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ABSTRACT 

9 

The effects of sunflower (Helianthus annuus) and groundcherry (Physalis 

pubescens), two hosts of the tobacco budworm (Heliothis virescens), on predation by 

paper wasps (Polistes arizonensis) were examined. Initially it was found that P. 

arizonensis foragers took more caterpillars from H. annuus plants than P. pubescens 

in paired-choice tests. Regarding physical aspects of the plants, wasps took longer 

to locate prey on artificial plants with higher leaf surface areas and gave up searching 

faster on artificial plants with more complex architectures. In paired-choice tests for 

chemical effects, wasps chose more caterpillars within H. annuus odor than in P. 

pubescens odor. They also chose more H. annuus-reared larvae than P. pubescens-

reared larvae when they were presented without plants. Predator handling times 

were affected by the amount of food in the caterpillar gut, with a slight trend 

depending on what plant species was present in the caterpillar gut. 
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LITERATURE REVIEW 

EFFECTS OF PLANT CHARACTERISTICS ON NATURAL ENEMIES 

Until recently, many studies involving insect-plant interrelationships have 

largely ignored the effects of natural enemies or the effects the plant may have on 

enemies of its herbivores (Barbosa and Saunders, 1985). It has been argued that 

studies cannot progress without carefully considering the third trophic level (Price et 

al., 1980; Bergman and Tingey, 1979; Bernays and Graham, 1988). Price et al. (1980) 

proposed that the third trophic level may be a part of the plant's defenses against 

herbivores. This section is a review of the literature on the effects of plant 

characteristics on invertebrate natural enemies. 

Plants may directly affect foraging enemies by altering their performance with 

plant chemicals (Nordlund et al., 1988), plant diversity and growth characteristics 

(Letourneau, 1990; Bergman and Tingey, 1979) and plant surface structure (Carter 

et al., 1984; Rasmy, 1977; Obrycki, 1986). Indirect effects occur when plants 

influence herbivore characteristics, that in turn affect enemy host finding, growth and 

development or survival (Campbell and Duffey, 1979; Duffey et al., 1986; Mitchell 

et al., 1973). 
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Plant volatiles 

Information from plants is important in enemies' searching process (Vet and 

Dicke, 1992). Plant volatiles are generally used in long-range detection of a suitable 

habitat (Vinson, 1981). Most of the published studies on volatile plant chemicals and 

higher trophic levels concern parasitoids attracted to the host's food plant (Arthur, 

1962; Shahjahan, 1974; Nettles, 1980; Altieri et al., 1981, 1982; Roth et al., 1982; 

Lecomte and Thibout, 1984; Vinson, 1984). Some species of parasites are attracted 

to certain plants before they receive any stimuli from the hosts (Cushman, 1926; 

Monteith, 1955). Thorpe and Caudle (1938) found that during host-finding, female 

ichneumonids, Pitnpla ruficollis, were strongly attracted to pine odors, the host plant 

of its host. Read et al. (1970) demonstrated olfactory attraction of Diaeretiella rapae, 

a parasite of cabbage aphids, to allyl isothiocyanate, a compound of wide-spread 

occurrence in Cruciferae. 

Host diet may also effect the kairomonal activity of frass. Mean response of 

Microplitis croceipes to larval frass of its host, Heliothis zea, was significantly higher 

when the host was fed cowpea cotyledons compared to artificial diet (Sauls et al., 

1979). The same species of parasitoid responded to extracts of frass of larvae reared 

on cotton or soybeans, but not corn, in a similar experiment (Nordlund and Sauls, 

1981). Navasero and Elzen (1989) also found that M. croceipes flew significantly 
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more to glandless than to glanded cotton and preferred nectaried to nectariless 

cotton. When tested with hosts and nonhosts of Heliothis virescens they favored the 

host plants (Navasero and Elzen, 1989). Fall armyworm parasitoids, Cotesia 

marginiventris, had a greater response to frass derived from larvae feeding on corn 

and peanut leaves than from larvae feeding on soybeans, Bermuda grass, cowpeas or 

artificial diet (Loke and Ashley, 1984). Campoletis sonorensis parasitoids chose 

cotton-reared larvae over artificial diet-reared larvae (Elzen et al., 1984). It was also 

found that there were three times as many responses to cotton alone as to larvae 

alone. 

There is evidence that some plants respond to feeding or tissue damage by 

emitting chemicals attractive to natural enemies of their herbivores (Whitman, 1988) 

that can differentiate between herbivore-infested and uninfested plants (Eller et al., 

1988; Sabelis and Dicke, 1985; Turlings et al., 1990; Vet, 1985). Damaged corn 

seedlings release large amounts of terpenoid volatiles that attract the parasitoid wasp, 

Cotesia marginiventris (Turlings et al., 1990). Stilbosis juvantis, on damaged leaves, 

experienced significantly lower survivorship, owing to increased parasitism compared 

with leafminers on undamaged leaves (Faeth, 1985). Using an olfactometer, Nadel 

and Van Alphen (1987) showed that cassava plants infested with cassava mealy bugs 

were more attractive to the parasitoid, Epidinocarsis lopezi, than were uninfested 

plants. McAuslane et al. (1990) found that Campoletis sonorensis completed 

significantly more flights to naturally damaged plants with caterpillars and their 
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products than to undamaged plants. 

Recently, data on allelochemicals affecting predator foraging have increased 

for some groups such as predatory mites, bark beetle predators and coccinellids 

(Billings and Cameron, 1984; Heuer and Vite, 1984; Payne et al., 1984; Sabelis and 

Dicke, 1985; Baisier et al., 1988). Kesten (1969) found that Anatis ocellata, the 

coccinellid predator of the pine aphid orients to pine needle odors. Also, a carabid 

beetle is attracted to odors from Oscillatoria algal mats (Evans, 1982b). Reid and 

Lampman (1989) found that a predatory anthocorid, Onus insidiosus, was attracted 

to a synomone present in corn silks. Chrysopa carnea, the green lacewing, was found 

to be attracted to caryophyllene, a volatile compound that is a major component of 

the aroma of a cotton field (Flint et al., 1979). Mansour (1975) observed greater 

oviposition by an aphid predator, Aphidoletes aphidimyza, on Brassica oleraceae var. 

geminifera compared to B. oleraceae var. gongylodes. 

Although it is well known that chemical cues from damaged plants are used 

by parasitoids, there is some evidence that predators also use this type of 

information. For example, the spined soldier bug, Podisus maculiventris, orients to 

soybean damage by cabbage looper caterpillars (Greany and Hagen, 1981) and the 

eastern yellowjacket, Vespula maculifrons, is believed to use plant chemicals to locate 

leaf-feeding insects (Aldrich et al., 1985). Pine trees release terpenes attractive to 

numerous bark beetle predators when attacked by herbivores (Wood, 1982; Mizell 

et al., 1984). McMurtry and Scriven (1968) found that there was a slower buildup 
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and more effective initial control of the phytophagous avocado brown mite, 

Oligonychus punicae, when the plants were previously bronzed by herbivores. This 

result was due to the predaceous mite, Amblyseius hibisci. Dicke and Sabelis (1988) 

also found that predatory mites distinguished between Lima bean plants with or 

without feeding spider mites by olfactory cues. They found that both spider mites 

and host plant were involved in producing the kairomone. Kairomonal activity was 

not present in artificially damaged plants or in the spider mites themselves. Using 

olfactory cues from damaged plants may just be an extension of an attraction to plant 

chemicals (Montllor and Bernays, 1993). 

Habitat and microhabitat 

Habitat may affect the number and kinds of natural enemies present and also 

the efficiency with which they attack prey (Dempster, 1969; Risch et al., 1982; Bugg 

et al., 1987; Riechert and Bishop, 1990). Size, morphological structures and 

vegetational diversity and density can modify predator-prey or parasite-host 

interactions. 

Some herbivorous insects may be protected from enemies by certain plant 

structures (Price et al., 1980). Structural differences among the varieties of Brassica 

oleracea affected the parasitism rate of their herbivore, Pieris rapae. Parasitism of 

caterpillars on open-leaf varieties (collards, kale and broccoli) was 100%. On the 
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heading varieties (cabbage and brussels sprouts) parasitism was significantly lower 

because the larvae could hide within the crevices and folds (Pimentel, 1961a). A 

more subtle difference occurred when moths of the genus Rfiyacionia, which mine 

pine buds, suffered less parasitism when they mined larger buds than when they 

mined smaller buds (Graham and Baumhofer, 1927). The insects probably escaped 

when they burrowed deeply in the large buds beyond the reach of parasitoids. A 

similar pattern occurred for larvae of the European pine shoot moth, R. buoliana, 

where parasitism on Scots pine was much higher than on red pine (Arthur, 1962). 

The red pine buds were too thick for parasitoid ovipositors, and the percentage of 

buds protected by pine needles was higher than Scots pine buds. Porter (1928) found 

that apple maggots feeding in apples were less likely to be parasitized than those 

feeding in smaller, native fruits such as hawthorne. Lincoln et al. (1971) described 

frego type cotton as a variety having rolled bracts in contrast to the flat, enclosing 

bracts of normal plants. Predation accounted for a 95% reduction in weevils on 

frego-type and only 50% on normal plants. 

The connectivity of plant parts (plant complexity) may have an impact on 

natural enemies. For example, Andow and Prokrym (1990) found that more complex 

surfaces resulted in lower parasitism rates than simple ones: the parasite, 

Trichogramma nubilale, spent more time searching on simple surfaces. 

The size of a host plant or the amount of surface area an enemy must search 

to find its prey may alter rate of capture. Knipling and McGuire (1968) speculated 
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that the amount of host plant environment that must be searched would affect the 

discovery efficiency of natural enemies. Searching efficiency of the parasitoid, 

Trichogramma pretiosum, decreased as the size of the plant increased (Abies et al., 

1980), so that significantly more parasite eggs were found on smaller plants than on 

larger ones. Increases in the leaf surface area or in searching arena size showed an 

inverse relationship with percent discovery by the parasitoid, Trichogramma nubilale, 

in the laboratory (Need and Burbutis, 1979). They found similar results in the field. 

Height of the host plant may also influence parasitoids such as Leiophron 

pseudopallipes, a braconid parasitoid of the tarnished plant bug. Shahjahan and 

Streams (1973) found the greatest level of parasitism at a certain plant height. 

However, this may have been due to plant density, as the plants in the more densely 

planted plots did not grow as tall as those in the more sparsely planted plots. 

Many examples exist on the effects of density and diversity of plants on the 

foraging efficiency of natural enemies. For example, Pimentel (1961b) found an 

inverse relationship between plant density and the number of carnivores present in 

Brassica fields. Pentatomid predators may have experienced greater difficulty finding 

prey on stands of one species that were less dense than stands of another (Evans, 

1982a). In the densely growing stands, plants touched each other and may have 

assisted the searching abilities of the bugs. Risch et al. (1982) found that foraging 

rates of Coleomegilla maculata in lab cages were significantly reduced by increasing 

the density (but not the diversity) of plants on which they foraged. High plant 
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density reduced enemy searching effectiveness. Patch size can be important: 

Sheehan and Shelton (1989) found a decrease in parasitoid leaving rates with 

increasing patch size. There was no difference in host-finding rates within the 

different patch sizes. 

The "enemies" hypothesis, to explain the reduced herbivory in diverse habitats 

(Root, 1973), predicts that relatively more stable populations of enemies will persist 

in habitats with more complex vegetation due to a more continuous availability of 

food resources. Reviews of arthropod dynamics in diverse and simple plant 

communities show that for a majority of species, but not all, natural enemy 

abundance increases with increasing plant diversity (Risch et al., 1983; Andow, 1986). 

Several comparative studies have shown that enemies are often more abundant in 

polycultures than monocultures (Letourneau, 1987, 1990; Letourneau and Altieri, 

1983; Flaherty, 1969; van Emden, 1963). Other experiments have shown that weedy 

understories (Southwood and van Emden, 1967; Dempster, 1969; Mopper et al., 

1984) or overshadowing vegetation (Sato and Ohsaki, 1987) can increase predation 

and parasitism rates or may attract higher populations of natural enemies (Horn, 

1981). On the other hand, some studies have found no difference between patches 

of differing plant diversities (Risch, 1981) or have found more enemies in the pure 

stands (Root, 1973; Monteith, 1960). Whether diversity of plants has an effect on 

natural enemies may depend on the specific habitat or insects involved. Certain 

plants may attract predators more effectively than others, e.g. knotweed (Bugg et al., 
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1987) or maize (Letourneau, 1987). 

Plant surface structure 

Some plants may produce wax or secretions, or bear structures that hinder the 

movements of parasites and small predators (Price et al., 1980). Way and Murdie 

(1965) found that cultivars of Brussels sprouts with glossy leaves were more attractive 

to predators and parasites than waxy plants. Similarly, Arzet (1973) found that 

lacewings were hindered by waxy cabbage varieties. 

Glandular trichomes are known in many cases to lower parasitoid searching 

efficiency. Rabb and Bradley (1968) found no parasitism of eggs on tobacco in the 

field because Trichogramma minutum wasps got caught in the sticky exudates of the 

trichomes. Elsey and Chaplin (1978) reported a similar effect of tobacco trichomes 

on egg parasitism of Heliothis virescens, while Milliron (1940) found that tobacco 

secretions entrapped the parasitoid, Encarsia formosa. Dense mats of trichomes on 

cucumber leaves also lowered searching efficiency of E. formosa (Woets and van 

Lenteren, 1976; Hulspas-Jordaan and van Lenteren, 1978; van Lenteren et al., 1987; 

Hua et al., 1987). The overall negative effect of pubescent leaves on the efficacy of 

parasitoids was demonstrated in cotton (Treacy et al., 1985) and soybean (Turner, 

1983). 

Leaf trichomes including glandular ones may also influence the foraging rates 



19 

of small predators. Larger-bodied species of predators are less adversely affected by 

glandular trichomes than smaller species (Obrycki et al., 1983). Exudates of 

glandular hairs on tomato stems entrapped phytoseiid mites which subsequently killed 

them (Van Haren et al., 1987). Lacewings and ladybird beetles had much faster 

searching times on cotton than tobacco (Elsey, 1974). On the tobacco plants, their 

searching speeds were inversely dependent on density of glandular trichomes. 

Belcher and Thurston (1982) also found that movement of four instars of 

Hippodamia convergens was reduced on certain cultivars of tobacco with large 

amounts of sticky exudates. Chrysopa rufrilabris and Trichogramma pretiosum 

attacked fewer Heliothis zea eggs on cotton plants with increased trichome densities 

(Treacy et al., 1985). Scopes (1969) found Chrysopa carnea to be an ineffective 

control agent on cucumber. Larvae were apparently unable to adhere to the leaf 

surface by the secretion normally used in locomotion and anchorage. Gurney and 

Hussey (1970) found similar results with Coleomegilla maculata on cucumber plants. 

Alternatively, some predators are more successful on hairy leaves rather than smooth 

ones (Carter et al., 1984). Kareiva and Sahakian (1990) found that ladybird beetles 

were more effective at controlling aphid populations on leafless versus normal pea 

plants. The beetles were better able to stay on the leafless plants but had trouble 

slipping off the smooth leaves of the normal plants. 

Studies of predaceous mites have yielded different results depending on the 

species of predator observed. Rasmy (1977) found that Amblyseius gossipi had a 
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higher rate of prey consumption and faster development on smooth leaves, whereas 

Phytoseius plumifer had higher rates on hairier leaves (Rasmy and El-Banhawy, 1974). 

Metaseiulus occidentals, Neoseiulus caudiglans (Downing and Moilliet, 1967) and 

Phytoseius macripilis (Collyer, 1958) preferred hairy plant surfaces over smooth 

surfaces. 

Plant nutritional quality and toxins 

Plant constituents that are ingested by herbivores may influence natural 

enemies indirectly affecting enemy growth and survival through the plant's suitability 

for herbivore development (Barbosa, 1988) or directly if plant toxins are present 

within the herbivore. This question has mainly been investigated in parasitoid-host 

interactions and only a few studies on predator-prey relationships. Predators who 

must search for oviposition sites and parasitoids who develop within the host must 

find prey on food plants that are suitable for the development of their offspring (Vet 

and Dicke, 1992). 

Many studies have documented the variability in suitability of herbivores for 

growth and survival of their parasitoids. This is often due to the nutritional 

properties of the host plant consumed by the herbivore. Many parasitoids exhibit 

differential responses to hosts reared on different plants such as, parasitism rates, 

mortality rates, growth rates or later emergence times (Seamans and McMillan, 1935; 



Flanders, 1942; Smith, 1942; Smith, 1957; House and Barlow, 1961; Greenblatt and 

Barbosa, 1981; Mueller, 1983; Orr and Boethel, 1986; Lewis and Gross, 1989; 

Johnson and Siemens, 1991; Werren et al., 1992; Karowe and Schoonhoven, 1992). 

On some resistant host plants, parasitoid growth rate is decreased (Powell and 

Lambert, 1984) or the parasite may fail to develop (Yanes and Boethel, 1983; Grant 

and Shepard, 1985; Beach and Todd, 1986; McCutcheon et al., 1991). There are 

some reports on the indirect effects of prey host plant on predators. Bernays and 

Cornelius (1989) found that acceptability of prey to the Argentine ant is affected by 

ingested food. Individuals that had not fed previously were more acceptable than 

those that had. Others have found that the herbivore's diet may affect the rate of 

prey consumed by the predator, and thus, the predator's growth rate (Landis, 1937; 

DeMoraes and McMurtry, 1987; Stamp et al., 1991). Rogers and Sullivan (1986) 

found that mortality increased and growth rate decreased when Geocoris punctipes 

fed on prey that was reared on a resistant genotype of soybean. 

It is believed that natural enemies of herbivores are significantly more 

sensitive to toxic compounds than their prey (Weseloh, 1993). If this is so, plant 

toxins within herbivores could differentially impact predators and parasitoids 

negatively. Gilmore (1938) found that herbivore egg parasitization was noticeably 

absent on a certain cultivar of tobacco. It was suggested that the nicotine content 

of that variety was much higher than other cultivars. Similarly, the number of 

parasitoids emerging from Manduca reared on a variety of tobacco with a low 
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nicotine content was twice that on a high nicotine variety (Thorpe and Barbosa, 

1986). Nicotine, added to the diet of its host or by topical application, inhibited 

emergence oiApanteles congregatus (Thurston and Fox, 1972). Campbell and Duffey 

(1979) found that the ichneumonid, Hyposoter exiguae, had significantly longer larval 

periods when a-tomatine was present in its host's diet. There was also a significant 

reduction in the percentage of pupal eclosion and lower adult weights. Consumption 

of an elder-feeding aphid by Coccinella septempunctata resulted in 100% mortality 

of the predator, presumably due to the glycosides in the host plant (Hodek, 1957). 

Altered prey behavior 

Different species or cultivars of host plants may change the behavior of prey 

species rendering them more susceptible to predators or parasites. Mitchell et al. 

(1973) found that the boll weevil was more restless in frego bract cotton than the 

normal variety which may have increased the mortality from enemies. Nilaparvata 

lugens, the brown planthopper, wandered around more on resistant varieties of rice 

than on susceptible varieties where it remained feeding in one location longer 

(Kartohardjono and Heinrichs, 1984). This may have increased its mortality rate on 

the resistant rice varieties. 



TEST ORGANISMS 

HELIOTHIS VIRESCENS 

Life history 

Heliothis virescens Fabricius, the tobacco budworm, is a pest species in the 

family Noctuidae. This caterpillar is most abundant in the tropics and is found 

throughout the New World (Neunzig, 1969). Its range extends from as far north as 

Ontario, Canada (Forbes, 1954) through the West Indies and South America to 

Argentina (Neunzig, 1969). It is an important pest of cultivated crops in the southern 

regions of the United States where it can have up to seven generations per year 

(Wilson et al., 1982). 

Pupae overwinter in the soil approximately 2.0 to 5.2 cm deep in areas where 

their host plants occur (Neunzig, 1969; Roach and Hopkins, 1979). Females emerge 

before males in the spring of the following year, and are active primarily at night. 

Oviposition occurs after mating. Moths may lay between 500 to 2000 eggs over their 

lifespan of approximately 14 days (Wilson et al., 1982). Eggs of H. virescens moths 

are primarily found on blossoms, fruit or the tender foliage at the top of their host 

plant (Anonymous, 1949; Hardwick, 1965; Wilson et al., 1982; Hillhouse and Pitre, 

1976). Eggs hatch three days after oviposition at 25°C (Patana, 1985) and at 29.5°C 

(King and Hartley, 1985). Incubation may take longer at lower temperatures. 
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Neonate larvae do not wander far from the eggshell before they begin to feed. 

They apparently spend the first few days feeding on the young leaves of their host 

plant before wandering to the flower or fruiting structure (Parrott et al., 1978; Hedin 

et al., 1992) which they then selectively feed on. These parts are rich in protein 

(Jackson, 1990). Preference may also be related to escape from predators or 

secondary plant chemicals rather than for nutritional reasons (Jackson, 1990). 

However, higher percentages of larvae survive on plants with flowers or fruit than 

those with only leaves or leaf buds without predators present (Jackson and Mitchell, 

1984). 

Growth rate depends on temperature as well as host plant quality. The larval 

period takes approximately 15 days at 25°C (Patana, 1985) or 13 days at 29.5°C (King 

and Hartley, 1985). Gunasena et al. (1989) found that the majority of larvae (89%) 

have five larval instars, but some (11%) may have six before pupation. 

Heliothis virescens spend from 6-13 days as a pupae at 25°C (King and Hartley, 

1985; Patana, 1985). In the fall, pupae enter diapause and do not emerge until the 

following spring. 

Host plants 

H. virescens is a serious pest of several cultivated crops especially cotton and 

tobacco (Table 1). Overwintering moths emerge in most regions before crops are 
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available and must oviposit on alternate hosts to build up their populations. These 

spring host species vary in different geographical areas (Neunzig, 1963). 

Snow and Brazzel (1965) listed eight cultivated and 11 wild host plants for if. 

virescens in Mississippi. They feed on more than 14 taxonomically diverse families 

of dicots (Waldvogel and Gould, 1990), and Tietz (1972) listed 31 hosts for this 

caterpillar. Several reported wild host plants of H. virescens are presented in Table 

2. 

Predation 

Predation is the principal mortality factor affecting eggs and larvae of the 

tobacco budworm. In Arkansas and Louisiana, mortality was reported to be 99% in 

1963 and 97% in 1964 (Lincoln et al., 1967). Much of this may have been due to 

natural enemies. Whitcomb and Bell (1964) listed over 600 predators in Arkansas 

cotton fields. Over 350 predators and parasitoids have been described in California 

cotton fields (VandenBosch and Hagen, 1966). As much as a 51% reduction in the 

number of larvae on cotton in Texas was due to naturally occurring arthropod 

enemies (Quaintance and Brues, 1905). 

The larger instars of Heliothis are susceptible to predation by paper wasps, 

some solitary wasps, spined soldier, bugs, ground beetles and several species of 

spiders. Polistes wasps seem to be the most important predators of large caterpillars 
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(Lincoln et al., 1967). They provision their nests almost exclusively with 

lepidopterous larvae. All six species found in Arkansas have been observed attacking 

Heliothis spp., and P. annularis is probably the most important predator of fourth and 

fifth instar bollworms in Arkansas (Whitcomb and Bell, 1964). 

Biocontrol of Heliothis using paper wasps has not always been completely 

successful (Lawson et al., 1961; Kirkton, 1970; Shang-Chiu Investigators, 1976; 

Gillaspy, 1979). Wasps tend to forage in areas where prey is most abundant or 

obvious. Since Heliothis feed in concealed areas they may be harder to locate than 

leaf feeders. Mueller (1987) suggested that the space within the calyx of a fruiting 

body may constitute enemy-free space. 

POLISTES 

Life history 

There are slightly more than 800 species of social wasps worldwide (Akre, 

1982). The subfamily Polistinae of the family Vespidae contains 29 genera including 

Polistes (Carpenter, 1991). Approximately 206 species comprise this genus (Akre, 

1982), which is distributed throughout the world. The group has greatly diversified 

in the Old and New World Tropics (Carpenter, 1991). In Europe and North 
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America the colonies of Polistes outnumber those of all other species of social wasps 

combined (Wilson, 1971). 

The paper wasp used in this study, Polistes arizonensis Snelling, is native to 

Arizona, California and Sonora, Mexico (Richards, 1978). It was originally described 

as a subspecies of P. exclamans (Snelling, 1954) but was later given status as a 

separate species (Snelling, 1983). The following paragraphs describe the annual cycle 

of a Polistes colony, in particular, P. exclamans which is similar to P. arizonensis. 

In the spring, females which were inseminated by males the previous fall 

survive to begin new colonies. Foundresses usually build a new nest instead of 

reusing an old one. The nests of P. exclamans are often founded by one female and 

are always haplometrotic (one queen). Hermann et al. (1975) recorded only two 

nests out of 33 that were founded by two females. When there is more than one 

foundress, one becomes the queen at least by the time of emergence of the first 

workers (Richards, 1978). The remaining foundresses either desert, or become 

subordinates to the queen and act as workers. They assume submissive postures, go 

on foraging flights and regurgitate fluids to the dominant foundress (Wilson, 1971). 

The queen does not have to forage or defend the nest and can demand food from 

her subordinates (Evans and West Eberhard, 1970). If subordinates attempt to lay 

eggs in unoccupied cells of the nest, the queen will eat them and lay her own there. 

Although the ovaries of the subordinates regress in time (Wilson, 1971), there is no 

morphological caste differentiation in Polistine wasps (Evans and West Eberhard, 
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1970). 

New paper nests are formed by mixing masticated plant fibers with oral fluids 

(Evans and West Eberhard, 1970). Man-made structures are often the preferred sites 

for nests, but they may also be built on vegetation (Gillaspy, 1979). Reed and 

Vinson (1979) found that over 90% of Polistes nests located in a Texas urban area 

were on buildings or other man-made structures. Polistes exclamans preferred 

exposed, well-lit sites. Many P. exclamans nests in Tucson, Arizona are constructed 

under dried fronds of palm trees (personal observation). Nests are shaped into a 

single layer of exposed cells supported by a thin pedicel (Wilson, 1971; Nelson, 1968). 

The foundress has sperm stored in a tightly packed bolus in the spermatheca. 

When an egg is laid sperm is released unless males are being produced. The queen 

does not need repeated matings. Nests of P. exclamans have an average of 152 cells 

with one of the largest recorded nests containing 569 cells (Nelson, 1966). 

Eggs hatch a mean of 10.5 days after they are laid (Rabb, 1960). A Polistes 

larva is an immobile "sac for processing food" living within its cell until it becomes 

an adult (Evans and West Eberhard, 1970). The larval stage takes a mean of 20.1 

days (Rabb, 1960), and then a thin lining is spun in the cell before pupation. The 

larva caps its cell with silk and emerges as an adult approximately 14.3 days later 

(Rabb, 1960). 

Reeve (1991) estimated the development time for the first brood to be from 

45 to 50 days. Rabb (1960) measured the time from egg to adulthood at a mean of 
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44.9 days. This development time can depend on a number of things: ambient 

temperature (Reeve, 1991), time of year (Wilson, 1971) and variations in food 

supplied to larvae (Rabb, 1960). Rabb (1960) found the greatest range of 

development times occurred in the larval stage, probably due to differences in 

feeding. 

Nourishment for the larvae must be provided by the adults in the colony. 

Workers forage for water, nectar and proteinaceous food (usually insect larvae). 

Water is essential for adult and larval survival and construction and evaporative 

cooling of the nest (Rabb, 1960). Nectar is an important source of carbohydrates for 

the adults and larvae. This may be obtained by foraging for nectar, honey dew from 

homopterans, sucking juice from ripe fruits, or robbing honeybee hives (Spradbery, 

1973). 

The first brood to emerge consists of workers which are smaller than later 

broods destined to become reproductives. In general, workers are produced when 

the photoperiod is increasing, and reproductives are produced when it is decreasing 

(Gibo, 1977). Mortality is high for adults with a mean life span of only 14 days 

(Wilson, 1971; Reeve, 1991). The adult population grows quickly during the summer, 

and roughly three overlapping brood generations can be produced in a year. 

The queen stays with the nest through late summer but leaves before the 

weather gets cold. At this time or shortly after, females destined to become the 

following year's queens, or gynes, emerge (Akre, 1982; Reeve, 1991). Haploid males 
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are developed from unfertilized eggs and emerge shortly after the gynes. Soon after 

the reproductives have emerged, the entire colony begins to desert the nest during 

the day to return only at night. Males cluster in cracks in trees or walls of buildings 

where females join them later. After the nest is abandoned, mating takes place in 

a sunlit area where wasps have aggregated. Although the inseminated females 

hibernate in protected places, males do not survive the winter. Dehydration prevents 

tissue damage in females when freezing water expands. The small amount of blood 

left in overwintering wasps also contains glycerine, a natural antifreeze (Evans and 

West Eberhard, 1970). 

Predation 

Larvae require proteinaceous food for their growth and development 

which is provided by foraging adults. The availability of prey can limit or enhance 

the growth of the colony. In 1981, Klahn found that supplementing founding-phase 

colonies of P. fuscatus with a proteinaceous food source could increase the number 

of reproductives reared by as much as 16 times. Fye (1972) reported that a mean of 

5.3 prey insects were required for each larva to reach adulthood in a colony. 

Approximately 1800 lepidopteran larvae (equivalent to fourth through sixth instar 

Heliothis virescens) would be consumed by an average-sized nest of P. exclamans over 

a season. Suzuki (1980) estimated that a total of 9.35g dry weight of prey were 
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captured over the lifetime of nests with a mean of 258.1 cells. Suzuki (1983) also 

calculated that a nest with a mean of 1106 cells had a total flesh intake of 51.1g dry 

weight over a season. Since a paper wasp nest requires a large amount of protein, 

foraging can be a considerable part of nesting activity. 

Polistine wasps seem to prefer prey that is smaller than that preferred by 

other vespids (Richards, 1971). Rabb and Lawson (1957) found that over 90% of the 

prey taken by P. exclamans consisted of caterpillars. Although soft-bodied larvae, 

especially Lepidoptera, are favored prey, many records of Polistes attacking other 

arthropods exist. Spradbery (1973; Table 15) lists eight orders of insects taken by 

paper wasps in Great Britain. Sixteen families and 31 identified species of 

Lepidoptera, as well as Coleoptera, Diptera, Hemiptera, Homoptera, Hymenoptera 

and Orthoptera were recorded as prey of three species of Polistes by Rabb (1960) 

and Rabb and Lawson (1957). Dhaliwal (1975) recorded P. hebraeus preying upon 

nymphs of the thrips Rhipiphorothrips cruentatus. Gracia (1971) observed P. 

canadensis attacking a butterfly by cutting the wings off at the base and discarding 

them. It was all done efficiently as if the wasp had handled butterflies before. When 

reared under controlled conditions, P. exclamans will often accept live or frozen 

crickets (Gibo, 1977). Bees are a well known prey of Vespa spp., but there are 

relatively few records of bees as prey of Polistes. Schmidt and Schmidt (1986) 

witnessed P. major capture and dismember a honeybee while the bee attempted to 

sting. Polistes fadwigae have been reported to steal larvae from other nests of their 
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own species (Sakagami and Fukushima, 1957). 

The first time a worker leaves the nest she takes two or three orientation 

flights around the entrance. Upon returning, she flies around in the general area 

until the nest is located. After several trips, she learns the location and can fly 

directly in and out (Spradbery, 1973). On a typical day an individual wasp will make 

approximately 20 foraging trips (Evans and West Eberhard, 1970). Not every trip 

results in the collection of flesh. Out of 545 loads carried by several workers to a 

Vespula sylvestris nest, 42% were fluid, 32% were wood pulp and just 26% were flesh 

(Brian and Brian, 1952). 

After locating a potential victim, the hunting wasp will pounce vigorously onto 

it and kill it within seconds using her mandibles. Polistes wasps never use their stings 

to subdue prey. The carcass is chewed, using the mandibles, into a ball-shaped mass 

using the front tarsi for gripping and turning. This process is termed malaxation and 

continues until the ball is small enough to carry back to the nest. Larger caterpillars 

may be cut into portions, and the wasp may return to the carcass for additional loads 

(Rabb and Lawson, 1957). 

It is believed by Evans and West Eberhard (1970) that Polistine wasps do not 

exhibit an age polyethism. Some workers are foragers, some are guards or 

completely inactive as long as the colony remains stable. However, Dew and 

Michener (1981) found that there is a correlation between age and duty. In P. 

metricus, workers specialize at certain permanent tasks. Paper collecting was 
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confined almost exclusively to the first group of workers, and older workers did more 

of the foraging than younger workers (Dew and Michener, 1981). Strassman et al. 

(1984) found that some workers off. exclamans never foraged at all while others did 

all of the foraging. The authors believed that these two groups may be divided into 

two behavioral castes. Post et al. (1988) found that workers of Polistes fuscatus 

colonies could be divided into three groups: prey foragers, pulp and prey handlers 

on the nest and non-foragers. At ages less than 7-8 days wasps were primarily 

inactive. At ages 13-14 days they made the transition to foraging activities. 

It is believed that wasps cannot communicate the location of a food source to 

nestmates as other Hymenopterans, such as honeybees, do. This means that they 

hunt independently (Kalmus, 1954), and a combination of cues may be used to locate 

a potential prey item. Relatively little is known about what cues are most important 

in locating and choosing prey. Most accounts are anecdotal with little evidence 

reported. Evans and West Eberhard (1970) believe that the hunting ground is 

detected primarily through vision, and that prey are detected through a combination 

of olfaction and vision. Rau (1939) thought that odors caused wasps to find 

concealed food stores. Kemper (1962) and Gaul (1952) decided that visual cues 

were probably the most important, and the movement of prey was what generally 

attracted the wasp. However, Duncan (1939) records wasps pouncing on nailheads 

accidently. 

Raveret-Richter and Jeanne (1985) conducted a series of experiments to 
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determine the role of visual, olfactory and chemotactile cues in Polybia sericea 

foraging. They found that foragers approached prey from downwind, and olfactory 

cues were more likely to induce landing than visual cues. Wasps used a combination 

of all three cues when deciding to bite the prey. Their result supported the idea of 

Evans and West Eberhard (1970), that wasps use visual cues to locate the site and 

olfactory cues to locate prey upwind. They can also use these cues to locate remains 

of prey left behind or to return to an area in which prey is abundant. 

Polistes exclamans workers seem to prefer to hunt for prey in open fields of 

herbaceous vegetation (Lawson, 1959; Rabb, 1960; Rabb and Lawson, 1957; Dew and 

Michener, 1978). Most of the prey captured by Polistes were feeding in exposed 

situations on foliage in experiments by Rabb (1960) and Rabb and Lawson (1957). 

No leafminers, woodborers, gallmakers or subterranean insects were taken by these 

wasps (Rabb, 1960). 

Attempts have been made to use Polistes as biological control agents in 

agriculture. Ballou first reported their augmented use in 1915. Some applications 

have been quite successful using paper wasps. Lawson (1959) found that in 37 

populations, the mortality of hornworms was nearly 98%, more than half of which 

was due to Polistes. In control plots there were six outbreaks of large hornworm 

populations, but in the experimental plots with additional wasps there was only one 

outbreak. Lawson et al. (1961) reported that 50% to 98% of hornworm larvae were 

killed in tobacco fields by wasps. Outbreaks only occurred when predation was low. 
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It was also found that even though egg populations were higher in the predator 

containing plots, there were consistently fewer fifth instars. The authors suggested 

an integrated control system using pesticides on upper leaves of tobacco and letting 

the wasps carry away the larvae which mostly occur on lower leaves. They tested the 

idea and found a 95% reduction in hornworm damage. Populations of the fall 

webworm, Hyphantria cunea in Louisiana were successfully controlled in part by six 

species of Polistes (Oliver, 1964). Gould and Jeanne (1984) had some success using 

Polistes fuscatus to control Pieris rapae in cabbage fields. In 1980, there were 62% 

fewer large larvae in the wasp plots and 27% fewer the following year. The cabbage 

in the control plots weighed 27% less than the cabbage in the experimental plots. 

The use of Polistes in biological control may be restricted by the fact that they 

will kill whatever prey is most readily available. Gillaspy (1979) found that the 

cabbage looper (Trichoplusia ni) was the main prey for Polistes when the target was 

Heliothis spp. The T. ni larvae were more exposed as leaf feeders than the other 

more concealed species. Shang-Chiu Investigators (1976) were using wasps to attack 

Heliothis armigera, but instead their main prey was another species, Etiella zinckenella. 

Kirkton (1970) found a similar problem when using Polistes to reduce numbers of 

cotton bollworms (Helicoverpa zea). An outbreak of Spodoptera frugiperda occurred 

in a nearby soybean field, and the wasps became "fixed" on the alternative prey. 

Experiments using wasps as control agents for lepidopterous pests were not 

very effective at limiting Heliothis populations (Lawson et al., 1961). In the early 
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whorls of corn plants where they were protected and able to do the most damage. 

Only later in the season when the tobacco bloomed, were the caterpillars more 

abundant on exposed leaves and thus, more susceptible to predation (Rabb and 

Lawson, 1957). Since corn earworms did not leave the corn ears or cotton bolls until 

late in the summer, they were not readily taken by wasps until then (Rabb, 1960). 

Polistes wasps are generalist predators that respond quickly to olfactory and 

visual cues and have a large capacity for learning (Raveret-Richter and Jeanne, 

1985). They have not been used widely in biological control (Gillaspy, 1982), but 

there may be an ability of some species to effectively search for and attack several 

species which are hidden or slightly concealed. There have been records of Polistes 

searching beneath bark (Gillaspy, 1979) or penetrating webs of the fall webworm 

(Schaefer, 1977). If appropriate species of Polistes are used it may be possible to 

promote predation of largely hidden prey, such as the tobacco budworm, Heliothis 

virescens (Gillaspy, 1982). 

HELIANTHUS ANNUUS 

The common annual sunflower (Asteraceae: Heliantheae) is found throughout 

the United States and is primarily a perennial herb. Mature plants may be from less 

than lm to about 4m tall. The stems are usually covered with stiff or bristly hairs 
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(Rogers et al., 1982). Petiolate leaves (5cm to 35cm wide by 10cm to 40cm long) are 

usually ovate and arise from the stem alternately. Lower leaves often have hairs on 

both sides and are highly rounded at the base. 

The chemical composition of Helianthus has not been widely surveyed. The 

tribe Heliantheae is known to contain different types of sesquiterpene lactones 

(Swain and Williams, 1977). The flavone, quercetin 7-glucoside has been found in 

H. annuus (Sando, 1926). 

PHYSALIS PUBESCENS 

Physalis pubescem (Solanaceae: Solanoideae) is an annual herb which is 

pantropical in distribution extending as far north as Ontario and Wisconsin. The 

plant is widely branching from near the base to 60cm with ovate leaves (3cm-10cm) 

in an alternate or seemingly opposite arrangement (Gleason and Cronquist, 1963). 

The leaves are covered in gland-tipped or nonglandular unbranched hairs (Seithe and 

Sullivan, 1990). 

The family of Solanaceae is well known for its alkaloids. Pyrrolidine has been 

found in Physalis. Physalis also has many different varieties of Qg-steroidal lactones 

built on an ergostane framework such as, withanolides, physalins, withaphysalins, 

ixocarpalactones and perulactones (Sahai, 1985). Row et al. (1984) isolated a new 

withanolide named pubescenol from P. pubescens. 
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Table 1. List of the recorded cultivated host plants of Heliothis virescens. 

Scientific name 

Plant species 

Common name 

Reference 

Asteraceae Family 
Chrysanthemum 
Helianthus 
Lactuca 

Cruciferae Family 
Brassica 
Cucurbitaceae Family 
Cucumis 
Cucurbita 
Geraniaceae Family 
Geranium 
Gramineae Family 
Zea 

Juglandaceae Family 
Carya 
Labiatae Family 
Salvia 
Leguminosae Family 
Arachis 
Caesalpinia 
Cajan 
Cicer 
Glycine 

Lathyrus 
Medicago 
Phaeseolus 
Pisum 
Linaceae Family 
Linum 
Malvaceae Family 
Abelmoschus 

Gossypium 

Chrysanthemum 
Sunflower 
Lettuce 

Cabbage 

Cantaloupe 
Squash 

Geranium 

Corn 

Pecan 

Sage 

Peanut 
Bird-of-paradise 
Pigeon pea 
Garbanzo bean 
Soybean 

Sweet pea 
Alfalfa 
Bean 
Garden pea 

Flax 

Okra 

Cotton 

Pedaliaceae Family 
Sesamum 

Rosaceae Family 
Rosa 

Sesame 

Rose 

Twine and Reynolds, 1980 
Teetes et al., 1970 
Oatman and Platner, 1972 
Toscano et al., 1982 
Henneberry et al., 1991 

Martin et al., 1976 

Harding, 1976 
Hambleton, 1944 

Twine and Reynolds, 1980 

Hambleton, 1944 
Wille, 1951 

Payne and Polles, 1974 

Hambleton, 1944 

Martin et al., 1976 
Sluss and Graham, 1979 
Snow et al., 1974 
Rathman, 1981 
Smith and Bass, 1971 
Hillhouse, 1976 
Chamberlin and Tenhet, 1926 
Henneberry et al., 1991 
Hambleton, 1944 
Morgan and Chamberlin, 1927 

Barber, 1937 

Chamberlin and Tenhet, 1926 
Snow and Brazzel, 1965 
Hambleton, 1944 
Harding, 1976 
Parrott et al., 1978 
Stadelbacher, 1981 
Hallman, 1985 
Henneberry et al., 1991 

Rivers etal., 1965 
Snow and Brazzel, 1965 

Sluss and Graham, 1979 
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Table 1 -Continued. List of the recorded cultivated host plants of Heliothis virescens. 

Scientific name 

Plant species 

Common name 

Reference 

Scrophulariaceae Family 
Antirrhinum Snapdragon 
Solanaceae Family 
Capsicum Bell pepper 
Lycopersicon Tomato 

Nicotiana Tobacco 

Tilden, 1968 

Martin et al., 1976 
Chamberlin and Tenhet, 1926 
Nilakhe and Chalfant, 1981 
Morgan and Chamberlin, 1927 
Barber, 1937 
Hambleton, 1944 
Neunzig, 1969 
Rabb et al., 1976 
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Table 2. Partial list of the wild host plants of Heliothis virescens. 

Plant species Reference 

Scientific name Common name 

Amaranthaceae Family 
Amaranthus Pigweed Harding, 1976 
Asteraceae Family 
Erigeron Daisy fleabane Rathman, 1981 
Galinsoga Quickweed Batra, 1979 
Helianthus Wild sunflower Harding, 1976 
Lactuca Wild lettuce Harding, 1976 
Parthenium Parthenium Harding, 1976 
Sonchus Sow thistle Harding, 1976 
Chenopodiaceae Family 
Chenopodium Lambsquarter Harding, 1976 
Convolvulaceae Family 
Convolvulus Field bindweed Rathman, 1981 
Cruciferae Family 
Lepidium Pepperweed Harding, 1976 
Fabaceae Family 
Desmodium Beggarlice Chamberlin and Tenhet, 1926 Beggarlice 

Hillhouse, 1976 
Jackson et al., 1984 

Geraniaceae Family 
Erodium Redstem filaree Rathman, 1981 
Geranium Wild geranium King and Hartley, 1985 
Leguminosae Family 
Hojfnianseggia Pignut Rathman, 1981 
Lupinus Lupine Waldvogel and Gould, 1990 
Trifolium Clover Brazzel etal., 1953 

Snow and Brazzel, 1965 
Martin et al., 1976 

Vicia Vetch King and Hartley, 1985 
Malvaceae Family 
Abutilon Velvetleaf Waldvogel and Gould, 1990 
Bastardia Malvaceous plant Snow et al., 1974 
Sphaeralcea Desert mallow Rathman, 1981 
Martyniaceae Family 
Proboscidea Devil's claw Rathman, 1981 
Melastomataceae Family 
Rhexia Deergrass Neunzig, 1963 
Passifloraceae Family 
Passiflora Passionflower vine Harding, 1976 
Polygonaceae Family 
Rumex Dock Harding, 1976 
Portulacaceae Family 
Portulaca Purslane Harding, 1976 
Scrophulariaceae Family 
Castilleja Texas Paintbrush Egeretal., 1982 
Linaria Toadflax Neunzig, 1963 

Snow and Brazzel, 1965 
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Table 2-Continued. Partial list of the wild host plants of Hcliothis virescens. 

Scientific name 

Plant species 

Common name 

Reference 

Solanaceae Family 
Nicotiana 
Physalis 

Solanum 
Verbenaceae Family 
Verbena 

Wild tobacco 
Groundcherry 

Husk tomato 

Vervains 

Graham and Robertson, 1970 
Harding, 1976 
Avison, 1988 
Harding, 1976 

Harding, 1976 
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GENERAL METHODS 

Cultures 

For the following experiments, Heliothis virescens Fabricius eggs were obtained 

from a one-year old culture that had been collected at Texas Hill near Yuma, 

Arizona. All stages were kept in a 16:8 L:D cycle environmental cabinet at 

28°C:26°C. 

Neonatal larvae were placed in groups of approximately 50 caterpillars on a 

modified lima bean diet (Patana, 1969) in 8 oz. waxed paper cups. After eight days, 

larvae were removed and placed in individual 30ml plastic souffle cups filled with the 

artificial diet. Four trays of 30 caterpillars were set up for each neonatal hatching 

date. These larvae were checked daily for mortality and pupation. Pupae were 

transferred to 8 oz. waxed paper cups with air holes and a filter paper lining to 

prevent pupae from sticking to the bottom. Newly-emerged adults were transferred 

daily to one gallon jars to facilitate mating and oviposition. The bottoms of the jars 

were covered with folded paper towels, and paper towel strips were taped to the 

sides of the jars to allow moths to walk to the top. A 10% sucrose solution was 

added to 100ml Erlenmeyer flasks for moth feeding. Two cotton wicks were inserted 

to allow moths to drink. On top of the jar, paper toweling was held with a rubber 

band, and moths oviposited on this paper. New oviposition jars were set up 

approximately every three days or when the most recently dated jar contained about 
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50 moths. The paper towels were changed daily, and those with eggs on them were 

placed into 8 oz. waxed paper cups to await hatching. 

In April, 1992, a paper wasp (Polistes arizonensis Snelling) nest with two 

foundresses was brought into a large greenhouse. The nest was attached by insect 

pins through the pedicel inside a cardboard box (20cm x 20cm x 14cm), open on one 

side and the box suspended from the roof. The open side of the box was covered 

with plastic wrap for two days after moving to the greenhouse. Inside was placed a 

30ml cup of cotton balls saturated with 10% sucrose solution. On the second night 

the plastic was removed so that the wasps could fly out and move freely through the 

greenhouse. In 1992, experiments were not started until June because the wasp 

colony was too small and did not have many foragers before that time. Experiments 

were carried out until the beginning of October, 1992, when the wasps virtually 

ceased foraging, and the nest contained only reproductive castes and very few 

workers. 

In January, 1993, foundresses that survived the winter inside the greenhouse 

established their own nest on the roof so it was not necessary to go through the 

preceding steps the second year. Experiments were started at the beginning of April. 

A hummingbird feeder was filled with 10% sucrose solution to provide 

carbohydrates along with a large passion vine (Passiflora spp.) which provided 

abundant extrafloral nectaries. The colony was fed daily with third to fifth instar 

cabbage looper caterpillars (Trichoplusia ni) presented alive on plant species other 
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than those used in this study. Caterpillars were killed by the wasps, rolled into 

transportable pieces and carried back to the nests. 

Potted plants were raised in the greenhouse for the experimental diets. The 

species used were groundcheriy (Physalis pubescens), sunflower (.Helianthus annuus) 

and tobacco (Nicotiana tabacum). Pre-bud or budded sunflowers that were 

approximately one month old and two feet tall were used for experiments and for 

rearing caterpillars. All stages of groundcherry were used (buds, flowers, fruits) in 

experiments. For rearing caterpillars, new small leaves of Physalis were used. Buds 

and new leaves of N. tabacum were used for rearing, and plants were no specific age. 

A number of plants (approximately 30 of each) were maintained for replicated 

experiments. 

Experimental design 

All experiments were conducted in an area of the greenhouse where a 

permanent feeding station had been set up and where normal feeding with 

Trichoplusia ni occurred. New foragers learned the area within a few days. Wasps 

were marked on the thorax and/or abdomen with acrylic paint or paint markers with 

3mm tips. 

Experiments were conducted between 0800h and 1600h and at temperatures 

between 28°C and 40°C on sunny days. All interactions were observed approximately 
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30cm from the experimental substrate. Wasps were clearly visible from this distance, 

and observers could even move in closer without disturbing the wasp after 

subjugation of the prey. A full experiment using one wasp took between 45 minutes 

to two hours depending on how long it took the wasp to return for the new 

caterpillars. 

Later in the season when wasp numbers were greater, many wasps were 

foraging at all times and had learned the location of the experimental arena. To 

avoid interactions between the wasps that would disrupt the experiments only one 

wasp was used at a time. Other wasps in the area were trapped under cylinders with 

screen tops. They were captured either by letting them attack a caterpillar before 

the beginning of the experiment and placing the cylinder over them or misting them 

with water so they could not fly and placing the cylinder over them. The excluded 

wasps were released upon completion of each experiment. 

For recording wasp behavior, the Observer 2.0 event recording program was 

used on the Psion Organiser hand-held computer (Noldus and Potting, 1990). For 

different experiments different parameters were used, but in general many were the 

same. Investigation times (when and for how long they contacted the caterpillar 

before attacking), biting (when the initial bite occurred), processing times (how long 

it took after the caterpillar was killed to prepare it for transport back to the nest), 

the time they left with or without the prey ball and of which treatment was the 

caterpillar. For the architecture experiments, searching times (flying around the 
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plant, slowly moving in towards the leaves, hovering near the plant) and walking 

times (walking on the plant, apparently searching for prey) were also recorded. In 

all cases, temperature, date, time and the individual wasp number were recorded. 
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CHAPTER 1 

HELIOTHIS VIRESCENS MORTALITY DIFFERENCES DUE TO 
PREDAHON ON TWO HOST PLANTS 

INTRODUCTION 

The host plant of an herbivore may be used as a refuge from natural enemies 

as well as a source of nutrients (Price et al., 1980). However, some of an herbivore's 

host plants may be less protective than others against predators and parasitoids. 

Many studies have found that there are different mortality rates depending on which 

plant an herbivore is found. 

Most of these experiments have involved parasitoids or small, crawling 

predators. Parasitoids primarily use olfactory cues to locate plants and usually find 

the food plants of their host to be more attractive when compared with non-host 

plants (Vinson, 1984; Whitman, 1988). Some plants may produce secretions or bear 

structures that impede the mobility of parasites and small predators (Price et al., 

1980). In addition, size of the plant (Collyer, 1958; Need and Burbutis, 1979; Abies 

et al., 1980), and the complexity of plant architecture (Andow and Prokrym, 1990) 

may lower the searching efficiencies of small enemies. 

Alternatively, the searching efficiencies of large, aerial predators may not be 

as easily influenced by the size or complexity of a plant. Since they can fly, they may 
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not be hindered by architectural properties of plants. Also, olfactory cues may not 

be as significant for generalist predators as they are for parasitoids. 

This experiment was conducted to determine if a large, flying predatory insect 

would differentially affect the mortality rates of prey on two host plants. Polistes 

arizonensis Snelling (Hymenoptera: Vespidae), a generalist forager, was used as a 

predator of Heliothis virescens Fabricius (Lepidoptera: Noctuidae). It was previously 

not known if host plants of their prey affected wasps at all. The two host plants 

compared were groundcherry, Physalis pubescens (Solanaceae) and sunflower, 

Helianthus annuus (Asteraceae). The groundcherry plants had a more complex 

structure (more branching) and larger leaf surface areas than the sunflower plants. 

They are also known to have several different steroidal lactones such as withanolides 

and physalins (Row et al., 1984; Sahai, 1985). Sunflowers, on the other hand, contain 

various sesquiterpene lactones and flavones. 

METHODS 

Third or fourth instar H. virescens larvae were removed from artificial diet and 

fed cut leaves of either P. pubescens or H. annuus plants for two days. These were 

small, new leaves and did not need to be changed during this time. They were held 

in petri dishes with damp filter paper in an environmental cabinet at a 16:8 

Light:Dark cycle and 28°C:26°C temperature cycle. On the third day, larvae were 
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placed on the actual plant from which their food leaves had been taken. One larva 

was placed on each plant. The potted plants were moved into a screened building 

providing a predator-free environment. This allowed them 18 hours to move to a 

part of the plant that they preferred and to feed in a natural, undisturbed manner. 

On the fourth day, the plants were brought into the experimental area of the 

greenhouse and presented for wasp predation, one P. pubescens and one H. annum, 

presented in pairs, one pair at a time. Helianthus annuus were much taller 

(approximately 45cm, see Fig. 2.1) with long, sparse leaves that extended from the 

main stem. Physalis pubescens were shorter (approximately 20cm, see Fig. 2.1) with 

many branches and small, round leaves. The latter were placed on pedestals so that 

the tops of the plants were at the same height. The larvae were able to move about 

on the plants. After one larva on one plant was taken by a wasp, a new choice test 

was set up with new plants and caterpillars and the positions of the plants reversed 

to avoid a positional bias. Each replicate consisted of one choice by a wasp. Twenty 

different wasps were used on eight different days. Each wasp was allowed 1 to 12 

choices, and data from one to six wasps were recorded in a day. 

RESULTS 

The results of this experiment show a significant difference in the mortality of 

caterpillars depending on their host plant. Figure 1.1 shows the number of 
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caterpillars killed on each plant species over 8 days. Table 1.1 lists these data in 

detail for each wasp. Sixteen out of the twenty wasps tested chose caterpillars on H. 

annum in their first encounter which was significantly different than expected using 

a Chi-Square analysis (Table 1.1, p<.01). 

Wasps chose significantly more caterpillars from the H. annum plant than 

from P. pubescens in all encounters as well. The results from the individual wasps 

were compared using Wilcoxon's signed ranks test and were significantly different 

(p=.0009). After the first kill, results may have been influenced by which plant 

provided the prey because the wasps probably learned, and therefore, returned to a 

plant species where they had first successfully foraged. Of the four wasps that first 

took a caterpillar on P. pubescens, three did not return and the other took 

caterpillars from H. annum thereafter. 

DISCUSSION 

From the data, it appears obvious that P. arizonensis is affected by the host of 

its prey. Predation was higher on H. annum than on P. pubescens which may have 

had a number of causes. 

Plant physical characteristics may have directly affected wasp foraging. 

Knipling and McGuire (1968) speculated that the amount of host environment that 

must be searched would have an effect on discovery efficiency by enemies. Need and 



Burbutis (1979) and Abies et al. (1980) found this to be true with Trichogramma spp. 

parasitoids. Searching efficiencies decreased as the size of the leaves or plants 

increased. Physalis pubescens plants used in this experiment had a higher leaf surface 

area, but both plants were relatively small and could be searched quickly by a wasp. 

It would not be expected that leaf surface area would affect this large, flying 

predator. 

However, plant complexity was quite different in the two plants. Plant 

complexity may be defined as the connectivity of plant parts or branching. Plants 

with higher levels of branching may be called complex. Caterpillars may have been 

better able to hide in the complex architecture of P. pubescens. Caterpillars on H. 

annuus were quite easy to locate with the human eye while it was often much harder 

to see the larvae on P. pubescens. Larvae hid in the inner branches of the 

groundcherry, whereas on sunflower they had to position themselves on external 

surfaces. If wasps use visual cues the prey on H. annuus may have been easier to 

detect. 

The wasps may have also visually detected the damage to H. annuus leaves 

more readily than on P. pubescens. Caterpillars feeding on H. annuus left holes in 

the middle of the large leaves whereas on P. pubescens the leaves were much smaller, 

and caterpillars presumably fed around the edges or until a whole leaf was 

consumed. Cornelius (1993) found that wasps use a combination of olfactory and 

visual cues to detect evidence of caterpillar presence. In this case, feeding damage 
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may have also emitted odors that affected wasp foraging behavior. Olson and 

Roseland (1991) found that coumarins accumulated after stress in H. annuus. In 

many cases, odor from damage can attract natural enemies (Whitman, 1988; Dicke 

et al., 1989; Turlings et al., 1990). Therefore, the volatiles from H. annuus may have 

been stronger or more attractive than those emitted from the other plant. 

Plants may also have an indirect effect on predators by affecting the 

acceptability of herbivores feeding on them. Sometimes the herbivore's host plant 

may affect the growth and survival of the enemy (Orr and Boethel, 1986; Barbosa, 

1988), although in the experiment presented here, this would not account for the 

higher mortality on H. annuus. However, there is evidence that herbivore diet may 

affect the rate of prey consumed (Landis, 1937; DeMoraes and McMurtry, 1987; 

Bernays and Cornelius, 1989). Caterpillars reared on P. pubescens may have been 

less acceptable than those reared on H. annuus. Physalis pubescens contains 

withanolides and other steroidal lactones (Row et al., 1984; Sahai, 1985) which may 

have rendered the caterpillars less palatable to predators. 

Predatory wasps return to the exact site of a previous kill to pick up any 

leftover caterpillar remains (Raveret-Richter and Jeanne, 1985). In the experiment 

conducted here, new plants were used after each kill and no remains were left 

behind. However, the wasps may have learned the odor of the plant species they 

previously foraged on. To prevent a bias during analysis, the first choice of each 

individual wasp was examined, and results showed that the wasps took more 
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caterpillars from H. annuus. However, it was ecologically relevant to compare all of 

their encounters. In the field, wasps would be able to return repeatedly to the same 

plant or plant species. In this study, only one wasp that previously killed a caterpillar 

on P. pubescens returned to that species to kill another. Also, at the population level, 

in these experiments, bias towards caterpillars on H. annuus increased over time. 

Twelve wasps that initially captured prey on H. annuus subsequently caught more on 

that species. 

Between each experiment the positions of the plant species were alternated 

to prevent the wasps from learning a specific position and not making a choice based 

on the two host plants. This may have "confused" the wasps on returning after a 

previous encounter to find a different plant. Ten wasps killed a caterpillar on H. 

annuus first, returned and killed another on the same plant species (Table 1.1). It 

is probable that they went to the positional location of the first kill, where P. 

pubescens would then be found, searched and gave up or would not search P. 

pubescens at all and found the caterpillar on the H. annuus plant in the new position. 

This could lead to an increased bias over time for H. annuus. In conclusion, wasps 

killed more caterpillars on H. annuus initially and returned more to that plant 

species. In the field, if prey is easier to locate on one plant, if one plant has a more 

attractive odor than another, or if prey on that plant are more palatable, then wasps 

will persistently return to that plant species. This may be a selective force in the 

evolution of herbivore host plant choice. 
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Table 1.1. List of the plants on which H. virescens larvae were killed by P. arizonensis 
wasps. Choices from 20 individual wasps are presented in consecutive order. 
S=sunflower, H. annuus 
G=groundcherry, P. pubescens 

Choice 

Wasp 1 2 3 4 5 6 7 8 9 10 11 12 

1 S s s s 
2 s s s s s s 
3 s s 
4 s s s s s s 
5 G 

6 s 

7 s s s s 

8 s s s s 

9 s 

10 s 

11 s 
12 s s s s s G 

13 s G s s G G 

14 s S 

15 G s s s 
16 s s s 

17 s s s 
18 G 

19 G 

20 S 
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Fig. 1.1 Differential Mortality on the Two Host Plants 
Number of H. virescens caterpillars killed by P. arizonensis wasps on the 
two host plants, groundcherry {P. pubescens) and sunflower (H. annuus) 
on eight different days. The two plant species were set up in a 
paired-choice test with one larva on each, and data from twenty individual 
wasps were recorded. Data were significantly different using Wilcoxon's 
signed ranks test (p=.0009). n=number of wasps foraging per day. 
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CHAPTER 2 

PHYSICAL EFFECTS OF THE HOST PLANT ON POLISTES ARIZONENSIS 

INTRODUCTION 

In Chapter 1, it was shown that P. arizonensis foragers killed more H. virescens 

caterpillars on H. annuus plants than on P. pubescens plants. This chapter will 

examine the possibility that plant physical characteristics directly affected the 

mortality rates of caterpillars due to predation. 

Plant physical characteristics may be divided into three categories (Andow and 

Prokrym, 1990). First, the size of a host plant or the amount of surface area an 

enemy must search to find its prey may alter the rate of capture. For example, 

searching efficiencies of two species of Trichogramma parasitoids decreased as the 

size of the plants increased (Need and Burbutis, 1979; Abies et al., 1980). 

Another example of plant physical characteristics is the connectivity or 

branching of plant parts. This may also be called plant complexity (Andow and 

Prokrym, 1990). Plants with more complex architectures (highly branching) may have 

an adverse effect on herbivore enemies. Andow and Prokrym (1990) found that 

more complex architectures had lower parasitism rates than simple ones, and the 

parasite, Trichogramma nubilale, spent more time searching on simple architectures. 
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A third characteristic of plant architecture is the variation among plant parts 

or structural heterogeneity, such as flowers, nectaries, seed heads and different leaf 

surface types (Andow and Prokrym, 1990). Some herbivores may be protected from 

enemies by plant structures that offer barriers to attack (Pimentel, 1961a; Arthur, 

1962; Lincoln et al., 1971). 

The purpose of these experiments was to determine whether the differences 

in predation on H. annuus and P. pubescens were due to architectural characteristics 

of the plants. Artificial plants were used to examine searching times on different 

architectural complexities and leaf surface areas. Choice tests were set up to 

determine whether wasps located prey more easily on one architectural type. 

METHODS 

Artificial plants. Artificial plants were used in an attempt to keep all 

characteristics of the two experimental plants constant except the architecture. 

Commercially sold silk plants were used to approximate differences between the 

structures of P. pubescens and H. annuus. A computerized digitizer was used to 

measure the surface areas of the real and artificial plants' leaves. Fig. 2.1 shows the 

approximate architectures of the real plants. 

A bushy artificial plant with two sizes of round leaves with surface areas of 

20.5cm2 and 34.9cm2 was used as the P. pubescens substitute (Fig. 2.2). The H. 
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annuus substitute consisted of a straight stalk with long, thin leaves each having a 

surface area of 63.1cm2 (Fig. 2.2). Models were of equal height and were placed in 

the same size pots with the same type of soil. Soil was used to hold the stalks 

upright in the pots. Both artificial plants resembled the architecture of the true 

plants without being much different from each other in height and width (H. annuus, 

16cm x 35cm; P. pubescens, 23cm x 29cm). 

In case the wasps used plant odors as general cues in determining where to 

search for prey, the same plant extract from a known acceptable plant was used for 

both substitutes. The wasps' regular diet of cabbage looper caterpillars were often 

placed on collard plants (Brassica oleracea) so this was used for a generic plant odor. 

Collard leaves (96g) were blended with 500ml methanol and strained through glass 

wool. The extract was then sprayed onto both plants daily before experiments using 

an aerosol propellant. Plants were set out in the sun and allowed to dry before the 

experiments. 

The approximate leaf surface areas of the live plants were 970cm2 for P. 

pubescens and 440cm2 for H. annuus. For the first pair in the following experiments, 

the P. pubescens model had a leaf surface area that was roughly 2.5 times as high as 

the H. annuus model (1009.4cm2 and 378.6cm2, respectively). The second pair of 

artificial plants had equal surface areas (both approximately 505cm2). Both pairs 

were used in each experiment to determine the effects of leaf surface area and plant 

complexity on foraging wasps. 
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In all physical effects experiments, small caterpillars (2nd or 3rd instar) were 

used to prevent remnants from being left behind on the 'leaf' and altering the 

searching behavior of the wasp. 

Paired choice tests. In the first set of experiments, both plants in a pair were set 

out in a choice test with three freshly killed diet-reared H. virescens larvae on each. 

All wasps were allowed to forage on caterpillars freely. Any larva removed by a 

predator was immediately replaced. The positions of the two plants were frequently 

switched to prevent a positional bias. Data were being recorded from several wasps 

at a time. The positions could not be switched after each capture because many 

other wasps were foraging in the area. If plants were switched after one wasp had 

taken a caterpillar, it may have disrupted other wasps that were foraging in the area 

at the same time. Switching the plants while they were searching for prey may have 

influenced on which plant they located subsequent prey. Nine wasps were used and 

all choices were recorded from the first pair of artificial plants (leaf surface area of 

P. pubescens > leaf surface area of H. annuus). The same experiment was conducted 

with the second pair of models (leaf surface areas equal) using ten wasps and all 

their choices were recorded. Choices were analyzed using Wilcoxon's signed ranks 

test. 

Prey location times. Prey location time was defined as the time from when a 
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wasp began searching approximately 15cm or less from the plant until it attacked a 

larva. One model plant was presented at a time with three freshly killed H. virescens 

larvae placed on the leaves. Location time for one wasp was recorded. Next, the 

other plant model in the pair was presented to the same wasp and the location time 

was recorded. Four of these successive trials were recorded for each of seven (leaf 

surface area of P. pubescens model > leaf surface area of H. annuus model) or ten 

wasps (leaf surface areas equal). This design prevented wasps from "giving up" and 

flying to the other plant when larvae were not quickly located. Median times per 

wasp for the two models were compared using Wilcoxon's signed ranks test. 

RESULTS 

Paired choice tests. When the P. pubescens model had a higher leaf surface 

area, wasps chose significantly more larvae on the H. annuus model (p = .0066, 

Wilcoxon's signed ranks test). Wasps attacked 25 caterpillars on the H. annuus 

model and only 5 on the P. pubescens model (Fig. 2.3). Examining the first choices, 

only one wasp chose a caterpillar on the P. pubescens substitute. In all cases where 

wasps attacked a caterpillar on the P. pubescens model they never found additional 

larvae on that model. 

Results for the equal leaf surface area experiment also show that wasps chose 

significantly more larvae on the H. annuus model (Fig. 2.4, p=.0074). Eleven 
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caterpillars were attacked on the P. pubescens model compared to 37 on the H. 

annuus model. There were three wasps that returned to the P. pubescens model after 

a previous attack on that plant. But this time, no initial attacks were on the P. 

pubescens substitute. No wasps took more larvae from the P. pubescens model than 

the other model in either of the experiments (Fig. 2.3, Fig. 2.4). There was, however, 

one tie in the equal surface area experiment (see wasp #4, Fig. 2.4). 

Prey location times. These results show the differences in prey location times 

for each plant model. The median for the location times of all wasps' first 

experiences on H. annuus was compared with the median of all the first location 

times on P. pubescens. In Figs. 2.5 and 2.6, the first trial consists of the median 

location times of all wasps on their first encounter with either plant. The data from 

the wasps' second encounter with both plants are shown in trial 2. Data were set up 

in this manner to prevent any bias due to experience. Learning may have occurred 

which would bias the data from successive trials if data were grouped by individual. 

Location times were analyzed by taking the medians of each successive trial and 

using a Wilcoxon's signed ranks test. 

The data show that there were significant differences in the median searching 

times for the first, third and fourth trials (p=.0173, p = .0464 and p=.0277, 

respectively) with a similar trend for trial 2 in the test with the higher leaf surface 

area of P. pubescens (Fig. 2.5). The results from the second trial showed a similar 
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trend but were not significantly different. Prey location times were significantly longer 

on the P. pubescens model than the H. annuus model, when the P. pubescens model 

was larger. 

When leaf surface areas were equal, the results were not as clear (Fig. 2.6). 

Only in the third trial was the median location time significantly longer for larvae on 

the P. pubescens model (p=.018). The first, second and fourth trials were not 

significantly different, but the first and the fourth trials showed the same trend. The 

median location time for H. annuus was slightly longer than the P. pubescens median 

time in the second trial. When surface areas were equal, prey location times were 

not significantly different on the two models. 

DISCUSSION 

From the results of these experiments, it appears that surface area had more 

of an effect than plant complexity on the prey location times for P. arizonensis. In 

Fig. 2.5, the location times are significantly longer on the plant with the higher 

connectivity and larger leaf surface area. Where the plants have equal surface areas, 

there is much less of a difference in location times even though the P. pubescens 

model is more complex. It seems that prey location times are primarily affected by 

leaf surface area of the plant. Physalis pubescens plants used in Chapter 1 had a 

higher leaf surface area than the H. annuus plants, therefore, this may have been a 
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contributing factor to the different levels of predation. 

When the wasps are given a choice between the two artificial plants, with 

differing complexity and leaf surface areas, they chose more prey on the less complex 

plant with a smaller leaf area (Fig. 2.3, Fig. 2.4). It could be concluded that as leaf 

surface area increases prey location time increases. The structural complexity can 

affect the giving-up time of the predator when presented with a choice between 

simple and complex architectures. Ultimately, a wasp may have to search longer on 

a complex plant but will probably give up and move to a less complex plant before 

it locates prey on the first plant. 

It must be noted that there are two factors affecting surface area: leaf surface 

of the entire plant and surface area of an individual leaf. The size and shape of the 

individual leaves could affect the complexity of the plant. For example, the H. 

annum model had larger, fewer leaves than the P. pubescens model when they were 

of equal size. However in this experiment, when both simple and complex 

architectures were compared with overall leaf surfaces equal, there was no clear 

difference in the location times. Therefore, it is probable that total leaf surface area 

instead of individual leaf surface area is affecting prey location times. 

Other factors may have been involved concerning the individual leaf sizes. 

The leaves of P. pubescens were much smaller and rounder than the leaves of H. 

annuus in both the real and artificial plants (Fig. 2.1, Fig. 2.2). On the real plants, 

large holes appeared when caterpillars fed on the H. annuus leaves, but damage was 
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less apparent on P. pubescens. When caterpillars fed on P. pubescens leaves, they 

were much more likely to be feeding along the edges and often consumed most of 

the leaf. Cornelius (1993) found that wasps did not respond to olfactory cues of 

feeding damage in the absence of visual cues. Therefore, in the experiment in 

Chapter 1, the difference in wasp foraging behavior may have been influenced by 

leaf shape. This is a more indirect effect of plant physical characteristics. 

One other aspect of the plant physical characteristics must be considered. 

Structural heterogeneity of the two host plants used in these experiments was not 

tested although it may have contributed to the different mortality rates found in 

Chapter 1. The P. pubescens plants were bearing fruit most of the time, which are 

small tomatoes with a dried calyx forming a loose paper husk surrounding the fruit. 

Occasionally, the H. virescens larvae were hidden within these fruits without a 

comparable structure within which the larvae on the H. annuus plants could hide. 

Leaf surface characteristics probably had little to no effect since larger-bodied 

predators should be less affected by trichomes or hairiness (Obrycki et al., 1983). 

The foraging behavior presented here may have a great impact on biological 

control efforts. Attempts have been made to use Polistes as biological control agents 

in agriculture. In many cases, wasps have failed to control target pests but have 

moved to nearby fields where other herbivores are more obvious or more easily 

located (Kirkton, 1970; Shang-Chiu Investigators, 1976; Gillaspy, 1979). This may, 

in fact, have been due to the physical characteristics of the herbivore's host plants 
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or the alternative host plants. Wasps may give up faster on plants with more 

complex architectures and take longer to locate prey as relative leaf surface area 

increases. 



Fig. 2.1. Schematic drawing of the two host plants, Physalis 
pubescens (left) and Helianthus annuus. 



Fig. 2.2. Schematic drawing of the two artificial plants representing 
Physalis pubescens (left) and Helianthus annuus. 
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Fig. 2.3. Number of H. virescens chosen by P. arizonensis 
foragers on either the H. annuus or P. pubescens model plants. 
Choices were recorded from 9 different wasps. 
Leaf surface area of P. pubescens model > leaf surface area of H. 
annuus. 
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Fig. 2.4. Number of H. virescens chosen by P. arizonensis 
foragers on either the H. annuus or P. pubescens model plants. 
Choices were recorded from ten different wasps. 
Leaf surface area of P. pubescens model = leaf surface area of 
H. annuus model. 
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Fig. 2.5. Median prey location times for P. arizotiensis on the H. 
annuus and P. pubescens model plants over four successive trials. 
Leaf surface area of P. pubescens model > leaf surface area of H. 
annuus model. 
n=number of wasps recorded in a trial. 
Asterisks indicate significant differences at p<0.05. 
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Fig. 2.6. Median prey location times for P. arizonensis on the H. 
annuus and P. pubescens model plants over four successive trials. 
Leaf surface area of P. pubescens = leaf surface area of H. annuus. 
n=number of wasps recorded in a trial. 
Asterisk indicates a significant difference at p<0.02. 
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CHAPTER 3 

CHEMICAL EFFECTS OF THE HOST PLANT ON POLISTES ARIZONENSIS 

INTRODUCTION 

In Chapter 1, it was shown that P. arizonensis wasps killed more H. virescens 

larvae on H. annuus than on P. pubescens. This chapter will examine the possibility 

that plant odors directly affected the mortality rates of caterpillars or that plant 

chemicals indirectly affected mortality through the acceptability of caterpillars as prey 

reared on the two host plants. 

Host plant volatiles have previously been found to attract predators (see Dicke 

et al., 1990 for review) and parasitoids (Altieri et al., 1981; 1982; Vinson, 1984) 

especially if the plants have been damaged by herbivores (Dicke et al., 1989; Turlings 

et al., 1990). In this study, H. annuus may have been more attractive or arresting to 

the predators or released more volatiles signalling an herbivore's presence. 

It has been suggested that prey diet may also affect their acceptability to 

predators (Bernays and Cornelius, 1989; Stamp et al., 1991). This may be related to 

nutritional qualities of the host plant or to plant toxins or deterrents sequestered in 

the caterpillar body (Hagen, 1962; Weseloh, 1993). These detrimental characteristics 

may cause a decrease in their acceptability or an increase in handling times of the 
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predator. 

The purpose of this chapter was to determine whether chemicals of the host 

plants may have caused the differences in mortality rates found in Chapter 1, either 

directly by affecting plant volatiles or indirectly by affecting the acceptability of prey 

reared on the two plants. 

METHODS 

Odor effect. This experiment was conducted to determine whether the direct 

effect of plant odor, with no plants visible, influenced the wasp choices. A peristaltic 

pump was set up to pump air through two 15cm flexible, rubber tubes (Fig. 3.1). 

Each tube was attached to one 3.5L overturned clear plastic container. One 

container was placed over a potted P. pubescens plant, and one was covering a potted 

H. annum plant. The containers of both were pressed down into the soil of the 

plants to prevent air from escaping through the bottom. Five H. virescens caterpillars 

were placed on each plant 10 minutes before the experiment to allow the production 

of any volatiles the plants may produce in response to damage. On the opposite side 

of the first set of tubes, new 35cm rubber tubes extended to metal clamp stands 

where they were attached with clamps with the open end pointing upwards. A square 

piece of green construction paper with a hole in the middle was placed right on top 

of the tube opening. There were two of these artificial leaves, one to represent each 



74 

odor. One freshly killed diet-reared H. virescens was placed on each 'leaf." This 

design eliminated any visual stimuli of the plants by covering them with the plastic 

containers and by the distance from prey. The peristaltic pump was turned on 

approximately 10 minutes before the start of the experiment. 

For each trial, there was one caterpillar on the paper where the P. pubescens 

odor was emanating and one on the paper where the H. annuus odor came out. 

Experiments were set up as paired-choice tests, and the positions of each odor were 

alternated between replicates. The paper 'leaves" were discarded and replaced after 

each replicate to prevent a bias from wasps returning to the odor of a previously 

attacked caterpillar. Choices from 11 wasps were recorded. Each wasp was allowed 

to choose between treatments 6-10 times. Choices of all the wasps were compared 

using Wilcoxon's signed ranks test. 

Indirect chemical effects. Experiment 1. Binary choice tests and comparison of 

handling times. In the first experiment, third or fourth instar H. virescens larvae were 

removed from artificial diet and fed either groundcherry or sunflower leaves for two 

days before the test as described in Chapter 1. On the third day, larvae were 

weighed and five or six pairs were set up. Each pair consisted of one larva from 

groundcherry and one from sunflower approximately equal in weight (average 

difference of 5.26% body weight). 

Freshly killed larvae were used in all experiments to eliminate any behavioral 



75 

influence on the predators. The caterpillars were freshly killed before the 

experiments on dry ice and thawed for no longer than five minutes. The purpose was 

to determine the relative acceptability to wasps of caterpillars fed on different host 

plants. They were presented to the predators, P. arizonensis, in pairs 1 to 2cm apart 

on filter paper disks. After the first choice was recorded, the other caterpillar in the 

pair remained on the filter paper for the predator in order to record a comparison 

of handling times for the two treatments. Each replicate consisted of one wasp 

processing five pairs of test caterpillars. Positions of the two treatments were 

reversed in each test to avoid a positional bias, and the filter paper was replaced 

after each replicate. Choices and handling times were recorded using The Observer 

2.0 event recorder (Noldus, 1990). Handling time was defined as the time after the 

caterpillar was killed by the wasp until the wasp flew away with the malaxated prey. 

Data were recorded from ten different wasps. 

Experiment 2. No-choice tests and handling times. A second experiment was 

conducted to again try to determine whether handling time was dependent on the 

caterpillar diet. It was possible that the design of the previous experiment could 

have changed the behavior or handling times of the wasps when they alternated 

between two visually identical larvae (in the paired-choice tests) that may have tasted 

differently. Maybe by continuously switching the treatments it "confused" the wasps. 

In this test, third or fourth instar H. virescens larvae were removed from artificial diet 
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and fed either groundcherry or sunflower leaves for two days before the test as 

described previously. On the third day, larvae were weighed and five caterpillars of 

approximately equal weight from each plant were used. The test insects were freshly 

killed before the experiment on dry ice and thawed for no longer than five minutes. 

They were presented to the predators, Polistes arizonensis, one at a time on a filter 

paper disk. After the available one was removed, a second one was placed on a 

fresh filter paper. A series of five from each plant was used in a replicate. One 

individual wasp was allowed to process these caterpillars, and times were recorded 

for each using The Observer 2.0 event recorder (Noldus, 1990). Each trial involved 

one wasp foraging on 1) five caterpillars from the first host plant, 2) three larvae of 

a different species (cabbage looper, Trichoplusia ni) to keep them from "confusing" 

the two treatments and 3) the five larvae from the second host plant. The order of 

the two treatments was reversed for every other wasp. Trichoplusia ni were presented 

in between the two trials because they were visually distinct from the H. virescens and 

presumably, chemically distinct also. They were also know to be very acceptable and 

were the normal food for the wasps between experiments. Handling times were 

recorded for eight different wasps. Since insects from the two different host plants 

did not necessarily have similar weights in this experiment, the data was not analyzed 

by comparing the handling times of the two treatments. Rather, the relative change 

in handling time on successive trials with caterpillars from the same diet were 

examined. Consecutive trials over time should have decreased as the wasps learned 
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how to handle their prey. However, if a caterpillar was unpalatable due to its diet, 

the handling time should not have decreased but should have stayed the same or 

even increased over time. The last handling time was subtracted from the first 

handling time for each of the host plants to obtain a change over time. The 

differences between the results from H. annum and P. pubescens were found for each 

wasp. A Wilcoxon's signed ranks test was performed to see whether there was a 

significant pattern in changing handling times depending on the host plant species. 

Experiment 3. Additional choice tests. Two other experiments were conducted 

using the same procedure as the first paired-choice test. Pairs were set up to 

compare the attractiveness of tobacco-reared (Nicotiana tabacum) larvae vs. artificial 

diet-reared larvae and sunflower-reared (H. annum) larvae vs. diet-reared larvae. 

Tobacco was used to determine whether the wasps were deterred by nicotine in the 

plant which is a known toxin or deterrent to some predators (Thurston and Fox, 

1972; Thorpe and Barbosa, 1986). Helianthm annum was used to determine whether 

the results in Chapter 1 were due to the wasps somehow preferring its secondary 

chemicals instead of being deterred by the secondary chemicals of P. pubescens. 

Caterpillars reared on N. tabacum were fed buds, flowers and leaves of the plant, 

those reared on H. annum were fed young leaves. The diet-reared controls were 

taken directly from the H. virescens culture and were paired with treated caterpillars 

approximately equal in weight. Choices of 11 wasps were recorded in the N. tabacum 



trials and 10 wasps in the H. annum trials. Each wasp was presented with six 

pairs. 

Experiment 4. Effects of caterpillar gut fullness. While processing caterpillars, 

wasps spent a relatively large amount of time extracting the contents of the 

caterpillar guts. In the previous experiments, with H. virescens larvae reared on 

either H. annuus or P. pubescens, it was observed that those on the latter had fed 

much less or had smaller amounts of food in the gut than those on H. annuus. This 

was presumably because Physalis pubescens is not a preferred host plant, and the 

caterpillars did not readily feed on it. Less food in their guts may have led to shorter 

handling times for the P. pubescens-reared larvae (see Results). This experiment was 

conducted to determine whether the amount of food in the gut influenced the 

handling times or the choices the wasps made on caterpillars with variable levels of 

gut contents. Caterpillar preferences for host plant may have had an effect on their 

palatability or probability of being attacked by predators. 

Third or fourth instar H. virescens larvae were removed from artificial diet and 

fed fresh H. annuus leaves for two days before the test as described in Chapter 1. 

On the third day, half of the larvae were deprived of food. On the fourth day, 

approximately 18 hours later, larvae were weighed and five pairs were set up. Each 

pair consisted of one deprived and one fed caterpillar, both approximately equal in 

weight (average difference of 2.3% body weight). These test insects were freshly 
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killed on dry ice before the experiment and thawed for no longer than five minutes. 

They were presented to the wasps in pairs on filter paper 1 to 2cm apart to 

determine whether fullness of the caterpillar gut influenced selection or handling 

time. Each replicate consisted of one wasp processing three to five pairs of test 

caterpillars. Positions of the two treatments were reversed in each test to avoid a 

positional bias. Handling times were recorded using The Observer 2.0 event recorder 

(Noldus, 1990). Data were recorded from eight different wasps. Helianthus annuus 

leaves were used as the caterpillar diet because it was easier to see the darker leaf 

material after it was removed from the caterpillar gut than if they were reared on 

artificial diet. 

RESULTS 

Odor effect. Wasps chose significantly more caterpillars from the H. annuus 

odor than from the P. pubescens odor (Fig. 3.2, p=.0346, Wilcoxon's signed ranks 

test). Only one wasp out of 11 chose more caterpillars from the P. pubescens odor. 

There were three wasps that chose the same number of both (see wasps #3, #5 and 

#7, Fig. 3.2). Wasp #11 only took caterpillars from the H. annuus odor. The results 

indicate that wasps are more likely to take caterpillars in an H. annuus odor 

environment than in a P. pubescens odor environment. 
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Indirect chemical effects. Experiment 1. Binary choice tests and comparison of 

handling times. In the H. annuus vs. P. pubescens experiment it was found that there 

was a significant difference in the choices made by wasps. They chose H. annuus-

reared larvae over PI pubescens-reaxed larvae (Fig. 3.3, p=.0235, Wilcoxon's signed 

ranks test). Wasps attacked the first caterpillar they contacted so they presumably 

made their decision in the prealighting phase of the foraging trip. In only four cases 

did wasps investigate both larvae before they began processing. One wasp contacted 

the P. pubescens-reaxed larva, rejected it and proceeded to attack the H. annuus-

reared larva instead. A second wasp exhibited the same behavior choosing H. 

annuus in two of the instances and P. pubescens in another. Two wasps chose three 

of each treatment (see wasps #3 and #7, Fig. 3.3) while two others chose all H. 

annuus-reared larvae (see wasps #5 and #10, Fig. 3.3). 

The handling times of H. annuus-reaxed larvae and P. pubescens-reared larvae 

are shown in Figs. 3.4a-j. It was not obvious from the graphs of the individual wasps 

that there were any differences in the processing times. The means taken for the 

processing times of all the replicates were not significantly different. Sunflower-

reared larvae took 172.75±37.5 s.e. seconds to process while groundcherry-reared 

larvae took 156.51±33.79 seconds. A one-sample (2-tailed) t-test was used by finding 

the means of the differences between the processing times for the two treatments. 

The final result of this statistical test for the 10 experimental wasps showed that 

processing times for sunflower took a mean of 18.04 seconds longer (p<.05). There 
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were no consistent patterns of change over time. 

Experiment 2. No-choice tests and handling times. The handling times from 

the experiment where treatments were presented in series are shown in Figs. 3.5a-h. 

The graphs do not show any consistent pattern that may suggest that wasps change 

their handling time depending on the acceptability of the caterpillar diet. It does not 

appear as though they learn to decrease their handling times either: of the 8 wasps 

taking larvae reared on H. annuus, 5 showed a decrease in handling time, one 

showed no difference and 2 showed an increase. When they took P. pubescens-reared 

larvae, 2 showed a decrease, 2 showed no difference and 4 showed an increase. 

When the differences between the first and last handling times were compared for 

H. annuus and P. pubescens-reared larvae there was a slight trend. Handling times 

on P. pubescens showed an increase while times on H. annuus showed a decrease, but 

the trend was not significant (p=.0687, Wilcoxon's signed ranks test). 

Experiment 3. Additional choice tests. In the experiment comparing diet-

reared H. virescens with the same species reared on N. tabacum, there was no 

significant difference in the treatments chosen by the wasps (Fig. 3.6). This was also 

true for the test comparing diet-reared with H. annuus-reared larvae (Fig. 3.7). 

However, wasps #6 and #9 in Fig. 3.6 chose only diet-reared caterpillars. The 

sample sizes in these two tests may not have been large enough to show more subtle 
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effects. If the data are pooled for the two experiments there is a marginally 

significant difference. Wasps chose more diet-reared larvae than plant-reared larvae 

(p=.0507, Wilcoxon's signed ranks test), although there appears to be a high level 

of individual variation. 

Experiment 4. Effects of caterpillar gut fullness. Handling times for fed and 

deprived caterpillars were compared by taking the medians for each successive test 

and using a Wilcoxon's signed ranks test (Fig. 3.8). These results were set up in 

successive tests to prevent any bias due to experience. The data show that there 

were significant differences in the handling times (1st trial, p=.005; 2nd and 3rd 

trials, p=.01; 4th trial, p=.06). Caterpillars with full guts took significantly longer to 

process than larvae with empty guts as shown in Fig. 3.8. 

Using the Wilcoxon's test on the treatment chosen first in each replicate it was 

found that there were no significant differences. Wasps chose the caterpillars with 

full guts and the starved caterpillars equally. 

DISCUSSION 

From the results presented here, it appears that P. arizonensis foragers 

differentially chose larvae from different odors. They chose more from the odor of 

H. annuus, but it is not known why. It is possible that they may have been attracted 
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to the volatiles of the plant as other predators are attracted to certain plants. Reid 

and Lampman (1989) found that Onus insidiosus, a predatory anthocorid, was 

attracted to a synomone present in corn silks. Chrysopa carnea, the green lacewing, 

was found to be attracted to caryophyllene, a volatile compound that is a major 

component of the aroma of a cotton field (Flint et al., 1979). In this experiment, P. 

arizonensis workers may have been attracted to a volatile from the H. annuus plants. 

The volatiles of P. pubescens may have also been unattractive to the wasps. 

Another possibility, which is not mutually exclusive, is that damage-released 

volatiles may affect wasp foraging behavior. For example, the spined soldier bug, 

Podisus maculiventris, orients to soybean damage by cabbage looper caterpillars 

(Greany and Hagen, 1981), and the eastern yellowjacket, Vespula maculifrons, is 

believed to use plant chemicals to locate leaf-feeding insects (Aldrich et al., 1985). 

In the experiments presented here, it is possible that the damaged H. annuus plants 

released a stronger volatile that was highly attractive to the wasp. It may be that the 

P. pubescens plants did not release volatiles as much or as strongly as the other plant. 

There may also have been flow differences between the two treatments since flow 

meters were not used. However, the treatments were alternated between the two 

arenas after each individual wasp was tested. 

In the indirect chemical experiments, the wasps did seem to be affected by the 

host plant chemicals, but only in their choices. Handling times did not differ 

significantly between the two treatments. However, there was a trend in the pattern 
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that developed. The processing times of caterpillars reared on H. annuus seemed to 

decrease over time while times for P. pubescens-reared larvae increased. Others have 

found that the herbivore's diet may affect the rate of prey consumed by the predator 

(Landis, 1937; DeMoraes and McMurtry, 1987; Stamp et al., 1991). In this case, 

caterpillar weight and the amount of food in the gut seemed to influence the 

handling time much more than on what diet the caterpillars were reared. It may be 

important to note that those caterpillars reared on P. pubescens ate much less than 

those on H. annuus which may have changed their handling time. It is possible that 

the handling times for P. pubescens-reared larvae would have been higher than for 

those caterpillars on H. annuus if they had the same amounts of food in their guts 

especially when a trend is noticeable (Fig. 3.5). 

In experiments comparing plant-reared and diet-reared insects, the wasps did 

not greatly prefer the caterpillars reared on H. annuus compared to those on 

artificial diet. This result would suggest that the wasps did not find the H. annuus 

plant odor specifically attractive, but probably found the P. pubescens plant odors less 

attractive. 

There were no significant differences in wasp choices between caterpillars that 

had been fed versus those that had been deprived of food. Thus, it appears that the 

predators may not be able to discern how long it will take them to process the prey 

before they attack. They may not be able to detect how much the caterpillar has 

recently eaten, but they can make a selection based on what host it has eaten (Fig. 
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3.3). 

Another point worth mentioning is that there appears to be some degree of 

individual variation among the foraging wasps. In each choice experiment, some 

wasps were more affected than others and chose almost all of one treatment (wasps 

#10 and #11, Fig. 3.2; wasps #5 and #10, Fig. 3.3; wasps #6, #8 and #9, Fig. 3.6; 

wasp #6, Fig. 3.7). Since neither of the two host plants in this study contained toxic 

or highly deterrent chemicals that have been documented, it was expected that any 

chemical effects would be subtle. Possibly, the secondary chemicals in H. annuus and 

P. pubescens were too weak to influence choices of certain wasps or these wasps may 

not have been physically able to detect them. 

To conclude, plant odor directly affects the acceptability of prey to paper 

wasps when compared in paired-choice tests. Indirectly, when compared in an arena 

away from the host plants, caterpillars reared on H. annuus were more readily 

accepted by wasps than those reared on P. pubescens. Caterpillar diet did not 

noticeably affect the handling times although amount of food in the caterpillar gut 

did have a significant effect. 
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Figure 3.1. Schematic representation of experimental design used in odor test. 
A peristaltic pump was connected to two 3.5L inverted, clear plastic containers 
placed over potted P. pubescens and H. annuus via 15cm stretches of rubber 
tubing. Artificial leaves, which were made from green construction paper, were 
connected to the plant containers via 35cm rubber tubing. 
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Fig. 3.2. Number of H. virescens chosen by P. arizonensis 
foragers from arenas with either H. annuus odor or P. pubescens 
odor. The two treatments were set up in paired-choice tests, and 
data from 11 different wasps were recorded. 



88 

H H. annuus reared 

E3 P. pubescens reared 

Fig. 3.3. Number of H. virescens larvae, reared on either H. 
annuus or P. pubescens, chosen by P. arizonensis foragers in 
paired-choice tests. 
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Fig. 3.4a. b. P. arizonensis handling times for H. virescens 
caterpillars reared on either H. annuus or P. pubescens. Each 
graph represents one individual wasp. Trials are successive, 
and points in line vertically indicate a pair of caterpillars that 
are approximately equal in weight. 
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Fig. 3.4c. d. P. arizonensis handling times for H. virescens 
caterpillars reared on either H. annuus or P. pubescens. Each 
graph represents one individual wasp. Trials are successive, and 
points vertically in line indicate a pair of caterpillars that are 
approximately equal in weight. 
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Fig. 3.4e. f. P. arizonensis handling times for H. virescens 
caterpillars reared on either H. annuus or P. pubescens. Each 
graph represents one individual wasp. Trials are successive, and 
points vertically in line indicate a pair of caterpillars that are 
approximately equal in weight. 
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Fig. 3.4e. h. P. arizonensis handling times for H. virescens 
caterpillars reared on either H. annuus or P. pubescens. Each 
graph represents one individual wasp. Trials are successive, and 
points vertically in line indicate a pair of caterpillars that are 
approximately equal in weight. 
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Fig. 3.4i. j. P. arizonensis handling times for H. virescens 
caterpillars reared on either H. annuus or P. pubescens. Each 
graph represents one individual wasp. Trials are successive, 
and points in line vertically indicate a pair of caterpillars that 
are approximately equal in weight. 
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Fig. 3.5a. b. Polistes arizonensis handling times for H. 
virescens caterpillars reared on either H. annuus or P. 
pubescens. Each graph represents one individual wasp. 
Trials are successive, and caterpillars were presented in 
series of one treatment at a time, all the same weight. 
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Fig. 3.5c. d. Polistes arizonensis handling times for H. 
virescens caterpillars reared on either H. annuus or P. 
pubescens. Each graph represents one individual wasp. 
Trials are successive, and caterpillars were presented in 
series of one treatment at a time, all the same weight. 
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Fig. 3.5e. f. Polistes arizonensis handling times for H. 
virescens caterpillars reared on either H. annuus or P. 
pubescens. Each graph represents one individual wasp. 
Trials are successive, and caterpillars were presented in 
series of one treatment at a time, all the same weight. 
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Fig. 3.5g. h. Polistes arizonensis handling times for H. 
virescens caterpillars reared on either H. annuus or P. 
pubescens. Each graph represents one individual wasp. 
Trials are successive, and caterpillars were presented in 
series of one treatment at a time, all the same weight. 
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Fig. 3.6. Number of H. virescens chosen by P. arizonensis 
foragers that had been reared on either freshly cut N. tabacum 
leaves and buds or artificial diet. The two treatments were set up 
in paired-choice tests, and data were recorded from 11 different 
wasps. 
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Fig. 3.7. Number of H. virescens chosen by P. arizonensis 
foragers that had been reared on either freshly cut H. annuus 
leaves or artificial diet. The two treatments were set up in 
paired-choice tests and data were recorded from 10 different 
wasps. 
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Fig. 3.8. Median P. arizonensis handling times of either fed or 
deprived H. virescens caterpillars. First trial indicates the handling 
times of the first pair for each individual wasp. n=number of wasps 
recorded in each trial. Asterisks indicate significant differences 
between the two treatments at p<0.01. 
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In the first chapter, it was shown that P. arizonensis workers took significantly 

more H. virescens caterpillars from H. annum plants than from P. pubescens plants 

when presented as paired-choice tests. The reasons for this difference were 

examined in the next two chapters. Experiments in Chapter 2 were conducted to 

determine whether physical aspects of the plant influenced the foraging behavior of 

the wasps. Chapter 3 studied the chemical characteristics of the two host plants to 

determine whether they had some effect. 

Prey location times were primarily affected by the leaf surface area of the 

plants when only one plant was presented at a time. When plants were presented 

in pairs, with equal surface areas, wasps chose more prey on the less complex plant. 

Since P. pubescens plants have greater leaf surface areas and more complex 

architectures than H. annuus this may have contributed to the higher mortality on H. 

annuus. The different sizes and shapes of the leaves on the two plants may have also 

indirectly had an effect. Large holes appeared when caterpillars fed on the H. 

annuus leaves, but damage was less apparent on P. pubescens. When caterpillars fed 

on P. pubescens leaves, they were much more likely to be feeding along the edges 

and often consumed most of the leaf. Although this may have affected wasp 

foraging, it was not directly tested in this study. Volatiles of the host plants 

also had an effect on the foraging behavior of P. arizonensis. In Chapter 3, it was 



102 

shown that plant odors directly affected the choices the wasps made. Wasps chose 

significantly more caterpillars that were placed in a H. annum odor environment than 

in a P. pubescens odor environment It cannot be readily discerned whether the 

odors were normal volatile components of the plants or damage-induced due to 

caterpillar feeding. 

It was also found that caterpillar diet may indirectly influence mortality rates 

due to wasp predation. Caterpillars reared on H. annuus were more readily taken 

than P. pubescens-reared larvae when compared in paired-choice tests. The choices 

were made before the wasps landed, therefore it was presumably due to the odor of 

the caterpillars and the food they had previously ingested. The wasps were able to 

detect a difference even though the caterpillars were not positioned on the actual 

plants. Handling times were not much affected by the caterpillar diet but were 

affected by the amount of food in the caterpillar gut. There were also some trends 

in the data suggesting that there was a decrease in handling times for H. annuus-

reared larvae over time and an increase for P. pubescens-reared larvae. 

From these results, it appears that the effects of the plants may be additive 

(Table 3). Architectural and chemical aspects of the plants have combined to 

influence the choices made by the wasps in Chapter 1. The complex architecture, 

higher leaf surface areas and less attractive volatiles of P. pubescens may have 

combined to provide an "enemy-free space" for H. virescens. 

Predation has been a strong selective force in the evolution of herbivore 
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feeding strategies, such as crypsis on host plants or aposematism. It may also 

influence the host range of an herbivore either by widening or narrowing the number 

of plant families the prey can feed upon. In this study, H. virescens had much lower 

mortality on P. pubescens, a plant that is not an ecological host of this species. 

Heliothis virescens develops more slowly on P. pubescens than on other host plants, 

has higher mortality and reaches a smaller adult size (personal observation). A 

closely related species, Heliothis subflexa, specializes on plants in the Physalis genus. 

If H. subflexa evolved from a generalist ancestor similar to H. virescens than 

it may have specialized on Physalis relying on the enemy-free space provided by this 

genus. However, it is currently thought that H. virescens evolved from a specialist 

ancestor and that H. subflexa is the more primitive of the two species (K. Burgess, 

personal communication). Predation may not have led to the specialization of H. 

subflexa but may actually be maintaining the two species. It is possible that H. 

subflexa may not have survived as a separate species had they not been protected 

from the same predation pressures as H. virescens. No matter what the evolutionary 

history of the two species, it still appears that some sort of trade-off may exist 

between host plant as food and host plant protection from enemies. 

Generalist species may feed on a variety of foods, and therefore increase their 

chance of survival if specific foods are unavailable. However, by doing so, they may 

be giving up some protection from enemies. It is presumably impossible to be cryptic 

on a wide variety of foodplants. So there exists a trade-off, where specialists may be 
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better concealed on their host plant, but risk mortality under conditions when the 

host plant is unavailable in the environment. Of course, both strategies work since 

generalists and specialist still exist today, and probably all niches are filled with 

different conditions for individual survival. 

In terms of the significance of these data to the third trophic level, there are 

some points worth mentioning. Predatory wasps returned to the exact site of a 

previous kill to pick up any caterpillar remains as found by Raveret-Richter and 

Jeanne (1985) in Polybia sericea. They also learned veiy quickly to return to a 

successful foraging site regardless of whether they left remains behind (personal 

observation). Since chances are high that the first prey will be fairly exposed, and 

the wasp will probably return to that site, it is likely that individual wasps specialize 

on certain species of caterpillars or plants at least for a time. More concealed 

species or those on different plant species may never even be contacted by the 

forager. 

Biological control attempts with Polistes have often proved unsuccessful 

because they will kill whatever prey is most readily available. Gillaspy (1979) found 

that the cabbage looper (Trichoplusia ni) was the main prey for Polistes when 

Heliothis caterpillars were the target. The T. ni larvae were more exposed as leaf 

feeders than the other more concealed species. Others have had similar problems 

with Heliothis as the target (Kirkton, 1970; Shang-Chiu Investigators, 1976). Mueller 

(1987) suggested that Heliothis spp. feeding within the calyx of a fruiting body may 
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be taking advantage of an enemy-free space. 

From the experiments in this study, it is clear that the physical and chemical 

characteristics of a plant may influence foraging success of P. arizonensis. Biological 

control using paper wasps may only be successful if attempted on plants where 

caterpillars have fewer opportunities to hide. Simple architectures with small fruiting 

bodies may be associated with relatively high mortality rates. Cotton, Gossypium 

hirsutum, is a common host of H. virescens (Parrott et al., 1978; Stadelbacher, 1981; 

Henneberry et al., 1991) but has large fruits within which larvae are able to conceal 

themselves. Another favored host is tobacco, Nicotiana tabacum (Neunzig, 1969; 

Rabb et al., 1976), which may have more potential for success in biological control. 

The tobacco buds are small, and larvae cannot completely conceal themselves. The 

plant structure is also fairly simple, with one straight stalk and no branching. Wasps 

do not significantly prefer diet-reared caterpillars to tobacco-reared caterpillars (see 

Chapter 3) so it is probable that the nicotine present in the plants would not 

influence their foraging patterns. 

Regardless of the biological control opportunities using Polistes, the data 

presented here are significant and demonstrate the potential role of predation in 

influencing herbivore-plant interactions. Until recently, many studies involving insect-

plant relationships have largely ignored the effect of natural enemies. In this study, 

it has been shown that plant physical characteristics may directly affect foraging 

enemies by lengthening their prey location times and affecting how long they attempt 



106 

to search on one plant (Table 3). Plant odors directly influence their choice of prey, 

and chemicals indirectly affect predators by affecting the acceptability of the 

herbivores feeding on them (Table 3). These experiments may add to the 

suggestions that studies on insects and plants cannot progress without carefully 

considering the third trophic level. 
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Table 3. Summary of data collected concerning the effects of various plant and caterpillar 
characteristics on predator selections, ability to locate prey and handling times. 

Selection or location time Handling time 

Leaf surface area ++ 

Architectural complexity ++ 

Leaf shape (related to +? 
damage, not tested) 

Plant volatiles ++ 

Food previously ingested ++ ? 
(odor) 

Food previously ingested - +? 
(gut content) 

Amount of food in the gut - + 
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