potential of G1 and G2 (darkened area) that could be realized at any
given time is somewhat less than their overall potential and depends on the experience of the
individual.  The balance of the response potential that is not currently activated due to the
experience of the individual is the latent response potential (shaded area).  In the case of naive
individuals, the active response potential is that portion that is inherently activated and this
does not require experience before it can be manifested.  The stimuli of the three representa-
tive foraging environments, EA, EB and EC are all within the range of population P1; fur-
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thermore, the response ranges of individuals with representative genotype G1 are best aligned
with these environments, but the inherent preference of the genotype G1, as indicated, is for
environment EB.

As stated previously, a parasitoid’s physiological state relative to other needs such as
food, mating and hosts can strongly influence their foraging behavior.  Thus, as shown in Fig.
1, the physiological state of the parasitoid relative to other needs can be considered as a gate-
way that filters the detection and responses to foraging stimuli based on priority of the needs.

MATCHING PARASITOIDS WITH THEIR RESOURCE NEEDS

The range of needed resources of parasitoids that often differ in time and space suggests that
habitats managed year-round to foster efficiency in the appropriate interplay of resource ac-
quisition would ensure that the basic requirements are met.  The resources must have quality
and be adequately available (Fig. 2). Mediating cues of the resource are also needed to ensure
detectability (Fig. 2).   Plants may help parasitoids to increase availability, accessibility and
detectability of resources needed by parasitoids. Many plants have traits that help to guide
parasitoids to their hosts through chemical signaling in response to herbivory, and parasi-
toids have been shown to use the plant chemical signaling together with host derived chemi-
cals and visual cues to orient to these plants (Turlings and Wäckers 2004; Wäckers 1994;
Wäckers and Lewis 1994) at time in a very host-specific manner (DeMoraes et al. 1998). Cot-

Figure 1. Factors determining eventual foraging behavior of a parasitoid.  From Lewis et al.1990.
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ton (Gossypium herbaceum L.) and castor bean (Ricinus communis L.) plants not only emit
volatiles to attract parasitoids but also increase their production of extrafloral nectar when
attacked by herbivores (Wäckers et al. 2001).

These plants provide parasitoids with the chemical signaling needed to locate the plants
and both the host and food resources that they need. Stapel et al. (1997) found that hungry
parasitoids had higher retention times within a cotton patch when both food and hosts were
present than when only hosts were present. Furthermore, parasitoids can improve their rate
of food and host location through learning from prior experience (Olson et al. 2003; Takasu
and Lewis 1993). At larger spatial scales (e.g., kilometers) little is known about how parasi-
toids locate needed resources (food, hosts, mates and shelter). However, it is likely that hav-
ing resources available in relative close proximity would provide the most efficiency in their
acquisition, especially for species that move only short distances.  Thus, the designs of the
individual plants supporting the various needed resources are important in foraging efficiency
and retention as well as their spatial distribution in the landscape and the latter would depend
on the movement behavior of particular species.

Figure 2. Model of retention and effective performance of biological control agents.
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Although some crop plants supply more than one of the needed resources of parasitoid
species, many requirements must be obtained elsewhere.  These associated plants (Fig. 2) may
be other crop plants, or vegetative patches within the landscape (e.g., woodlots, hedgerows,
fencerows).  In a recent study, Wäckers and Steppuln (2003) were able to demonstrate that
parasitoids collected adjacent to a flowering field border had higher sugar levels as compared
to individuals collected in control fields. Moreover, between 55% and 80% of the collected
parasitoids contained honeydew-specific sugars, indicating the prevalent use of this sugar
source. In another study of field borders, Olson and Wäckers (unpublished data) were able to
show that the larval parasitoid, Meteorus autographae Muesebeck (Hymenoptra: Braconidae)
captured in naturally regenerated field edge habitat constructed for Bob White Quail habitat
along the edge of a cotton field had levels of sugar in their guts that were about equal to those
found in non-fed (control) females, whereas those captured in a Cahaba White Vetch experi-
mental plot at the same time of year had about four times the levels found in the Quail and
control samples. These samples were taken early in the season prior to the cotton plant’s
secretion of nectar or when crop plant sugar sources were very limited. In addition, the crop
plant at this stage is very small and the microclimate in the field often harsh for many insect
species. The early growing stage of crops can include conditions of high heat and low relative
humidity which precludes many insect species from early colonization (e.g., Dyer and Landis
1996). These results indicate that having appropriate associated plants available near the crop
plant can be crucial to providing several of the parasitoid’s needed resources.

CONCLUSIONS

A conceptual model of factors determining eventual foraging behavior of parasitoids helps to
guide empirical studies of the resource needs of parasitoids and other insects. Understanding
the interplay of the resource web with the habitat allows us to leverage this information to
design habitat management practices that allow the use of natural enemy species for biologi-
cal control in a consistent and reliable manner. Year-round provisioning of resources is needed
to account for the range of resource needs of species throughout their lifetime. Understand-
ing the mechanisms involved in the various resource needs of parasitoids and other insect
species and their effective acquisition would enable practitioners of biological control to en-
sure that species-specific resource needs are met.
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