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ABSTRACT

Predaceous and parasitic arthropods can play an important role in the regulation of herbivore
populations. However, the majority of predators and parasitoids also use plant-derived foods
as a source of nutrients. This vegetarian side of the menu may include various plant-provided
substrates, such as nectar, pollen, fruits or foods indirectly derived from plants (e.g., honey-
dew or pycnial fluid of fungi). Predators and parasitoids may either use plant-derived food as
a supplement, or they may strictly depend on these foods during part of their life.

Despite the obvious importance of non-prey food, little is known about the extent to
which particular categories of plant-derived foods contribute to the diet of predators and
parasitoids under field conditions. To the foraging insect the potential value of a given food
source will depend on its availability, detectability, accessibility and nutritional composition.
Plant-provided foods can have a dramatic impact on longevity, fecundity, and distribution of
predators and parasitoids. As each of these parameters affects the local number of carnivores,
the availability of suitable plant-derived food can have a major impact on mass-rearing pro-
grams, as well as on herbivore-carnivore dynamics in the field.

OVERVIEW OF RESOURCE USE

NON-PREY FEEDING BY CARNIVOROUS ARTHROPODS

Predators and parasitoids are usually identified by their carnivorous lifestyle. Due to this
bias, we easily overlook the fact that the majority of these “carnivores” also require plant-
derived foods as a source of nutrients.

The level in which predators or parasitoids depend on primary consumption varies.
(Wäckers and van Rijn 2005) distinguish between the categories of ‘life-history omnivores’,
‘temporal omnivores’ or ‘permanent omnivores’. Life history omnivores include those natu-
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ral enemies that are strictly dependent on plant-derived food during part of their life cycle,
such as hoverflies and many parasitoids. Temporal omnivores supplement their carnivorous
diet during part of their life (e.g., host-feeding parasitoids), whereas permanent omnivores
retain an assorted diet throughout their lifecycle (e.g., predatory mites and ladybirds).

WHAT’S ON THE MENU? NON-PREY FOOD ITEMS USED BY PREDATORS AND
PARASITOIDS

Predators and parasitoids may feed on various substrates. Their fare may include carbohy-
drate-rich foods such as such as floral nectar, extrafloral nectar, fruits, plant sap, gall secre-
tions, honeydew, Lycaenid dorsal gland secretions, and fungal fluids as well as lipid- or pro-
tein-rich sources such as pollen, food bodies, and elaiosomes (Wäckers 2005). In some cases
predators may also feed on plant productive tissue, which would classify them as potential
herbivores (Coll and Guershon 2002; Eubanks and Styrsky 2005). A few predators exploit a
broad range of the above-mentioned food items. This applies especially to ants, which have
been the driving force in the evolution of many food-mediated mutualisms (Beattie 1985).
The majority of predators and parasitoids restrict their diet to one or a few alternative foods.
Most parasitoid species are restricted to feeding on sugar-rich solutions such as nectar and
honeydew. Many predators like hoverflies, lacewings, anthocorid bugs, ladybeetles, and preda-
tory mites feed on pollen as well as nectar/honeydew (Wäckers and van Rijn 2005).

EFFECTS ON LONGEVITY AND FECUNDITY

Plant-provided food can have a strong effect on life-history parameters of predators and para-
sitoids. Temporal or permanent omnivores can use foods like (extra-) floral nectar, pollen or
honeydew as an alternative to prey. This diet extension therefore allows them to bridge peri-
ods of low prey availability (Limburg and Rosenheim 2001). When combined with preda-
tion, nectar and pollen feeding can increase predator fitness over prey feeding alone (Porter
1989; van Rijn and Sabelis 2005). Life-history omnivores, on the other hand, fully depend on
non-prey food, usually during their adult stage. Their longevity and fecundity are often seri-
ously compromised in the absence of these food sources. An example of the latter category is
the large category of parasitoids that do not engage in host-feeding. At the time of adult
emergence, their energy reserves often cover no more than 48 hours of the individual’s ener-
getic requirements. Sugar feeding can increase a parasitoid’s lifespan considerably; up to 20-
fold under laboratory conditions for several hymenopteran parastoids ( Fadamiro and Heimpel
2001; Jervis et al. 1996; Wäckers 2001), and 2-3-fold for the phorid fly, a dipteran parasitoid
of imported fire ants (Chen et al. 2005; Fadamiro et al. 2005). In addition, sugar feeding can
benefit a parasitoid’s fecundity, not only through an increase in reproductive lifespan, but
also through a positive effect on the rate of egg maturation (Jervis et al. 1996). This means that
parasitoids that fail to replenish their energy reserves through sugar feeding will suffer severe
fitness consequences.

DIFFERENCES IN SUITABILITY

Not all potential food sources are suitable for a given predator or parasitoid. There is substan-
tial variation between and among food categories with regard to their availability, apparency,
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accessibility and chemical composition ( Olson et al., this issue; Wäckers 2005). Whereas
food sources may vary widely, consumers may show an even broader variation in foraging
behavior, mouthpart morphology and physiology. An effective exploitation of food sources
requires that there is a good fit between consumer attributes and food source characteristics
(Olson et al., this issue). Identifying and quantifying mechanisms that allow or obstruct suc-
cessful food source exploitation is not only essential if we want to understand the functioning
of food supplements in plant-insect and insect-insect interactions, it also has direct implica-
tions for the use of food supplements in biological control programs.

CONSEQUENCES FOR BIOLOGICAL CONTROL

Biological control workers have regularly suspected that the scarcity of sugar- and/or pollen
sources in agriculture could impose a serious constraint on the effectiveness of natural en-
emies in the field ( Hocking 1966; Illingworth 1921). Hocking (1966) pointed out that lack of
food availability could also hamper the establishing of natural enemies in classical biological
control programs. We still have little data on the nutritional status of natural enemies under
field conditions (Casas et al. 2003; Lee and Heimpel 2003), but recent studies indicate that
natural enemies can indeed be food-deprived in the absence of (suitable) flowering vegetation
( Olson and Wäckers unpublished data; Wäckers and Steppuhn 2003). Thus, adding suitable
food sources to agro-ecosystems could be a simple and powerful tool to enhance the effec-
tiveness of biological control programs. Three types of approaches have been proposed to
alleviate the shortage of food in agricultural systems.

1. Diversification of agro-ecosystems. Food sources can be provided by enhancing plant
diversity in agro-ecosystems, either through the use of non-crops in undergrowth or field
margins ( Gurr et al. 2005; Landis et al. 2000; van Emden 1965), or by growing crops
devoid of alternative food alongside crops featuring flowers or extrafloral nectaries. How-
ever, not all plant-provided food is suitable as a food source for parasitoids and predators.
Flowers may not be perceived by (some) natural enemies, or can be unattractive or even
repellent (Wäckers 2004). Other flowers may be attractive, but hide their pollination re-
wards within constricted floral structures that prevent those natural enemies with
unspecialized mouthparts to exploit these food sources.

2. Artificial food supplements. An alternative to the use of (flowering) plants is the use of
artificial food supplements such as food sprays (Hagen 1986). Artificial food supplements
typically consist of a carbohydrate solution in combination with a source of protein/amino
acids. Insects that utilize honeydew as food source may be especially adapted to exploit
this ‘artificial honeydew’. Many studies have identified short term increases in numbers of
natural enemies such as parasitoids, lady beetles, lacewings, and predatory bugs as a result
of these food supplements. The impact of food supplements on pest insects has rarely
been investigated (Rogers and Potter 2004).

3. Crop-provided food. Some crops produce suitable food supplements themselves. Many
crops flower during part of their growing period. In crops grown for their seeds or fruits
(e.g., cereals, citrus, beans) this flowering period may coincide with the period that the
plant is specifically vulnerable to pest attack. Some crops, such as peppers and tomatoes,
even flower during a large part of the growing season, thereby maintaining populations of
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predatory mites and anthocorid bugs, that can effectively suppress thrips pests (Van den
Meiracker and Ramakers 1991). A number of crops also provide nectar outside the flow-
ering period. These so-called ‘extrafloral nectaries’ may be found on leaves, stems or fruits.
Examples of extrafloral nectar producing crops include Prunus spp. (e.g., cherry, plum,
peach, and almond), cassava, faba bean, zucchini, pumpkin, cashew and cotton. Extrafloral
nectaries are generally believed to have evolved as a mechanism for plants to attract sweet-
toothed carnivores and to benefit from their protective services (Turlings and Wäckers
2004). The fact that extrafloral nectaries have evolved numerous times shows that food
supplements are a successful method to enhance biological control under natural condi-
tions. The extrafloral nectar trait is also found in a number of crops and can be a useful
element in biological pest control. The crop-produced nectar may suffice as food sources
for predators and parasitoids. In other cases, there may be room for plant breeding to
improve the timing, quantity and quality of nectar production, to better match the nutri-
tional needs of biological control agents.

Whereas the concept of enhancing biological control through the use of alternative food
might seem self-evident, the anticipated effects are not necessarily realized under field condi-
tions (Heimpel and Jervis 2005). In their contribution Lee and Heimpel (this issue) investi-
gate whether food provision has an impact on parasitoid retention under actual field condi-
tions. In a series of experiments they studied dispersal behavior of the parasitoid Diadegma
insulare (Cresson) (Hymenoptera: Ichneumonidae), in response to nutritional state or the
presence of nectar flowers. No evidence for the hypothesis that dispersal behavior is affected
by sugar feeding was found. Using a modeling approach, Sabelis and van Rijn (this issue)
review the conditions under which alternative food enhances pest suppression by biological
control agents as well as the conditions where no effects are expected.  Regarding the nutri-
tional value and life stage affected by the alternative food, they show that alternative food can
bring pest locally to extinction only when it is substitutable with prey, rather than comple-
mentary.

A FLY IN THE OINTMENT: WHEN HERBIVORES BENEFIT FROM FOOD SUPPLEMENTS

Whereas the provision of food supplements is potentially an effective method to enhance
biological pest control, the indiscriminate addition of nectar or pollen sources to agro-eco-
systems may also backfire. Many arthropod pests are dedicated flower feeders as well (Romeis
et al. 2005), and some are more effective in flower exploitation than their natural enemies.
When herbivores, rather than their antagonists, gain profit from the available nectar or pollen
sources, the net impact on pest control could be negative. This potential problem can be
avoided by screening flowers with respect to their suitability for biological control agents (
Patt et al. 1997; Wäckers et al. 1996) as well as herbivores (Baggen et al. 1999; Winkler et al.
2003).

POSSIBILITIES FOR SELECTIVE USE OF FOOD SUPPLEMENTS

We have seen that nectar and pollen sources vary substantially with regard to their suitability
as food for particular arthropods. To optimize the impact of food provision in biological
control, feeding requirements of both natural enemies and herbivorous pests should be con-
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sidered when selecting food supplements. Differences in food ecology between both groups
can be exploited in selecting flowers that cater for biological control agents, while being un-
suitable for herbivores (Baggen et al. 1999; Baggen et al. 2000; Wäckers 1999; Winkler et al.
2003). The fact that nutritional requirements of natural enemies often differ considerably
from those of pest insects can also be used to develop selective food sprays, i.e. food sprays
that sustain biological control agents without providing a nutritional benefit to the pest insect
( Romeis and Wäckers 2002; Wäckers 2001; Winkler et al. 2005).
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