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ABSTRACT 

Two major conceptual approaches for understanding the evolutionary ecology of 

insect-plant interactions, the plant-insect paradigm and the tri-trophic paradigm, have 

focused primarily upon dietary specialists and their host-plants. Here, I attempted to 

evaluate the utility of both paradigms for explaining the maintenance of food-mixing by 

the individually polyphagous caterpillars of Grammia geneura (Strecker) (Lepidoptera: 

Arctiidae). First, I conducted three experiments testing the hypothesis that individual G. 

geneura caterpillars perform better on mixed-plant diets than on single-plant diets due to 

improved physiological efficiency of food utilization. However, caterpillar performance 

was not always superior on mixed-plant diets. In the one case in which food-mixing 

improved performance, the host-plant species included in the mixture were individually 

of low suitability. Behavioral observations of individual caterpillars both in the above 

experiments, in nature, and in two further laboratory experiments with chemically-

manipulated, synthetic diets supported the idea that such dietary benefits resulted from 

dilution of plant secondary metabolites, achieved behaviorally via the physiological 

mechanisms of neophilia and post-ingestive feedbacks on feeding. 

I also investigated the possibility that food-mixing was maintained by the 

unpredictable availability of high-quality host-plant species. A field survey of caterpillar 

feeding preference, frequency of parasitism, and host-plant availability suggested that this 

variation in food availability combined with the increased risk of parasitism incurred by 

indidivuals experiencing prolonged development (e.g. by searching excessively for a rare, 

preferred host-plant species) should favor polyphagy, and reinforce opportunistic food-

mixing. However, because individual caterpillars showed a tendency to leave 

nutritionally superior host species for nutritionally inferior ones, I tested the idea that 

individuals ate some host-plant species for defense against parasitoids. Two experiments 
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showed that diet modified the survival of parasitized caterpillars, and that at least one pair 

of host-plant species revealed a trade-off between their nutritive and defensive value to 

caterpillars. Taken together, the experiments in this study underscore the importance of 

the tri-trophic approach toward understanding the pattern and process of foraging in 

generalist as well as specialist herbivores. 
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INTRODUCTION 

The evolution and ecology of host range in herbivorous insects is at the crossroads of 

several major disciplines of biology. One reason is that herbivorous insects are both 

exceptionally speciose (Mitter et al. 1988) and stenophagous (Strong et al. 1984). 

Consequently, the general idea that ecological specialization may lead to evolutionary 

diversification via coevolution has most often been explored with herbivorous insects 

(Ehrlich and Raven 1964, Futuyma 1983, Farrell and Mitter 1990, Thompson 1994, 

Becerra 1997). Host range in herbivorous insects has also informed studies of 

community ecology by illustrating general patterns and processes, such as island 

biogeography and niche partitioning (Strong et al. 1984). Host range is also a particular 

aspect of an animal's foraging strategy, the subject of a major branch of behavioral 

ecology. Understanding the ecology of host range may therefore contribute to an 

understanding of foraging strategy, particularly if foraging behaviors are characterized in 

relation to particular ecological factors. Finally, host range bears on nutritional ecology 

(Slansky and Rodriguez 1987) and feeding physiology (Bemays and Chapman 1994, 

Chapman and de Boer 1995). For all these reasons, the large issue overarching my 

dissertation is the evolutionary ecology of host range or diet breadth in herbivorous 

insects. Placed in the context of behavioral ecology, the question becomes "How has 

natural selection shaped the foraging strategies of herbivorous insects?" 

Approaches 

There have been two dominant paradigms used to address this and related questions. The 

first is the plant-insect paradigm, defined on the basis of focusing on trophic interactions 

between insect herbivores and their host-plants, with little consideration of other trophic 
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interactions. The plant-insect paradigm has its historical roots in some classic works of 

the 20th century, including those by Brues (1946), Dethier (1954), and Ehrlich and Raven 

(1964). Its legacy of research over the last 30 years has developed two major themes in 

seeking to understand determinants of host range. The first is an idea called the 

physiological efficiency hypothesis, implicitly assumed in the majority of studies. This 

hypothesis states that an insect feeds on a particular range of hosts because they allow 

superior efficiency of physiological utilization as food, and thus maximal fitness. Fitness 

trade-offs in the efficiency of physiological utilization of different plants have been 

proposed to explain the preponderance of dietary specialists among herbivorous insects 

(Dethier 1954, Rausher 1983). The mediators or selective agents of such physiological 

interactions are traditionally thought to be secondary metabolic chemicals produced by 

plants acting as defenses against herbivory (Dethier 1954, Ehrlich and Raven 1964, 

Berenbaum and Zangerl 1992). 

Research under the plant-insect paradigm has been enlightening in several general 

respects, briefly outlined here. One of the major impacts of the coevolutionary scenario 

of butterflies and their host-plants envisioned by Ehrlich and Raven (1964) was the 

realization that macroevolutionary or historical patterns of plant-insect associations could 

result from interactions mediated by plant secondary metabolites. This compelling 

notion, in turn, stimulated a huge number of studies confirming the centrality of plant 

secondary compounds to the ecology of plant-insect interactions and insect host range. In 

addition, the idea of ecological trade-offs in host-plant use remains a powerful 

explanation for host specialization and adaptive radiation in herbivorous insects (Jaenike 

1990). 

This same body of work, however, has also exposed several important limitations 

of the plant-insect paradigm. Recent studies have shown that macroevolutionary patterns 

of plant-insect associations, butterflies included, are not likely to be the result of co-



16 

speciation or stepwise, reciprocal radiation. Rather, phylogenetically informed analyses 

of insect-plant associations reveal numerous host shifts, more consistent with a scenario 

in which plants diversified prior to herbivore colonization (Anderson 1993, Fiedler 1996, 

Menken 1996, Becerra 1997, Janz and Nylin 1998). Empirical work has usually not 

supported the physiological efficiency hypothesis, as trade-offs in the efficiency of 

physiological utilization of hosts have been difficult to find (reviewed in Jaenike 1990, 

Joshi and Thompson 1995). Finally, the few studies showing patterns consistent with 

chemical coevolution between particular groups of insects and their host-plants (e.g. 

Berenbaum 1990, Farrell and Mitter 1990) have not been thoroughly investigated at a 

mechanistic level. These coevolutionary patterns can be explained equally well by other 

factors including influences of the third trophic level in plant-insect interactions (Camara 

1997), thereby changing the role of plant secondary metabolites from a defense against 

herbivory to a selective agent mediating interactions between herbivores and their natural 

enemies. 

These limitations have given rise to the second major approach to studying the 

host range of herbivorous insects, the tri-trophic paradigm. Although it is still poorly 

developed, a few key advances have been made since its inception (Brower 1958, Moran 

and Hamilton 1980, Price et al. 1980). The premise is that interactions between any two 

trophic levels in plant-herbivore-natural enemy systems may be strongly influenced by 

the third one. Applied to the host range or foraging strategies of herbivores, this means 

that a point of view considering only direct interactions between plants and herbivores 

(plant-insect paradigm) may be missing a critical element; the role of predators, parasites, 

and pathogens. The advent of the tri-trophic paradigm was evident in the debate over 

ecological explanations for the stenophagy of herbivorous insects in a Special Feature of 

Ecology, when several authors pointed to tri-trophic interactions as powerful explanators 

of the evolution of host range (Barbosa 1988, Bemays and Graham 1988, Schultz 1988) 
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and ecological trade-offs in host use (Bemays and Graham 1988, Rausher 1988). Since 

that debate, evidence has accumulated for the hypothesis that dietary specialization in 

phytophagous insects results from tri-trophic interactions. Several workers have 

independendy shown that generalist herbivores are more palatable than specialists to 

generalist invertebrate predators (Bemays 1988, Bemays and Comelius 1989, Dyer 1995, 

Dyer 1997, Camara 1997). A few of these studies (the only ones that investigated its 

mechanism) found that at least some of the specialists more effectively used the 

secondary metabolites of their host-plants as a defense (Bemays and Comelius 1989, 

Dyer 1995, Camara 1997). 

The tri-trophic paradigm offers a more inclusive view of host range and foraging 

behavior than does the plant-insect paradigm (Barbosa and Letoumeau 1988). This 

allows both direct and indirect interactions involving natural enemies to explicity enter 

the picture before the research questions are formulated, enabling workers to consider 

additional hypotheses. The tri-trophic paradigm also more clearly connects patterns and 

processes of interactions shaping herbivore host range to dieory in community ecology 

and macroevolutionary diversification. A knowledge of plant-herbivore-natural enemy 

interactions (at the very least) is critical for understanding food web dynamics that 

structure ecological communities (Strong et al. 1984). With respect to macroevolutionary 

diversification, the geographic mosaic model of coevolution is based on the idea that 

spatial variation in local adaptation is the engine of diversification (Thompson 1994). 

Here too, the consideration of tri-trophic interactions provides a better chance of 

detecting variation in local selection pressures than the more traditional plant-insect 

approach. 

Despite its promise for contributing a more powerful approach to understanding 

ecological and evolutionary determinants of host range, the tri-trophic paradigm has at 

least two obvious practical limitations. The first is the possible complexity it introduces. 
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Experiments designed to test the effects of multiple interactions can be difficult to 

conduct and analyze (Stamp 1993). Complexity of interactions may also hinder the 

development of general theoretical models of host range and foraging behavior. The 

second limitation is our current ignorance of the natural history, behavior, and ecology of 

the majority of species of herbivorous insect, particularly in the tropics (Janzen 1993). 

Even with these limitations, a few general patterns are already beginning to emerge for 

relatively well-studied groups of herbivores. For example, in both leaf-miners and gall-

makers, the combined pressures of host-plant quality and natural enemy attack 

(particularly by hymenopteran parasitoids) largely influence host range and population 

dynamics (reviewed in Connell and Tavemer 1997, Abrahamson and Weis 1997). 

However, the majority of herbivorous insect species that feed externally, including a 

large diversity of foraging strategies, have not yet been characterized in this way largely 

because tri-trophic studies are rare and concentrated on a small number of species. 

Research goals 

The object of my dissertation is to understand how natural selection maintains the 

foraging strategy of an individually polyphagous herbivore. I have approached this 

question by applying both the plant-insect and tri-trophic paradigms to a system that may 

provide novel insight into their explanatory power. Because the great majority of 

previous work in this area has involved herbivore species with narrow host ranges at the 

species, population, and individual levels, theory on the ecology and evolution of host 

range in herbivorous insects has been developed without much consideration of 

generalists, particularly individually polyphagous species (food-mixers). By addressing 

the proximate bases of food-mixing, I have also attempted to relate these paradigms to 

behavioral and physiological mechanisms traditionally neglected by ecologists and 
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evolutionary biologists. Connecting ideas and information at these different levels of 

biological organization is especially appropriate because the studies of food-mixing 

behavior in herbivorous insects have mostly been limited to the nutritional ecology, 

feeding behavior, and physiology of grasshoppers (Bemays and Bright 1993, but see 

Waldbauer and Friedman 1991). Moreover, recent ecological extrapolations of this work 

have been mostly interpreted under implicit assumptions of the plant-insect paradigm 

(e.g. Simpson and Raubenheimer 1996). 

Study system 

I chose to study the woolly bear caterpillar Grammia geneura (Strecker) (Lepidoptera: 

Arctiidae) for several reasons. First, it occurs locally and often abundantly in the 

grasslands within 50 mi. of Tucson, making fieldwork feasible. Second, my earliest field 

observations suggested its extreme polyphagy at the individual level. A previously 

existing body of work on food-mixing grasshopper species allowed for comparisons of 

feeding ecology, behavior, and physiology. The great contrast between the food-mixing 

of G. geneura and the high degree of host specificity of the majority of the Lepidoptera 

also begged an investigation into the ecological forces maintaining the unsual foraging 

habits of G. geneura. Third, G. geneura has great utility as a laboratory animal; it is easy 

to rear on synthetic diets, breeds continuously under standard laboratory conditions, and 

easy to observe and manipulate in experiments. Finally, foraging (the only major 

function of a holometabolous larva) is confined to the larval stage in G. geneura (in 

contrast to adult host-plant selection by the majority of the Lepidoptera), making its 

caterpillars ideal subjects for studying the function of foraging behavior. 
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General biology 

The genus Grammia Rambur (Arctiinae: Arctiini) consists of 30 mostly nearctic species, 

and is the largest North American genus of Arctiidae, a primarily tropical family 

(Ferguson 1985). The larvae of this genus and most others in the tribe Arctiini are 

reponed to be ground-dwelling and polyphagous (Ferguson 1985). Grammia geneura is 

typical in this respect, inhabiting arid grasslands of the southwestern USA and northern 

Mexico (M. Singer, personal observation). According to my survey of museum 

specimens at the Los Angeles County Museum of Natural History, The University of 

Arizona, and Arizona State University, G. geneura is distributed in the USA throughout 

mountain ranges in southeastern and north-central Arizona, southwestern New Mexico, 

western Texas, and southern California. Although specimens from California, north-

central Arizona, and Texas are few, their data suggest that the phenology of G. geneura 

varies geographically in accordance with variation in the timing of the growing season of 

herbaceous plants. These population differences would appear to provide the larval stage 

the best chance of encountering abundant vegetative growth of herbaceous host-plants. 

In southeastern Arizona, G. geneura typically has 2 generations per year. The 

first complete generation begins in the hot, dry season of late May-early July, when 

adults mate, fly, and females deposit eggs, typically before most species of summer 

annual plants have germinated. The adult moths have vestigial feeding mouthparts, like 

most other Arctiini, and presumably live for only a brief period in the wild (1-3 weeks in 

the laboratory). Behavior in the laboratory suggests that females deposit eggs in clutches 

of several hundred at the substrate level, most likely under leaf litter. The eggs are highly 

unusual among the Lepidoptera because they lack adhesive material (usually provided by 

the mother) for substrate attachment. The first generation of larvae develop on summer-
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growing herbs (mostly annuals), and typically complete growth by early September. 

They pupate in shallow, underground cells, lined with a loose, silken cocoon (M. Singer, 

personal observation). Adults of the second generation eclose during the typically hot, 

dry season of late September-early November. The eggs deposited at this time begin the 

second, more prolonged generation. Larvae begin development in autumn, overwinter as 

mid-instars, then complete development on winter herbs (mostly annuals). The variety of 

larval stages present throughout the winter and spring suggest that the overwintering 

stage is variable. This may contribute to the variation in the time of appearance of late 

instars, which appear in some years over a protracted period (e.g. 1996, mid-February to 

late April). 

The interactions between G. geneura and its environment vary over time and 

space in several respects important to this study. The two generations of larvae 

experience drastically different environments. The herbaceous plant communities at the 

same sites show little or no species overlap between winter/spring and summer. The 

abiotic conditions are distinctive in each season, with summer diurnal and nocturnal 

temperatures typically surpassing those in winter/spring by 10 degrees C or more. The 

fauna, including other herbivores, predators, and parasitoids also differs substantially 

between these seasons. The abundance and number of species of other herbivores and 

predators (particularly invertebrates) is almost certainly an order of magnitude higher in 

the summer. However, the abundance and number of species of parasitoids of G. 

geneura are greater in spring (J. Stireman and M. Singer, unpublished manuscript). It is 

parasitoid attack, rather than predation or competition, that appears to be the major source 

of mortality of late instar G. geneura (J. Stireman and M. Singer, upublished manuscript). 

I have occasionally observed attacks on C. geneura late instars by ants (Aphenogastor 

cockerelli), wasps (Polistes sp.), and ground beetles (Calasoma sp.), all of which were 

unsuccessful because of the densely arranged setae and great mobility of G. geneura 
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larvae. I have also found indirect evidence of bird predation only rarely and locally, in 

the driest seasons of this study (spring 1996, 1999). 

Hypotheses 

My initial observations of the basic biology of G. geneura along with theory based on the 

plant-insect and tri-trophic paradigms suggested several hypotheses to consider in 

explaining the maintenance of food-mixing. First, I considered the physiological 

efficiency hypothesis. Applied to a food-mixer, it predicts that caterpillar performance 

would be superior on mixed-plant versus single-plant diets. The rationale for this idea Is 

based primarily on a solid body of empirical work on polphagous grasshoppers, showing 

not only superior performance on mixed-plant diets (reviewed in Bemays and Bright 

1993), but also behavioral and physiological evidence for food-selection based on 

optimizing balanced nutrient intake in at least one species, Locusta migratoria (Simpson 

and Raubenheimer 1996). Two species of noctuid caterpillar, Helicoverpa zea 

(Waldbauer and Friedman 1991) and Spodoptera littoralis (Simmonds et al. 1992), can 

also select a balanced nutrient intake in laboratory experiments with synthetic diets. 

Another possibility is that dietary benefits of mixing could result from toxin dilution 

(Freeland and Janzen 1974). 

I also considered the "unpredictable host-plant availability hypothesis," the idea 

that the most preferred host-plant species might be unpredictably available in time and 

space, thus discouraging dietary specialization. This idea depends upon several 

assumptions. First, caterpillars must prefer some host-plant species over others, and one 

or perhaps a few should be most preferred. This preference may be based on nutritional 

superiority (plant-insect paradigm) or other fitness benefits, such as defense (tri-trophic 

paradigm). Second, there must be unpredictable spatio-temporal variation in the 



23 

availability of such preferred hosts. And third, there must be fitness costs for caterpillars 

that search excessively for hosts (when they are relatively rare). While the unpredictable 

host-plant availability hypothesis may explain the maintenance of polyphagy, it cannot 

alone explain food-mixing per se. 

Lastly, I considered several explicitly tri-trophic hypotheses. The first is the 

•'parasitoid attack hypothesis", which predicts that caterpillars can reduce their 

probability of parasitoid attack by frequently switching between host-plants. This might 

be the case because a caterpillar switching frequently between different host-plant species 

emits less reliable cues (e.g. plant volatiles) than a species with high fidelity to a 

particular feeding site. Alternatively, a caterpillar might sometimes feed on alternative 

hosts to avoid a higher risk of parasitoid attack associated with feeding on particular 

preferred host-plants. The observation that the foraging area of parasitoids is often more 

restricted than that of their hosts suggests the possibility of this idea (Weseloh 1993). 

Parasitoids would be expected to search preferentially in the subset of microhabitats most 

preferred by their hosts, creating a landscape of variable risk across the habitat of a 

foraging caterpillar. The balance of time spent in high and low-risk areas would depend 

on the balance of parasitoid pressure and fitness benefits of preferred host-plants. I did 

not succeed in testing the parasitoid attack hypothesis in either form, but field surveys 

suggested that parasitism rates varied among microhabitats (J. Stireman and M. Singer, 

unpublished manuscript). 

I addressed a related idea, the "chemical defense hypothesis." Here, the food-

mixing caterpillar can reduce its mortality from parasitoids by feeding on both noxious 

and nutritionally superior host-plants, relative to an insect specializing on the latter. The 

rationale for this idea is that G. geneura feeds on many plant species, genera, and families 

known to contain noxious chemicals. And at least some of these species are eaten in the 

wild despite their negative effects on performance, demonstrated in the laboratory. 
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However, if such negative dietary effects are outweighed by defensive benefits, mixing 

could maximize fitness when parasitoid pressure is high enough. 

The above hypotheses are not mutually exclusive, and may act in combination to 

maintain the food-mixing habit of Grammia geneura. For practical reasons, the chapters 

of this dissertation separately address the physiological efficiency hypothesis (Chapter 1), 

the nutrient balance and toxin dilution hypotheses to further inform the physiological 

efficiency hypothesis (Chapters 2 and 3), the unpredictable host-plant availability 

hypothesis (Chapter 4), and the chemical defense hypothesis (Chapter 5) through a 

variety of field and laboratory approaches. 
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CHAPTER I 

DIETARY EFFECTS OF FOOD-MIXING: 

A TEST OF THE PHYSIOLOGICAL EFRCIENCY HYPOTHESIS 

SUMMARY 

In some polyphagous herbivorous insects, individuals feed on multiple plant species 

during development, a strategy called grazing or food-mixing. The maintenance of food-

mixing may result from dietary benefits that enhance performance and thereby increase 

fitness. I tested this version of the physiological efficiency hypothesis by measuring 

survival, duration of larval development, pupal mass, and final instar fecal mass of a 

highly polyphagous woolly bear caterpillar, Grammia geneura (Strecker) (Lepidoptera: 

Arctiidae), reared on single- and mixed-plant diets. Growth efficiency, estimated by the 

linear relationship between pupal and fecal mass, is also presented as a further estimate of 

the physiological response to these diets. Contrary to the predictions of the physiological 

efficiency hypothesis, insects performed at least as well on certain single-plant diets as on 

mixed-plant diets. Similarly, growth was most efficient on two of the single-plant diets. 

However, performance improved significantly on mixed diets when only poor-quality 

host-plants were available. From these results alone, one would predict that G. geneura 

should specialize on high-quality host-plants, when they are available. Food-mixing 

might be maintained in natural populations by ecological factors such as unpredictable 

availability of high-quality host-plants, effects of natural enemies, or a combination of 

plant and natural enemy effects. 
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INTRODUCTION 

Interactions between herbivorous insects and their host-plants have received much 

attention due to their ecological and phylogenetic diversity, and overwhelming degree of 

specialization. Yet there is still no consensus among researchers on the predominant 

factors creating and maintaining patterns of host-plant range among herbivorous insects 

(Jaenike 1990, Menken 1996). Several authors have argued convincingly that adaptive 

trade-offs with respect to host-plant use may be largely responsible for dietary 

specialization (Dethier 1954, Rausher 1983, Jaenike 1990), but tests of genetically-based 

physiological trade-offs have mostly yielded equivocal or unsupportive results (e.g. 

Futuyma and Wasserman 1981, Futuyma and Philippi 1987, Rossiter 1987, Via 1990, 

Carriere and Roitberg 1994, Futuyma et al. 1994, Mackenzie 1996, Sheck and Gould 

1996, Bossart 1998). It has been proposed that genetic trade-offs in performance (i.e. 

physiological efficiency) traits may not be readily detectable under certain conditions 

(Joshi and Thompson 1995). However, aspects of host-plant use other than physiological 

efficiency may cause adaptive trade-offs for herbivorous arthropods (Rausher 1983, 

Bemays and Graham 1988). Mounting evidence suggests that interactions among more 

than two trophic levels (e.g. tri-trophic interactions) may often be a principal means by 

which natural selection maintains feeding habits of such herbivores in terrestrial (e.g. 

Price et al. 1980, Bemays 1989, Bemays and Comelius 1989, Stamp and Casey 1993, 

Dyer 1995, Geitzenhauer and Bemays 1996) and marine ecosystems (Hay et al. 1989, 

1990, Lindquist and Hay 1995, 1996, Stachowicz and Hay 1996). 

Specialist herbivores have received the bulk of empirical and theoretical study 

because investigators have sought to explain the proponderance of stenophagy among 

herbivorous insects (Futuyma and Moreno 1988). Nonetheless, investigating the 

maintenance of generalist feeding habits provides a necessary contrast, and further insight 
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into the determinants of diet breadth. Many polyphagous species have relatively 

specialized populations composed of monophagous individuals (Fox and Morrow 1981, 

Thompson 1994); some other generalist species are polyphagous as individuals. Such 

food-mixing herbivores (i.e. grazers) are at one extfeme of the continuum of diet breadth, 

as individuals often feed on dozens of taxonomically widespread plant species (Crawley 

1983). Although relatively few herbivorous insect species employ this strategy, they can 

opportunistically exploit entire plant communities under favorable conditions. 

Consequently, they are often ecologically conspicuous, with large populations that may 

greatly influence populations of their host-plants and natural enemies [e.g. forest 

lepidoptera (Houston and Valentine 1977, Doane and McManus 1981, Nothnagle and 

Schultz 1987); polyphagous moths of Britain (Quinn et al. 1997)]. 

What are the costs and benefits associated with food-mixing in herbivores'? Costs 

of food-mixing might result from greater exposure to natural enemies (especially 

predators) or stressful physical conditions during movement between plants, a limited 

capacity to adapt to the physical or chemical traits of a multitude of host-plants (Dethier 

1954) resulting in a decreased ability to compete with specialists on shared host-plants 

(Moran 1986). Benefits might include improved physiological efficiency due to nutrient 

balancing (Pulliam 1975, Westoby 1978) or dilution of secondary metabolites (Freeland 

and Janzen 1974); increased survival and reproduction due to a greater ability to track 

unpredictable spatio-temporal variation in the availability of high quality food (Crawley 

1983). Perhaps food-mixing facilitates escape from detection by parasitoids that locate 

hosts by using specific odors from their feces or damaged host-plants (Vinson 1976, 

Turlings et al. 1990, De Moraes et al. 1998), or restrict searching to a subset of 

microhabitats occupied by their hosts (Weseloh 1993). In at least one case, a food-

mixing caterpillar changed its host-plant preference in response to parasitism, thereby 

increasing its chance of survival (Karban and English-Loeb 1997). 
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Determinants of food-mixing may differ among groups of phytophagous insect. 

Evidence suggests, for example, that food-mixing in grasshoppers is maintained, at least 

in part, by dietary benefits or improved physiological efficiency (Kaufmann 1965, 

MacFarlane and Thorsteinson 1980, Bemays and Bright 1991, Bemays et al. 1991, 

Beraays and Bright 1993). Dietary benefits may be less conunon in lepidopterans and 

hemipterans (Bemays and Minkenberg 1997, but see Waldbauer and Friedman 1991). 

This study tests two predictions of the physiological efficiency hypothesis, i.e., that food-

mixing of the generalist caterpillar Grammia geneura (Lepidoptera: Arctiidae) is 

maintained by dietary benefits. The first prediction is that overall performance (a 

component of fitness) should be superior on mixed-plant diets than on single-plant diets. 

I evaluated performance by measuring survival, duration of larval development, and 

pupal mass of insects on single- and mixed-plant diets. The second prediction is that 

growth (i.e. the utilization of plant tissue toward acquiring body mass) on mixed diets 

should be more efficient than on single-plant diets. I tested this prediction by comparing 

the slopes of the linear relationship between pupal and fecal mass of insects on single-

and mixed-plant diets. 

METHODS 

Insects 

Grammia geneura (Strecker) (Lepidoptera: Arcdidae) inhabits arid grasslands in the 

Southwestern USA and adjacent Northwestern Mexico (Smith 1938, M. Singer, personal 

observadon), where variable and extreme climate is the rule. An unusual feature of its 

life history is that females oviposit on the ground, often before most host-plants have 

germinated, forcing larvae to select host-plants on their own (M. Singer, personal 
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observation). As a larva, Grammia geneura is highly polyphagous, feeding on at least 

80 species of (mostly herbaceous) flowering plant from at least 50 taxonomically 

widespread families (M. Singer, unpublished data). Individual caterpillars move between 

individual host-plants, often of different species, within hours or minutes (Chapter 2). 

Over its larval period, an individual may feed on several dozen species of host-plant. 

Despite its food-mixing habit, however, G. geneura is readily reared in the 

laboratory on a synthetic, wheat germ-based diet. Insects used in experiment 1 of this 

study (see below) were the offspring of individuals collected as late instar larvae in the 

field (Molino Basin, Pima Co., AZ; and Oracle, Pinal Co., AZ) during April 1995, then 

reared to pupation on synthetic diet. Insects in experiment 2 were also the offspring of 

late instars collected in the field (Ash Creek, Rincon Mtns., Pima Co., AZ; and Gardner 

Cyn., Santa Rita Mtns., Pima Co., AZ) during April 1996, then reared to pupation on 

synthetic diet. Insects in experiment 3 were third generation offspring of late instars 

collected in the field (Ash Creek, Rincon Mtns., Pima Co., AZ; Gardner Cyn, Santa Rita 

Mtns., Pima Co., AZ) during August 1996. 

Plants 

Five different plants were used in this study: Ambrosia confertiflora (Asteraceae), 

Machaeranthera gracilis (Asteraceae), Tithonia fniticosiim (Asteraceae), Malva 

parviflora (Malvaceae), and Plantago insularis (Plantaginaceae). I chose this set of 

plants for three reasons. First, these plants are taxonomically similar to host-plants used 

in nature. Natural populations of G. geneura commonly use A. confertiflora and M. 

gracilis, as well as Plantago patagonica, morphologically and ecologically similar to P. 

insularis. Malva and Tithonia are confamilial with numerous host-plants possessing 
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similar life history traits and ecological habits. Second, this set of plants varies widely in 

life history and chemical characteristics, reflecting the wide variation in natural host-

plants. Third, these plants were available near the University of Arizona campus. 

Experiments 

This study consists of three separate experiments during which I measured performance 

of insects reared on various single- and mixed-plant diets. Plants used in u-eatments of 

experiment 1 (May-September 1995) included Malva, Ambrosia, Machaeranthera, each 

singly, and a mixture of all 3 plants. Those in experiment 2 (June-September 1996) 

included only Ambrosia and Machaeranthera, and a mixture of the two. Finally 

treatments in experiment 3 (February-May 1997) included Malva, Plantago, Tithonia, a 

mixture of Malva and Tithonia, and a mixture of all 3 plants. Each experiment was 

conducted with two different sets of full-sibs, distributed systematically across diet 

treatments, to minimize individual genetic variation and to avoid the possibility of testing 

only a single unusual family. Six different sets of fuil-sibs were used across the 3 

experiments. 

Rearing protocol 

To evaluate performance, insects in all experiments were individually reared from 

neonate to pupa on single- and mixed-plant diets. Each insect was confmed in a 

transparent, cylindrical, plastic container (15 cm diam. x 6 cm high) with sprigs of host-

plants placed in 2 or 3 water-filled, cotton-stoppered, glass vials placed on a sheet of 15 

cm diam filter paper. Vials were placed approximately equidistant from one another. 

Two 1.5 cm diam holes covered with screen and located opposite one another ensured 
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adequate ventilation in each container. In single-plant arenas, each vial contained the 

same species of host-plant. In mixed-plant arenas, each vial contained a different species 

of host-plant. Cages were checked daily to ensure host-plants were fresh and sufficiently 

abundant. Plants were collected in the field on the day they were used, every other day or 

as needed. No attempt was made to control for possible effects of induced responses of 

damaged plants since G. geneura larvae routinely feed on damaged host-plants in the 

field (M. Singer, personal observation). Insect cages were placed in a walk-in growth 

chamber kept at 28:25°C/16:8 h light:dark. Position of individual arenas was arbitrarily 

changed daily or every other day to reduce potential confounding effects of temperature, 

light, and humidity. 

Variables measured 

To ensure insects in the mixed-plant treatments actually ingested a mixed diet, I observed 

4th and 6th (Exp. 1), and final instars (Exp. 3) respectively over 8 h and 4 h periods in 

order to measure frequencies of feeding on different host-plant species. I additionally 

estimated the degree of food-mixing over each of last 3 larval stadia in experiment 1 

because most feeding occurs during that period, especially during the final stadium. I 

estimated the relative proportions in which host-plants were eaten by estimating the 

volumetric proportion of feces (frass) under each host-plant species. Detailed behavioral 

observations on 6th instars (see above) revealed that insects usually remained on or next 

to host-plants between feeding bouts, when most frass was excreted. I calculated a crude 

estimate of the amount of each host-plant eaten during a given stadium by multiplying the 

total mass of dried frass of an instar by the proportion of each host-plant eaten. Unlike 

many lepidopterans, the number of larval stadia of G. geneura varied, ranging from 6 to 

12 in these experiments. Longer development was associated with more larval stadia. 
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To evaluate performance, I measured larval survival, duration of larval 

development, and pupal mass. Mortality and developmental stage were recorded daily. 

Duration of larval development is defined here as the number of days from hatching out 

of the egg until pupal ecdysis. All pupae were dried to a stable weight in an oven (50-

70°C). The masses of dried pupae were used in all analyses. 

I measured the fecal (frass) mass of final instars to obtain more information about 

the insects' physiological responses to diet treatments. The mass of final instar frass was 

used in conjunction with pupal mass to evaluate possible physiological differences in 

growth efficiency across diets. The frass of each instar was collected at the end of 4th 

and later stadia in experiments 1 and 2, and at the end of 6th and later stadia in 

experiment 3. After collection, all frass was dried and weighed. In experiment 1, the 

fecal mass of instars 4 and 5 was negligible; final instar fecal mass represented 60, 68. 

and 75% of the total frass produced by insects reared on Ambrosia, Malm, and the 

mixed-plant diet respectively. 

Efficiency of growth was evaluated by comparing the slopes of the linear 

relationship between pupal mass and final instar fecal mass across treatments. An 

increase in the slope of the line indicates a relative increase in growth efficiency: insects 

would have ingested relatively less food (increased assimilation efficiency), or ingested 

the same amount of food but converted more to body mass (increased conversion 

efficiency), to achieve a given pupal mass. Conversely, a decrease in the slope of the line 

indicates reduced growth efficiency. 
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Statistical analyses 

I used G-tests (Zar 1984) to evaluate possible differences in survivorship across diet 

treatments. All other statistical analyses were performed with SuperANOVA (Abacus 

Concepts Inc. 1989). I used MANOVA to produce an overall test of the response 

variables (larval duration and pupal mass) that would validate their individual analysis at 

the specified alpha level. A separate test was used for each experiment. In each case, the 

model included larval duration, pupal mass, and final instar fecal mass as response 

variables; diet treatment and sex as fixed main effects; family as a random main effect; 

and the diet treatment x sex interaction. Effects other than diet were not included in 

additional interaction terms because their purpose was to explain additional variation 

rather than inform hypotheses directly. Response variables were log-transformed to 

conform to the assumption of normality. Response variables found significant in the 

MANOVA were analyzed separately with the same ANOVA models used in the 

MANOVA to find which single effect was responsible for the significance of the 

MANOVA. Although this method ("protected ANOVA") may lack the sophisdcation of 

a complete analysis using MANOVA (Scheiner 1993), it is straightforward and 

reasonably robust (Hummel and Sligo 1971). Post-hoc comparisons were made with 

Tukey-Kramer tests. The effect of diet on the relationship between pupal and fecal mass 

was analyzed with an analysis of covariance (ANCOVA). 
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RESULTS 

Food-mixing 

Grammia geneura caterpillars exiiibited food-mixing. Over the shorter time periods 

during which observations occurred, 6th instars (Exp. 1: 8 h obs.) and final instars (Exp. 

3; 4 h obs.) sometimes fed on muhiple host-plant species, but tended to feed most 

frequendy on a single species (Fig. 1.1). Fourth instars fed less frequently and only one 

of 7 insects fed on multiple host-plants over the 8 h period (Fig. l.l). Host-plant mixing 

tended to increase over the course of development, as evidenced by results from 

experiment 1 (Fig. 1.2). While individuals in the penultimate and antepenultimate (third-

to-last) stadia varied in their tendency to take a mixed diet, final instars always took a 

mixed diet of approximately equal proportions of each host-plant. 

Performance variables 

Larval survival (Fig. 1.3) varied across diets in all experiments (1, C=28.02, df= 3, 

^<0.001; 2, G=37.49, df= 2, ^<0.001; 3, C=12.67, df=4, ^<0.05). Differences in 

experiments 1 and 2 evidently resulted from extremely low or no survivorship on 

Machaeranthera . Differences in experiment 3 were less pronounced and probably 

reflected unusually high survival on Malva . 

The MANOVA showed a significant effect of diet, sex, diet x sex, and family 

across response variables (Table 1.1). Therefore, the ANOVA model for each log-

transformed response variable is considered at alpha=0.05. 

There were significant effects of diet on larval duration in all experiments (Table 

L2). Diet and its interaction with sex accounted for 45,73, and 51% of the variadon in 
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experiments 1,2, and 3 respectively. Sex did not iiave a significant effect alone, thus 

male and female data were pooled (Fig. 1.4). As revealed by Tukey-Kramer tests, insects 

on Ambrosia experienced significantly prolonged development in experiments 1 and 2 

(P<0.05). In experiment 3, insects on Tithonia had significantly longer development 

times than insects in all other treatments. Insects on Plantago had significantly shorter 

development times than those on Malva, Tiihonia and the mixture of Malva and Tiihonia. 

I also found significant effects of diet, sex, family, and diet x sex on pupal mass in 

experiments 1 and 3 (Table 1.2). Diet and its interaction with sex accounted for 23, 16, 

and 24% of the variation across experiments I, 2, and 3 respectively. Female pupae 

usually weighed more than male pupae irrespective of diet treatment; more interestingly, 

it was the mass of female pupae that differed most across treatments (Fig. 1.5). In 

experiment 1, females reared on Malva weighed more than those on the mix (Tukey-

Kramer, P<0.05). In experiment 3, females on Tiihonia weighed less than those on all 

other treatments (Tukey-Kramer, P<0.05). 

Growth efficiency 

Diet had a significant effect on growth efficiency in experiments 1 and 3, based on 

differences in the slope of the linear relationship between pupal and fecal mass (Table 

1.3, Fig. 1.6). In experiment 1, growth efficiency on Malva was greater than that on the 

mix or on Ambrosia. In experiment 3, Malva and Plantago supported greater growth 

efficiency than the mixed diets, followed by Tithonia. 
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DISCUSSION 

Food-mLxing 

Late instar larvae took a mixed diet when multiple host species were available, based on 

both die observed frequencies of mixing among 6th and final instars (Fig. l.l) and the 

estimated degree of mixing over the last 3 larval stadia in experiment I (Fig. 1.2). 

However, individuals varied in their frequency of mixing over the observation periods. 

Late instars observed in the field over 7 h also ingested a mixed diet (Chapter 2). 

Observations of 4th (Fig. 1.2) and 1st instars (data not shown) suggest that early and mid-

instars (i.e. 1-4) mixed foods less frequently than later instars. Early instars are also 

relatively sedentary, possess fewer setae (hairs), and molt relatively frequently, 

conforming to more "typical" caterpillar habits than later instars (M. Singer, personal 

observation). Variation in food-mixing among developmental stages may result from 

differences in size and mobility, and perhaps associated differences in ecological 

pressures, such as the risk of predation and desiccation. 

Performance variables 

This study showed mixed-plant diets to be beneficial under some conditions and costly 

under others. Larvae clearly benefitted from mixing host-plant species of poor quality 

alone, as dramatically illustrated by responses of insects in experiment 2. In this 

experiment, those insects provided only with Ambrosia experienced prolonged 

development (Fig. 1.4), and those reared exclusively on Machaeranthera died as larvae 

(Fig. 1.3). However, insects offered a mixed diet consumed both plants and suffered no 

such adverse effects (Figs. 1.3, 1.4, 1.5). 
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However, food-mixing was costly when high-quality host-plants were available. 

Larvae reared on certain single-plants diets consistently outperformed insects reared on 

mixed diets. For example, although no differences were detected in males, females 

reared on Malva alone attained greater pupal masses than those reared on a mixture of 

Malva, Ambrosia, and Machaeranthera (Fig. 1.5). The general positive correlation of 

pupal mass and fecundity in insects (Preziosi et al. 1996, Carriere and Roff 1995, Honek 

1993, but see Leather 1988) and the specificity of the effect to females both suggest 

insects on Malva gained an increase in fecundity. Since pupae were dried for weighing, 

it was impossible to measure fecundity directly. However, independent measures of wet 

mass of adult females correlate with egg number (M. Singer, unpublished data). 

Moreover, longevity may not principally limit fecundity (Leather 1988) in G. geneiira 

because adults neither feed nor require special host-plants on which to oviposit. These 

traits probably reduce variance in adult longevity and fecundity because spatio-temporal 

heterogeneity of adult or larval food resources would minimally affect survival or 

reproductive success at this stage. 

Evidence suggests that insects reared exclusively on Plantago developed more 

rapidly than those reared on a mixture of Plantago, Malva, and Tithonia (Fig. 1.4). Small 

sample sizes and a single outlier probably prevented statistical significance for this 

putative effect. More rapid development on Plantago would be expected, as final instars 

offered Plantago fed for a greater proportion of time than those in other treatments 

(Bemays and Singer 1998) with a growth efficiency greater than that of insects on the 

mixtures (Fig. 1.6). Duration of development has important fitness consequences for G. 

geneura in the field, as mortality from parasitism can be high and typically increases over 

the course of the season (J. Stireman and M. Singer, unpublished data). 

The significant variation in larval duration and pupal weight among families 

suggests genetic variation in larval performance. However, the "family" effect may 
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result from either genetic differences or differences in parental contributions to offspring 

across families. Both genetic and parental effects contribute signficantly to the 

performance of at least one other species of polyphagous caterpillar, Lymantria dispar 

(Rossiter 1987, Rossiter 1991). Experiments presented here cannot distinguish between 

genetic and parental effects (Rossiter 1996) and hence cannot detect genetic U-adeoffs in 

host-plant use. 

Growth efficiency 

Insects never grew more efficiently on mixed diets than on single host-plants (Fig. 1.6). 

In experiment I, a mixture of Malva, Ambrosia, and Machaeranthera supported less 

efficient growth than did Malva alone. Similarly, experiment 3 revealed a dramatically 

higher growth efficiency for final instars on both Malva and Plantago relative to insects 

on both Malva + Tithonia and Malva +Tithonia + Plantago mixtures. Differences in 

growth efficiency may reflect differences in plant nutritional quality (e.g. primary 

nutrients and secondary metabolites). 

Upward shifting of growth efficiency lines (higher pupal mass) may indicate 

increases in the primary nutritional quality of diets; while shifts to the right (higher fecal 

mass) may show increases in ratios of host-plant fiber to nutrient content (reduced 

nutrient quantity), for which insects must compensate by feeding more (Simpson and 

Simpson 1990). Changes in slope may indicate differential effects of secondary 

metabolites on growth efficiency. Under this interpretation, the similar growth 

efficiencies of insects on the mixtures and on single, low quality host-plants (e.g. 

Ambrosia, Tithonia) is due to similar physiological costs imposed by secondary 

metabolites, despite probable differences in the total amount of such chemicals ingested. 

This suggests that the food-mixing insects either had a very low threshold for sensitivity 



39 

to such chemicals, or that the physiological regulation of food-mixing did not depend 

simply on the amount of secondary metabolites ingested. Secondary metabolites, along 

with the nitrogen and water content of foliage, are often primary determinants of folivore 

performance (Slansky and Scriber 1985, Bemays and Chapman 1994). 

General discussion 

This study does not support the physiological efficiency hypothesis that dietary benefits 

of physiological utilization of food maintain food-mixing. Rather, these data suggestG. 

geneura could maximize performance by specializing on high-quality host-plants (e.g. 

Malva, Plantago). However, field observations show that these caterpillars habitually 

mix their diets (Chapter 2), as did insects in this study when offered more than one host-

plant, even if performance suffered as a result (e.g. Exp 3, M+T insects). Correlates of 

fitness estimated in isolation from the natural environment do not adequately represent 

the full range of ecological tradeoffs acting in the field. Furthermore, this study does not 

address possible diet-related developmental or reproductive tradeoffs measurable only 

during the adult stage. Nevertheless, any fitness advantages of food-mixing for G. 

geneura individuals do not result from improved survivorship, rapid development, greater 

fecundity, or efficient growth in any simple way. 

Evidence does suggest, however, that insects physiologically benefit from mixing 

when only poor-quality host-plants are available. This benefit more likely results from 

the dilution of secondary metabolites than from the balancing of nutrients because insect 

growth on mixed diets was never more efficient than on the best single-plant diets. If 

post-ingestive feedbacks regulate switching, food-mixing may function physiologically 

as a means of avoiding noxious doses of certain chemicals rather than as a strategy for 

optimizing growth. However, food-mixing does not require direct regulation by such 
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post-ingestive feedbacks (see above). Insects in the field are likely to encounter a wider 

array of host-plants than those offered in these experiments. Under field conditions, 

random or automatic switching, perhaps in response to different flavors, may lead by 

chance to a nutritionally balanced diet (Parker 1984, Bemays et al. 1991) with relatively 

low concentrations of individual secondary metabolites (Freeland and Janzen 1974). 

Because high-quality host-plants (e.g. Plantago) are often common in their 

habitats (Chapter 4), ecological factors other than host-plant quality probably contribute 

to the maintainance of the unusual degree of food-mixing in G. geneura. Field work in 

Southeastern Arizona suggests that important ecological influences on food-mixing may 

include bottom-up factors such as unpredictable variation in host-plant availability, as 

well as top-down factors, such as differential attack by natural enemies. If individuals in 

the population were to specialize on the highest quality host-plants, they would suffer 

very low fitness when such hosts were rare, particularly if searching were costly. In 

habitats occupied by G. geneura, dramatic seasonal and geographic changes in the 

community of host-plants may cause single species of host-plant to be rare at a given 

time and place (Chapter 4). Furthermore, search costs in terms of time of exposure or 

apparency to natural enemies are clearly imposed by parasitoids, particularly tachinid 

flies, in this system (J. Stireman and M. Singer, unpublished manuscript). 

Alternatively, natural enemies may enforce food-mixing more directly. 

Differential attack by natural enemies could maintain food-mixing if individuals that 

mixed suffered less mortality from predators or parasitoids than more stenophagous 

individuals. For example, mixing high and low quality host-plants could provide 

protection via noxious chemicals of poor hosts at relatively low performance costs. Or 

individuals that habitually switch host-plants might elude searching parasitoids more 

often than stenophagous individuals because they are more difficult to locate and track. 
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One would perhaps expect a combination of plant factors and natural enemy 

effects to maintain food-mixing in G. geneiira, since such interactions impose selection 

pressure on the feeding habits of other species (mostly specialists) studied to date (e.g. 

Schultz 1983, Faedi 1985, Gross and Price 1988, Kahn and Cornell 1989, Abrahamson 

and Weis 1997). While effects of host-plants are widely accepted, limited studies of 

"enemy-free space" (Jeffries and Lawton 1984) suggest that natural enemies may impose 

niche-moulding selection on terrestrial insects as well (Berdegue et al. 1996). From this 

point of view, the biological bases of food-mixing and the precise mechanisms of multi-

trophic interactions depend upon specific characteristics of the players involved. More 

empirical work on a diverse set of taxa is required before we can infer generalities from 

the combined effects of bottom-up and top-down forces in shaping and maintaining 

foraging tactics (including host-plant range) of herbivorous insects. 
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FIGURE 1.1. Frequency of feeding bouts on different host-plant species for individual 

caterpillars offered mixed-plant diets. Fourth and sixth instars (top) were observed for 8 

h during experiment 1. Final instars (bottom) were observed for 4 h during experiment 3. 
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FIGURE 1.2. Estimated amount of feces produced (see Mediods) from each host-plant 

species by each individual offered a mixed-plant diet in experiment I. The top, middle, 

and bottom panels represent the estimated fecal mass of final, penultimate, and 

antepenultimate instars, respectively. Changes in host-plant mixing with age can be 

traced for individuals by proceeding from the bottom to the top panel. 
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RGURE 1.3. Percentage of larvae that survived to pupation when reared on single- and 

mixed-plant diets in three separate experiments. Diets are abbreviated as follows: 

Experiment 1: Mal=/V/a/va parviflora, MiLC=Machaeranthera gracilis, Amh=Ambrosia 

confertiflora, Mix=Malva+Machaeranthera+Ambrosia; Experiment 2: Mac and Amb as 

above. Mi\=Machaeranthera+Ambrosia-, Experiment 3: Mai as above, Tith=7'/r/2o«/a 

fnmcosa. Planl^Plantago insularis, M+T=Malva+Tithonia, 

M+T+P=Malva+Tithonia+Plantago. Sample sizes are shown above each bar. 
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FIGURE 1.4. Duration (in days) of larval period for insects reared on single- and mixed-

plant diets in three separate experiments. Diets are abbreviated as in Fig. 1.3. Apparent 

absence of error bars, representing standard errors, results from their small size. 

Different letters above bars show significant differences among diets (f<0.05) as 

determined by Tukey-Kramer tests. Insects reared on Machaeranthera were omitted due 

to low or no survivorship. 
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nGURE 1.5. Mass (in grams) of dried pupae of male and females reared on single- and 

mixed-plant diets in three separate experiments. Diets are abbreviated as in Fig. 1.3. 

Error bars represent standard errors. Sample sizes are shown in the center of each bar. 

See Table 1.2 for statistically significant differences among diets. Insects reared on 

Machaeranthera were omitted due to low or no survivorship. 
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FIGURE 1.6. Final instar growth efficiency, calculated as the linear relationship between 

pupal mass and final instar fecal mass of individuals reared on single- and mixed-plant 

diets in three separate experiments. Solid lines indicate the growth efficiency of insects 

in mixed-plant treatments; dashed lines show the growth efficiency of insects in single-

plant treatments. See Table 1.3 for statistically significant interactions. 
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TABLE LL Multivariate responses of larval duration, pupal mass, and fecal mass. 

Wilks' Lambda, Hotelling-Lawley Trace, and Pillai Trace all gave similar results. All 

response variables were log-transformed. *** Wilks' Lambda significant at P< 0.001; ** 

Wilks' Lambda significant at P< O.OI; * Wilks' Lambda significant at ^<0.05; NS, 

differences are not significant. 
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Experiment 1 Experiment 2 Experiment 3 

Factors F df F df F df 

Diet [3 [2*** 6,54 20.03*** 3,12 23.90*** 12,125 

Family 492** 3,27 1.49 NS 3,12 9.43*** 3,47 

Sex 12.40*** 3,27 1.62 NS 3,12 15.38*** 3,47 

Diet X Sex 2.55* 6,54 0.19 NS 3,12 1.31 NS 12,125 
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TABLE L2. Univariate responses of larval duration and pupal mass. All response 

variables were log-transformed. *** Differences are significant at P<0.001; ** 

Differences are significant at P<0.01; * Differences are significant at P<0.05; NS, 

differences are not significant. 
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Experiment I Experiment 2 Experiment 3 

Factors F df F df F df 

A) Larval duration 

Diet 

Sex 

Family 

Diet X Sex 

B) Pupal mass 

Diet 

Sex 

Family 

Diet X Sex 

19.40*** 2,29 

1.58 NS U29 

8.24** 1,29 

0.64 NS 2,29 

3.40* 2,29 

8.13** 1,29 

1.81 NS 1,29 

3.83* 2,29 

41.46*** 1,14 

0.007 NS 1,14 

0.054 NS 1,14 

0.163 NS 1,14 

4.00 NS 1,14 

2.52 NS 1,14 

0.37 NS 1,14 

O.IONS 1,14 

[3 21*** 4,49 

0.36 NS 1,49 

3.38 NS 1,49 

I.69 NS 4,49 

21.31*** 4,49 

31.97*** 1,49 

II.19** 1,49 

2.63* 4,49 
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TABLE L3. Covariate response of pupal mass. Pupal mass and fecal mass were log-

transformed. *** Differences are significant at ^<0.001; ** Differences are significant at 

P<0.01; * Differences are significant at P<0.05; NS, differences are not significant. 
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Experiment I Experiment 2 Experiment 3 

Factors F df F df F df 

Diet 11.12*** 2,30 1.97 NS 1,15 2.84* 4,50 

Fecal mass 13.69*** 1,30 35.92*** 1,15 109.00*** 1,50 

Diet X Fecal mass 11.62*** 2,30 2.05 NS 1,15 2.73* 4,50 



60 

CHAPTER 2 

THE FUNCTION OF FOOD-MIXING IN A POLYPHAGOUS CATERPILLAR; 

INSIGHTS FROM BEHAVIOR 

(Co-authored with E.A. Bemays) 

SUMMARY 

Food-mixing among herbivores may function to balance nutrient intake (nutrient balance 

hypothesis) or minimize ingested dosages of plant toxins (toxin dilution hypothesis). 

Either function may predominate in different herbivore taxa, which are expected to face 

nutritional or toxin challenges to differing degrees. The nutrient balance hypothesis 

predicts reduced food intake on mixed- versus single-plant diets when host-plants are 

nutritionally complementary. The toxin dilution hypothesis predicts intermediate or 

elevated food intake on such mixtures and preferential switching among chemically 

diverse foods that increases in frequency with increasing toxicity of host-plants. In light 

of these hypotheses, we examined the food-mixing behavior of a woolly-bear caterpillar, 

Grammia geneura (Lepidoptera: Arctiidae), through observations of individual insects in 

nature and in laboratory experiments. In nature, individual caterpillars switched 

frequently but to varying degrees among host-plants during several-hour periods of 

foraging. In the laboratory, insects fed for similar or greater durations on mixed- versus 

single-plant diets, supporting the toxin dilution hypothesis. There was also limited 

evidence for preferential switching among chemically diverse foods and increased 
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switching on more toxic host-plants. Rates of switching and durations of feeding bouts 

before and after switches indicated that food-mixing in G. geneura is at least partly an 

active response to host-plant characteristics. Sampling bouts on novel hosts implicated a 

role for post-ingestive feedbacks in regulating food-mixing. 

INTRODUCTION 

Foraging theory currently recognizes the importance of food quality to generalist 

herbivores that are individually polyphagous and often choose among and consume foods 

that vary greatly in nutritional value (Simpson and Raubenheimer 1993a, 1996). The 

biological bases of food-mixing (variously termed grazing, dietary mixing, or dietary 

self-selection) in herbivores may reflect physiological benefits from nutrient balancing 

(Bernays et al. 1994, Waldbauerand Friedman 1991). This may be particularly relevant 

to immature herbivores because plant tissues tend to be limiting in primary nutrients such 

as proteins and essential amino acids, used in large quantities for growth (McNeill and 

Southwood 1978, Bernays and Chapman 1994). It may also be important because the 

nutritional requirements of herbivores (Barton Browne 1995) and the nutritional value of 

plants (Crawley 1983) change with age, perhaps causing concomitant changes in patterns 

of host-plant selection. Food-mixing may also permit the dilution of noxious 

phytochemicals (Freeland and Janzen 1974, Freeland and Saladin 1989) from particular 

host-plants to concentrations that are harmless to the herbivore. 

Because natural selection should favor foraging tactics that maximize 

performance and minimize risk of harm to the herbivore (Hassell and Southwood 1978), 

these functions are not necessarily mutually exclusive. In practice, however, different 

herbivore taxa may face each of these challenges to differing degrees depending upon 

characteristics of their physiology, host-plants, and habitat. Therefore, an herbivore's 
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food-mixing may largely reflect a single function, either nutrient balancing or toxin 

dilution, although these processes may physiologically interact (Hagele and Rowell-

Rahier 1999). Under certain conditions, each hypothesized function makes different 

predictions about an herbivore's foraging tactics. For example, herbivores could meet 

nutritional requirements (intake targets) by consuming a small amount of a mixture of 

nutritionally complementary foods relative to single, nutritionally unbalanced foods 

(Bemays et al. 1994, Simpson and Raubenheimer 1993a). Because a combination of 

plant species may contain a wider range of nutrient concentrations than a single species, 

ingestion of less food from a mixture of plant species than on single species is consistent 

with the nutrient balance hypothesis. The toxin dilution hypothesis, however, predicts 

that a food-mixing herbivore will eat at least as much food as a non-mixer because it will 

be less limited by toxins or deterrents, which may otherwise restrict feeding to the 

minimal amount that is nutridonally required (Bemays et al. 1994). Such an herbivore 

would also be expected to choose a mixture of chemically diverse foods (Speiser and 

Rowell-Rahier 1991), and to switch with increasing frequency among increasingly toxic 

or deterrent foods. 

The physiological implications of these two "strategies" might also differ. An 

herbivore grazing to optimize its balance of nutrient intake requires physiological 

mechanisms that provide continuous and detailed feedback about the nutritional quality 

and quandty of food in relation to its own nutritional status. This phenomenon of 

nutritional homeostasis has been characterized in laboratory studies for herbivores like 

grasshoppers (Simpson and Raubenheimer 1993a) and aphids (Abisgold et al. 1994), as 

well as omnivores like rats (Clark 1982, Raubenheimer and Simpson 1997), and appears 

to be a widespread function of foraging in herbivores. Immature herbivorous insects in 

particular may forage primarily toward maintaining a balance of carbohydrate and protein 

for optimal growth (Simpson and Raubenheimer 1996). In Locusta migratoria, chemical 
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inputs in taste ceils are modified by feedbacks in the hemolymph to regulate nutrient 

intake (Simpson and Raubenheimer 1993b). By contrast, an herbivore that mixes foods 

to minimize ingestion of noxious phytochemicals might not select foods on the basis of 

balancing nutrient intake. Because highly nutritious plant tissues may also be highly 

noxious, toxin dilution and optimizing nutrient balance may be conflicting "strategies." 

Food mixing that functions to dilute toxins could result from an entrained set of behaviors 

that follow a simple switching rule (Parker 1984). Other mechanisms that are likely to 

regulate toxin dilution include aversion learning (Bemays and Lee 1988); rapid, negative, 

post-ingestive feedbacks (Glendinning 1996); and neophilia (Bemays et al. 1992). 

Evidence for these mechanisms could be inferred from the detailed, temporal feeding 

patterns of individuals. 

Here, we characterize the feeding behavior of a food-mixing caterpillar, Grammia 

geneura (Strecker) (Lepidoptera: Arctiidae) under both controlled and natural conditions. 

We investigate the function of food-mixing in light of the nutrient balance and toxin 

dilution hypotheses, and other ecological interactions likely to influence foraging. Lastly, 

we evaluate possible mechanisms regulating host-plant switching in this ecological 

context. 

METHODS 

Study system 

Grammia geneura inhabits arid grasslands of the southwestem U.S.A., where its larvae 

graze on at least 80 species of (mostly herbaceous) flowering plant from at least 50 

taxonomically widespread families (M. Singer, unpublished data). Many of its hosts (e.g. 

Astragalus, Plantago, Euphorbia, various composites) are commonly known to be 
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avoided by other generalist herbivores (e.g. livestocic) because of deterrence or toxicity. 

All insects in this study were (or were recently descended from stock) collected in 

southeastern Arizona, where the appearance of caterpillars coincides with both 

winter/spring and summer rainy periods. Individual caterpillars move among small, 

mostly annual herbs and never climb more than approximately Im from the ground (M. 

Singer, personal observation). Most feeding occurs diumally, when larvae are most 

active (M. Singer, personal observation). A particularly unusual feature of the life history 

is that adult females oviposit at ground level, rather than on host-plants, forcing larvae to 

perform all host-plant selection (M. Singer, personal observation). Unlike many 

lepidopterans, G. geneiira larvae have a variable number of developmental stadia (7-12), 

depending on diet. Most healthy caterpillars reared in the laboratory undergo 7 or 8 

stadia (M. Singer, personal observation). 

Field observations 

To characterize individual patterns of feeding behavior, we first observed a total of 43 

caterpillars in nature at several different times and locations. Observations of 5-180 min 

were made during both spring (near Oracle, Pinal Co., Arizona, USA, April 1995) and 

summer (near Arivaca, Pima Co., Arizona, USA, August 1993), to confirm and quantify 

host-plant switching by individual caterpillars. 

To characterize the temporal feeding pattern of individuals, we observed 11 final 

instar larvae continuously for 7 h between 0900 h and 1700 h, the time period of greatest 

larval activity (Ash Creek, Rincon Mtns, Pima Co., Arizona, USA, 6 March-17 April 

1996). All observation days were mostly or entirely clear and sunny. Air and ground 

temperatures (in the shade) in foraging areas were measured at several times of day 

during observations. Each observer tracked a single, focal caterpillar throughout an 
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observation session. Focal caterpillars were collected for rearing following the 

observation period to make sure they were unparasitized, final instars. 

For all observations, times at which various behaviors initiated and terminated 

were recorded with digital watches. Behaviors were classified in the following way: 

feeding was defined as rhythmic movement of the head while it was in contact with the 

plant surface (ingestion of leaf tissue was usually visible); walking was defined as any 

locomotion exclusive of feeding; resting was defined as a lack of locomotion or feeding 

but included instantaneous movements like defecation and twitching. All plants 

contacted were determined to species when possible (>95%). 

Fecal analysis 

Short-term dietary histories of 23 individual caterpillars (collected at Catalina State Park, 

Pima Co., Arizona, USA, March 1994) were characterized by examining the indigestible 

remnants of host-plants in their feces (after Bemays and Chapman 1970). This method 

offers a way to document the diets of a relatively large number of individuals at the same 

time and place. After collection, each caterpillar was placed in a separate container and 

offered a synthetic, wheat germ-based diet. All feces derived from plant material (green, 

dark brown, or black rather than beige), produced within 24 h, was collected and frozen. 

These frozen feces were moistened, teased apart, and mounted on several microscope 

slides for systematic examination at lOOX. All fecal material for each caterpillar was 

examined in successive scans of the entire field of view. Host-plant species were 

identified based on the cuticular impressions of trichomes, guard cells, and epidermal 

cells. These characteristics, which differed among plant species (M. Singer, personal 

observation), were compared with those on prepared slides of identified plant material 

collected in the same habitat as the caterpillars. Only clearly identifiable remnants of 
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host-plants were recorded, giving a conservative measure of the number of host-plant 

species passing through the gut. Tests of alimentary throughput rates measured at 30 °C 

showed that fecal remains from the entire contents of the gut represented approximately 

2-5 h of feeding (M. Singer, unpublished data). Field-collected caterpillars produced 

enough fecal pellets to suggest their guts were nearly or completely full upon collection. 

Hence, their feces probably represented approximately 2-5 h of feeding as well. 

Laboratory observations 

To monitor feeding patterns that might inform the function of food-mixing, we observed 

individual caterpillars offered single species or combinations of host-plant species in the 

laboratory. Each insect was reared on its single- or mixed-plant diet from hatching until 

pupation as part of a performance assay, during which observations took place. We used 

five different plant species: Ambrosia confertiflora (Asteraceae), Machaerantfiera 

gracilis (Asteraceae), Tithonia fniticosa (Asteraceae), Malva parviflora (Malvaceae), and 

Plantago insiilaris (Plantaginaceae). We chose Ambrosia, Machaeranthera, and Malva 

for the first experiment (see below) because of their taxonomic and ecological similarity 

to some frequently used summer host-plants (based on preliminary field observations 

near Arivaca, Arizona, USA). We included Plantago insularis in the second experiment 

because of its taxonomic and ecological similarity to Plantago patagonica, perhaps the 

most favored spring host-plant (Table 2.1). All plant species were readily available near 

the University of Arizona campus during the course of experiments. Plants used in 

laboratory experiments were collected in the field as needed (usually every other day) to 

ensure sufficient host-plant quality and quantity for rearing. They were either used 

immediately or refrigerated for no more than a few hours prior to use in behavioral 

observations. 
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Two separate laboratory experiments were conducted. In experiment 1, diet 

treatments included Ambrosia alone, Machaeranthera alone, Malva alone, and a 

combination of all three. In experiment 2, diets included Malva alone, Plantago alone, 

Tithonia alone, a combination of Malva and Tithonia (M+T), and a combination of all 

three (M+P+T). Insects were confined in transparent, cylindrical, plastic containers (15 

cm diam. x 6 cm high) with excised sprigs of host-plants placed singly in water-filled, 

cotton-stoppered, glass vials resting on a sheet of 15 cm diam. filter paper (see Bemays 

and Singer 1998 for further details). In each cage, the vials were close to the perimeter 

and equidistant so larvae had to walk several centimeters to switch between foods. All 

cages were kept in a walk-in growth chamber set at 28:25 '^C with a 16:8 h L:D 

photoperiod. 

Observations were made during photophase at 28 ± 2 "C under constant 

illumination from fluorescent lights to avoid radiant heat. In experiment 1 (summer 

1995), sixth intars were observed continuously for 8 h periods (0800 h-1600 h). In 

experiment 2 (spring 1997), final instars were observed continuously for 4 h periods 

(0900 h-1400 h). Two observers were present if more than 4 insects were being 

observed. Times at which various behaviors initiated and terminated were recorded with 

a laptop computer using The Observer program (Noldus 1991). Behaviors were 

classified as in field observations. Feeding events were composed of discrete bouts that 

could be further grouped as meals according to the duration of periods between bouts 

(Simpson 1982). However, since feeding patterns derived from bouts and meals were 

similar and the former were more numerous and clearly defined (i.e. there was no clear 

interbout criterion to define meals), bouts rather than meals were treated in all analyses. 

Statistical analyses were conducted with JMP IN 3.2.1 (SAS Institute Inc. 1996). In all 

cases, nonparametic tests were used because behavioral data were not normally 



68 

distributed. Test statistics used by JMP approximate a C/i/-squared distribution and are 

reported as sucli. 

RESULTS 

Characterizing food-niLxing 

In nature,Gra/nm/<3 geneura caterpillars spent most of their time resting, often on the 

ground or on low-growing plants. Unlike most caterpillar species, however, they 

periodically exhibited great mobility, locomoting mostly on the ground and on low, 

weedy plants. Paths of movement were often tortuous within patches of plants, but 

relatively straight across stretches of bare ground. During periods of locomotion, 

caterpillars frequently contacted plants or other debris with their mouthparts. Sometimes 

these contacts were followed by bites and bouts of feeding. In many cases, however, 

caterpillars moved on after such encounters. In the initial, short-term field observations 

many individuals frequently switched host-plants. Longer periods of observation 

revealed an increasing proportion of individuals that switched (Fig. 2.1), hinting that 

perhaps all individuals switched, but at different rates. An independent data set of 11 

caterpillars observed over a longer time scale showed that each insect switched both 

among and within host species (Fig. 2.2). The frequencies of both feeding and switching 

were highest during the morning when air temperatures were below 25°C (Fig. 2.3). The 

independent fecal analysis revealed a similar pattern: 20 of 23 individuals (87%) 

produced feces with identifiable remnants of more than one species of host-plant (Fig. 

2.4). In both observations and fecal analysis, the plant species eaten (Table 2.1) were 

small, herbaceous annuals and perennials (forbs) and grasses. Individuals observed over 
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7 h commonly ate Plantago and Plagiobothrys (Table 2.1), but included between 2 and 8 

different plant species in their diets over the observation period (Fig. 2.2). 

Function of food-mixing 

In laboratory tests, insects offered mixed-plant diets fed for similar or intermediate 

amounts of time compared to insects on single-plant diets. While sixth (experiment 1) 

and tlnal instars (experiment 2) differed in median % time feeding by about two orders of 

magnitude (Fig. 2.5), both showed differences in feeding time with respect to diet. Sixth 

instars offered a choice of three host-plants appeared to spend more time feeding than 

those confined to single hosts. However, this effect was not statistically significant at 

alpha=0.05 (Median test, C/j/-squared=6.85, df=3, P=0.071). According to a Tukey-

Kramer test, final instars offered choices of two or three host-plants spent significantly 

more time feeding than those confined to Malva, but less than insects on Plantago 

(overall effect of diet: Kruskal-Wallis test, C/i/-squared=27.41, df=4, /'<0.01). 

Food-mixing in both the laboratory (where availability of different plants was 

similar) and field was non-random, suggesting that caterpillars selected certain host-

plants over others based on characteristics of the plants. In the laboratory, individuals 

tended to feed predominantly on a single species of plant during the observation period 

(Fig. 2.6). In the first experiment, sixth instars favored Malva or Machaeranthera. In the 

second experiment, final instars favored Plantago. In both experiments, sixth and later 

instars ingested a mixed diet over the entire larval stadium (Chapter I). 

Caterpillars exhibited different frequencies of movement and switching on 

different diet treatments, also indicating that insects responded to plant characteristics. 

The frequency of moving between feeding bouts (Fig. 2.7A) differed among diet 
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treatments (Kruskal-Wallis test, C/z/-squared= 18.09, df=5, P<0.01). Although a Tukey-

Kramer test revealed no pairwise differences, moving off host-plants after feeding 

appeared most frequent for final instars observed in nature, and those offered Plantago 

alone or a combination of three plants (M+P+T) in the lab. Similarly, the diet treatment 

significantly affected the frequency of switching among individual host-plants (Fig. 2.7B; 

Kruskal-Wallis test, C/i/-squared=34.64, df=5, P<0.01). Switching to new host-plants 

was significantly higher for insects in nature and those on Plantago than for insects in all 

other treatments (Tukey-Kramer test, alpha=0.05). 

When movements and switches among plants were examined more closely, 

differences in feeding bout duration further suggested active switching in response to 

host-plant characteristics (of all hosts pooled). Feeding bouts separated by interfeed 

periods with movement showed close similarities in temporal pattern for final instars in 

the laboratory experiments and those observed in nature. The duration of feeding bouts 

prior to moves and following moves differed according to switch type (Fig. 2.8). In the 

laboratory, feeding bouts were significantly shorter when followed by moves to a 

different host-plant species relative to bouts on the same host-plant (Fig. 2.8A). Feeding 

bouts were also significantly shorter after a move to a different host-plant species than 

when movement was to the same species of plant (same or different individual) (Fig. 

2.8C). In the field, feeding bouts were significantly shorter when followed by moves to 

different individual host-plants (of the same or different species) (Fig. 2.8B). As in the 

lab, post-movement bouts in the field were significantly shorter on new host-plant species 

(Fig. 2.8D). Feeding bout durations of final instars in nature were shorter than those of 

lab-reared final instars (field: mean bout=132.6, se=11.2, N=162\ lab: mean bout=248.8, 

se=8.6, N=925-, Mann-Whitney test: C/i/-squared=83.86, df=l, P<0.0001). 
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DISCUSSION 

In nature, Grammia geneura caterpillars often fed on multiple host-plant species (mostly 

forbs) within hours or even minutes. However, individuals varied in their frequency of 

mixing during observation periods. Such variation in host-plant mixing could stem from 

genetic, ontogenetic, environmental differences, or a combination of the three. 

Laboratory feeding trials were conducted with sets of full-siblings of similar age, so 

genetic and ontogenetic differences are not likely to be entirely responsible for observed 

variadon. Environmental conditions, especially host-plant characterisdcs, probably play 

an important role in food-mixing by influencing switching behavior. Temperature, 

perhaps the most important abiotic factor, affected the tendency to feed and, probably as 

a consequence, the frequency of switching to new host-plant species (Fig. 2.3). Although 

body temperatures of caterpillars were not measured, they probably surpassed air 

temperatures during the daytime when radiant heat would have been important 

(caterpillars were black). 

Nutrient balance hypothesis 

According to the hypothesis that food-mixing functions to regulate nutrient balance 

(nutrient balance hypothesis), insects offered a mixed diet should feed less (or the same 

but perform better) than those confined to single-plant diets if host-plants are nutridonally 

complementary. In two separate experiments, 6th and final instars offered mixed-plant 

diets fed for percentages of time no different or intermediate to those confined to single-

plant diets (Fig. 2.4). In the second experiment (the only time it was measured), time 

spent feeding correlated with the amount of food ingested (Bemays and Singer 1998). A 

study of the performance of these same insects showed that G. geneura grew no better (in 
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some cases worse) on mixed diets relative to certain single-plant diets (Chapter I). In 

experiment 2, for example, insects offered Malva and Tithonia chose a mixed diet that 

supported reduced survival, pupal mass, and growth efficiency compared to insects 

offered Malva alone (Chapter 1). In this case, insects chose to mix despite the 

performance cost, suggesting that mixing did not function to balance nutrient intake. 

Food-mixing is rare in caterpillars and most other herbivorous insect taxa. It may 

function differently for them than for grasshoppers, in which nutrient balancing from 

food-mixing usually enhances performance (Bemays and Bright 1991, Bemays et al. 

1994, Bemays and Minkenberg 1997; but see Waldbauer and Friedman 1991, Hagele and 

Rowell-Rahier 1999). 

If food-mixing reflected ontogenetic changes in nutritional requirements of 

caterpillars or nutritional value of host-plants, insects should change their feeding 

preferences over time, thereby gaining performance benefits from mixing. Under both 

laboratory and natural conditions, however, caterpillars chose to mix their diet within 

hours rather than days, a high frequency of switching that is unlikely to reflect either age-

related changes in caterpillars or host-plants. This is not to say, however, that nutrient 

balancing is unlikely to occur over a longer time scale than was measured here. Although 

it cannot be ruled out without knowing the chemical composition of experimental host-

plants, our findings do not support the nutrient balance hypothesis as an explanation for 

the frequent host-plant switching of G. geneura. 

Toxin dilution hypothesis 

Food-mixing could reduce ingested dosages of specific secondary metabolites (toxin 

dilution hypothesis) in at least two different ways. First, if insects are unable to detect 

certain toxic phytochemicals, frequent host-plant mixing could serve to reduce the 
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unpredictable likelihood of intoxication. Laboratory results of larval preference and 

performance provide evidence that these insects do not detect all toxins. Sixth instars 

offered a choice of Malva, Machaeranthera, and Ambrosia chose to feed predominantly 

on Malva and Machaeranthera (Fig. 2.5), indicating that these two plants were more 

acceptable than Ambrosia. Growth efficiency and pupal mass were indeed superior on 

Malva relative to Ambrosia although survival frequencies were similar (Chapter I). 

However, Machaeranthera proved lethal to the actively feeding caterpillars confined to it 

(Chapter 1). Mortality was not due to malnourishment, as insects confined to it grew at 

normal rates (M. Singer, personal observation) and showed no obvious compensatory 

feeding response (Fig. 2.4). Therefore, Machaeranthera's relative acceptability did not 

match its relative suitability, while the same is true for Ambrosia (deterrent but suitable). 

Similarly, final instars offered a choice of Malva, Tithonia, and Plantago fed 

predominantly on Plantago (Fig. 2.5), despite its nutritional inferiority to Malva inferred 

from larval performance (Chapter 1). In general, the mixed-plant diets chosen by both 

sixth and final instars in the laboratory resulted in inferior growth efficiency relative to 

certain monophagous diets (e.g. Malva, Plantago) they could have chosen (Chapter 1). A 

study by Dethier (1988) on another woolly bear, Spilosoma (formerly Diacrisia) 

virginica, showed that caterpillars offered various single plant species fed but did not 

survive on a subset (3/8) of them. A different subset (2/8) was unacceptable and hardly 

eaten, suggesting that the former set of plants was relatively acceptable yet unsuitable, 

rather than simply eaten because insects were starved and completely indiscriminatory. 

These results are consistent with a hypothesis that food-mixing in G. geneura reduces 

toxic effects of food that are unpredictable because some toxic agents are poorly detected. 

If the toxicity of host-plants were initially detectable (i.e. making them 

unacceptable), mixing should increase with increasing plant toxicity. In turn, increased 

toxicity could result either from an increase in the total amount of food (and toxin) 
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ingested or from an increase in toxin concentration within the host-plant. Evidence for 

both possibilities is limited but suggestive. The tendency to mix host-plants increased 

with larval age in both laboratory experiments (Chapter 1). This coincides with age-

related increases in the amount of food consumed by caterpillars in general (Reavey 

1993). There is also a trend for given G. geneiira instars to show the same pattern. That 

is, antepenultimate instars that produced the most frass (presumably because they 

ingested the most food) also tended to feed on a greater number of species when offered a 

choice of Malva, Machaeranihera, and Ambrosia (Chapter 1). 

Another prediction of the toxin dilution hypothesis is preferential mixing among 

chemically different foods. Combinations of plants offered to caterpillars in mixed-plant 

treatments of this study were taxonomically diverse and therefore not likely to provide 

good opportunities for mixing among chemically similar foods. Nevertheless, caterpillars 

in experiment 1 may have preferentially switched among more chemically different host-

plants. Because all insects in the mixed-plant treatment ultimately took a mixed diet of 

all three plants (Chapter 1), predominant feeding on Malva or Machaeranihera during the 

observation period (Fig. 2.5) suggests that insects switched preferentially between these 

two taxonomically distant plants. In contrast, switching between more taxonomically 

related plants, Machaeranihera and Ambrosia(yio\h in the Asteraceae), rarely occurred. 

In experiment 2, taxonomic and chemical distances were more comparable, precluding 

similar comparisons of preferential mixing among chemically different foods. 

Evidence for increased mixing in response to higher toxin concentrations in host-

plants is circumstantial. Final instars observed in nature and those offered Plantago 

tended to mix more frequently than insects offered other restricted diets in the laboratory. 

This could stem in part from the greater availability of more species of host-plant in the 

field. However, this idea does not explain the frequent switching of insects offered 

Plantago alone. In addition, if the restricted availability of host-plant species were the 
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sole constraint on mixing by laboratory insects, these insects should switch with similar 

frequency, causing most individuals to feed on as many plant species as possible. Since 

this pattern was not observed in the mixed-plant treatment of experiment 2, it appears that 

caterpillars in nature and those fed on Plantago in the laboratory switched more 

frequently in response to characteristics of their host-plants. 

One possibility is that these host-plants became relatively unacceptable (either 

through changes in the insects or plants) over the course of feeding. The duration of 

feeding bouts before changes in feeding site support the notion that insects actively move 

away in response to the declining acceptability of the initial host, a consistent pattern 

under both laboratory and natural conditions (Fig. 2.8). In addition, feeding bouts in the 

field were shorter than those in the laboratory. Greater concentrations of secondary 

metabolites in field versus laboratory host-plants could account for their reduced 

acceptability. Induced chemical responses that increase secondary metabolite 

concentrations in host-plant tissues are probably common in intact, living plants (Karban 

and Baldwin 1997), but likely to be less pronounced in the excised sprigs of host-plants 

used in laboratory studies. The exception to reduced switching in the laboratory, 

Plantago, is known to contain constitutive iridoid glycosides that are deterrent to certain 

generalist herbivores (Puttick and Bowers 1988), and to vertebrate (Bowers 1991) and 

invertebrate (de la Fuente et al. 1995) predators of specialist herbivores that sequester 

them. However, the iridoid glycoside, catalpol, is phagostimulatory for G. geneura 

(Bemays et al. 2000), suggesting that post-ingestive feedbacks play a role in switching 

behavior. 
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Other ecological factors 

Regardless of the detectability of toxins in its host-plants, the frequent host-plant 

switching by G. geneura could also be related to unpredictable spatio-temporal variation 

in the availability of high quality host-plants. Faced with a community of mosdy annual 

host-plants that changes dramatically between seasons and geographic sites (Chapter 4), 

caterpillars may forage among unpredictable combinauons of toxic and non-toxic host 

species. Since food-mixing does increase performance on combinauons of unsuitable 

hosts (Chapter 1), it may be a particularly successful foraging strategy under such 

conditions. 

Yet another possibility is that toxins in Plantago and field host-plants enhance 

caterpillar defenses against natural enemies, but in great quantities certain toxins may 

poison the caterpillars themselves. This idea complements the toxin dilution hypothesis. 

Support for it follows from often high frequencies of parasitism, particularly by tachinid 

flies, in the field (J. Stireman and M. Singer, unpublished manuscript), and from 

experimental evidence for increased survival of parasitized caterpillars when fed 

apparently noxious plants like Plantago or Ambrosia compared to those fed a synthetic, 

wheat germ-based diet or Malva (Chapter 5). This hypothesis is appealing because it 

explains the apparent paradox of caterpillars taking the shortest feeding bouts or 

frequently switching among the presumably toxic host-plants (e.g. Plantago) on which 

they predominantly fed in both lab and field observations. Many species of aposematic 

Tiger moths (Arctiidae) can be characterized as "toxic plant generalists," an unusual 

strategy among herbivorous insects (Gilbert 1979). Rothschild et al. (1979) suggest that 

chemical defenses and feeding habits are generally associated in the Arctiidae. At least 

one species of polyphagous arctiid has been demonstrated to improve survival by 
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increasing its preference for a noxious host-plant when parasitized (Karban and English-

Loeb 1997). Plant-derived cheniical defense has also been implicated to explain the 

function of similar food-mixing habits of the aposematic grasshopper Taeniopoda eques 

(Whitman et al. 1985). 

Regulation offoud-niLxing 

The brief duration of initial feeding bouts after switches to novel (as compared to the 

same) host-plants suggests that post-ingestive feedbacks allow caterpillars to assess host-

plant quality (Fig. 2.8). This may function as a "sampling" bout followed by a quiescent 

period during which post-ingestive feedbacks from secondary metabolites and primary 

nutrients may influence the acceptability of the novel host. Aversion learning is unlikely 

to regulate food-mixing of G. geneura because the high frequency of host-plant switching 

would require an insect to associate negative post-ingestive effects with the flavors of a 

potentially large number of offending foods (mixed together in the gut) over a short time 

scale. Direct, negative post-ingestive feedbacks, presumably acting on the central 

nervous system, provide a more likely cause of aversive responses. Such responses to 

nicotine have been observed in the caterpillar, Manduca sexta (Glendinning 1996). 

Dethier (1980) reported reduced feeding by two woolly bear caterpillars, Spilosoma 

(formerly Diacrisia)virginica and S. (formerly Estigmene)congrua, on garden petunia 

about 12 h after a period of 24 h of feeding experience on the toxic plant. Although 

Dethier ascribed this behavioral response to aversion learning, it is equally likely that 

lingering post-ingestive effects of secondary metabolites would have caused it. 

Whatever the physiological mechanism by which feeding responses may change, 

sampling novel host-plants would allow such a phenomenon to modify foraging in an 

adaptive manner. Sampling may be of general importance for generalist foragers in 
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search of high quality food, according to empirical (e.g. Clark 1982) and theoretical 

findings (Westoby 1977, Stephens and Krebs 1986), and complements both the nutrient 

balance and toxin dilution hypotheses. While changes in the frequency of switching in 

response to different diets contest the notion that sampling per se is the exclusive 

function of food-mixing inC. geneura, it may facilitate switching by providing 

opportunities for caterpillars to evaluate the quality of surrounding plants. 

The detailed activity patterns of the 11 focal caterpillars in the field also showed 

an oscillation (data not shown) similar to that found for insects in experiment 2 (Bemays 

and Singer 1998). The similarity of the oscillation (under variable environmental 

conditions: 8.3-11 minutes, mean=10) to that observed in the laboratory (10-13 minutes) 

confirms its intrinsic (probably neural) basis. As pointed out previously (Bemays and 

Singer 1998), this oscillation modifies the temporal pattern of both feeding and 

locomotion, and thereby influences movement among host-plants. It may, for example, 

partly regulate the frequency of host-plant sampling and, consequently, the likelihood of 

host switching. 

In conclusion, feeding patterns presented here and performance data (Chapter 1) 

of the same caterpillars reared on single- and mixed-plant diets cast doubt on the general 

notion that food-mixing in G. geneura functions simply to optimize nutrient balance or 

growth. Further behavioral experiments, using chemically defined diets, are underway to 

address this issue more definitively. Evidence so far is more consistent with the idea 

thatC. geneura's foraging tactics serve to minimize exposure to harmful risks. Data here 

and elsewhere suggest that toxic phytochemicals present such a risk, particularly to forb-

feeding generalists, and therefore play a key role in maintaining food-mixing. Other 

ecological risks, such as attack by natural enemies and unpredictable availability of high-

quality host-plants could be additional forces maintaining the unusual foraging tactics of 

this caterpillar species, and perhaps other herbivorous insects with similar habits. Multi
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dimensional study of the behavior and ecology of more diverse taxa will be required to 

understand the relative importance of primary nutrients, secondary metabolites, and other 

ecological factors that may maintain food-mixing in herbivores. 
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FIGURE 2.1. Percentage of field-monitored caterpillars that switched host-plant species 

when observed for periods of at least 5-60, 61-120, or 121-180 min. Numbers above bars 

are numbers of insects observed in each bin. 
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FIGURE 2.2. Number of host-plant species (A) and of individual plants (B) eaten by 11 

different final instars observed in nature over 7 h. Numbers of plants marking different 

bins in B represent the bin's upper limit. 
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FIGURE 2.3. (A) Mean air and ground temperatures (in tlie sliade) at hourly intervals 

during 7 h observations of 11 focal caterpillars. Vertical bars are standard errors. (B) 

Relative percentages of feeding bouts and switches between host-plant species at hourly 

intervals during observation periods. 
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FIGURE 2.4. Histogram of the number of host-plant species in the feces of 23 caterpillars 

collected in nature. 
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FIGURE 2.5. Median percentages of time spent feeding on all diets by sixth instars 

(Experiment I) and final instars (Experiment 2). Error bars represent values of median 

absolute deviation (MAD). Sixth instar feeding time did not differ significantly among 

diet treatments (Median test, C/z/-squared=6.85, df=3, P=0.077). Final instar feeding 

time differed significantly among diet treatments (Kruskal-Wallis test, Chi-

squared=27.4I, df=4, P<0.01). 
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FIGURE 2.6. Percentage of time spent feeding on each plant by individual sixth instars 

(Experiment 1) and final instars (Experiment 2) offered a choice of three hosts. 
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FIGUEIE 2.7. Frequency of movement between feeding bouts (A) and of switches among 

individual plants (B) for final instars in each diet treatment (Experiment 2) and in the 

field. Open circles show values for individuals and large, closed circles show median 

values. Treatment significantly affected both movement frequency (Kruskal-Wallis test, 

C/2/-squared=I8.09, df=5, P<0.01) and switching frequency (Kruskal-Wallis test, Chi-

squared=34.64, df=5, P<0.01). 
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FIGURE 2.8. Median durations of final instar feeding bouts followed (A, experiment 2; 

B, field) or preceded (C, experiment 2; D, field) by walking (moves), categorized by the 

feeding site following the move (switch type). "Same plant" refers to the same individual 

plant, "New plant" refers to a different individual plant of the same species, and "New 

species" refers to a plant of a different species. Bout duration depended significantly 

upon switch type in all cases (Kruskal-Wallis tests: A, C/j/-squared=I0.I8, df=2, P<0.01; 

B, C/i/-squared=22.66, df=2, P<0.01; C, C/i/-squared= 10.48, df=2, P<0.01: D, Chi-

squared= 11.60, df=2, P<0.01). Letters above bars show significant differences among 

categories (Tukey-Kramer test, alpha=0.05). 
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TABLE 2.1. Plant species eaten by Grammia geneura during spring 1996 observations. 

*Number of focal final instars (11 total) observed to eat given plant species/total number 

of feeding bouts on each plant species 
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Plant species Family N caterpillars/bouts 

Plantago patagonica Plantaginaceae 8/63 

Plagiobothrys arizonicus Boraginaceae 8/60 

Erodium cicutarium Geraniaceae 5/15 

Bromus rubens Poaceae 5/13 

Machaeranthera gracilis Asteraceae 4/25 

Pectocarya platycarpa Boraginaceae 4/16 

Cirsium neomexicanum Asteraceae 2/15 

Erigeron sp. Asteraceae 2/6 

Astragalus nothoxys Fabaceae 2/4 

Lotus humistratus Fabaceae 2/3 

Oenothera primiveris Onagraceae 2/3 

Senna leptocarpa Fabaceae 1/2 

Lupinus concinnus Fabaceae 1/1 

Rumex sp. Polygonaceae 1/1 
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CHAPTER 3 

ECOLOGICAL RISK: AN EXPLANATION FOR FUNCTIONAL AND 

MECHANISTIC DIFFERENCES IN FOOD-MIXING BY HERBIVOROUS INSECTS 

(Co-authored with E.A. Bemays and E.M. Wintermute) 

SUMMARY 

Ecological risks select for the diversity of foraging tactics exhibited by herbivorous 

insects. These risks include host-plant characteristics, such as poor nutrient quality and 

secondary metabolites, as well as other ecological factors, such as natural enemy attack. 

While ecological risks are implicitly understood to select for the specialized diets 

characteristic of the majority of herbivorous insect species, this idea has been neglected 

in explaining the function of food-mixing by individually polyphagous species (food-

mixers). Rather, the current functional explanation for food-mixing, nutrient balancing, 

has been developed from physiological and behavioral studies of nutritional homeostasis. 

This study is an attempt to empirically and conceptually reconcile these ecological and 

physiological points of view. From an ecological point of view, food-mixing could 

function to balance nutrient intake, to dilute secondary metabolites characteristic of 

different host-plant species, or to avoid other kinds of ecological risks (e.g. natural enemy 

attack). We used the food-mixing caterpillar Grammia geneura (Lepidoptera: Arctiidae) 

to empirically test predictions of the nutrient balance and toxin dilution hypotheses in 

laboratory choice and no-choice experiments with chemically defmed diets. We found 
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limited support for the nutrient balance hypothesis as an explanation for the frequent 

food-mixing characteristic of G. geneura. However, these experiments more strongly 

supported the toxin dilution hypothesis. We also inferred evidence for proximate 

mechanisms underlying toxin dilution; these include neophilia, post-ingestive feedbacks, 

and possibly aversion learning. As a first step toward conceptually unifying functional 

and mechanistic studies on food-mixing insects, we conU-ast two ecological and 

behavioral "types" of food-mixing grasshoppers, and extend this contrast to food-mixing 

caterpillars. In doing so, we generate a series of functional and mechanistic predictions 

that may broadly explain variation in food-mixing by herbivorous insects. 

INTRODUCTION 

Herbivorous insects face a battery of ecological risks when feeding on their host-plants. 

Host-related risks include chemical and structural defenses as well as poor nutrient 

quality (Bemays and Chapman 1994). Environmental risks include both biotic 

(predators, pathogens, and parasites) (Bemays 1998) and abiotic factors (e.g. desiccation, 

extreme temperatures) (Casey 1993). The foraging tactics of herbivorous insects should 

generally function both to minimize exposure to such risks and to maximize dietary 

quality. These "tactical goals" are not necessarily mutually exclusive. For many species, 

dietary specialization at the population and individual levels has been the apparent 

response (Fox and Morrow 1981), presumably driven by risks posed by various 

ecological factors, including plant secondary chemistry (Dethier 1954, Ehrlich and Raven 

1964, Feeny 1976, Zangerl and Berenbaum 1993), predators (Brower 1958, Bemays 

1989, Dyer 1995, Camara 1997), and climate (Scriber and Lederhouse 1992). A minority 

of herbivorous insect species, however, are individually polyphagous and sequentially 

ingest a broad range of plant species. Because these food-mixers are exceptions to the 
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rule of dietary specialization, their feeding habits have been largely ignored in the 

development of theory in the ecology of plant-insect interactions (but see Joern 1979, 

Whitman 1988, Bemays and Minkenberg 1997). 

The food-mixing of herbivorous insects has most recently been explained from a 

mechanistic point of view, derived from physiological and behavioral experiments 

conducted in the laboratory. This work has conclusively demonstrated that food-mixing 

can function to optimize balanced nutrient intake, thereby enhancing growth and 

development (Waldbauer and Friedman 1991, Simpson and Raubenheimer 1993, 

Simpson et al. 1995). Food selection on the basis of nutrient balancing has been 

demonstrated in grasshoppers (Simpson and Raubenheimer 1993), aphids (Abisgold et al. 

1994), and some caterpillars (Waldbauer et al. 1984, Simmonds et al. 1992). In contrast, 

performance tests show that food-mixing may not provide dietary benefits in several 

species of Heteroptera (Bemays and Minkenberg 1997) and Lepidoptera (Stoyenoff et al. 

1994, Bemays and Minkenberg 1997) and may even incur costs under some conditions 

(Chapter 1), suggesting that different ecological factors may favor this general su^ategy in 

different species. 

Food-selection should reflect adaptation to optimize nutrient balance and 

minimize risks. In the nutrient balance hypothesis (Pulliam 1975, Westoby 1978, 

Rapport 1980, Waldbauer et al. 1984, Simpson and Simpson 1990, Simpson et al. 1995), 

natural selection for optimizing nutrient balance takes precedence; applied here, this 

hypothesis predicts that herbivores should 1) switch more frequently among nutritionally 

unbalanced, complementary foods relative to nutritionally identical and balanced foods, 

and 2) following exposure to nutritionally unbalanced food, accept nutritionally 

complementary food more readily than nutritionally identical food. Food-selection that 

minimizes risks, however, may be an adaptive response to food characteristics (e.g. 

toxicity) or other environmental hazards (e.g. natural enemies). If it reflects risks of 
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noxious plant secondary metabolites, the toxin dilution hypothesis (Freeland and Janzen 

1974, Guglielmo et al. 1996) predicts that herbivores should 1) switch more frequently 

among more toxic foods, and 2) following exposure to a toxic food, favor food with 

different secondary metabolites over food with die same ones. 

The object of this paper is first to experimentally test predictions of the nutrient 

balance and toxin dilution hypotheses with the forb-mixing caterpillar, Grammia geneura 

Strecker (Lepidoptera: Arctiidae). Previous studies of this insect and its host-plants 

provided evidence against the nutrient balance hypothesis because mixed diets only 

sometimes improved caterpillar performance relative to single-plant diets (Chapter 1) and 

observations of feeding behavior were more consistent with predictions of the toxin 

dilution hypothesis and perhaps other risk-avoidance tactics (Chapter 2). However, these 

studies could not resolve the issue conclusively because the chemical composition 

(including primary nutrients) of host-plants was unknown (Hagele and Rowell-Rahier 

1999). In the present study, we tested the predictions of the above hypotheses with 

caterpillars offered chemically defined diets in both choice and no-choice tests. 

To provide a conceptual framework to reconcile different patterns and functions 

of food-mixing by herbivorous insects, we discuss our results and previously published 

findings of food-mixing in the context of ecological risks imposed by tri-trophic 

interactions. 

METHODS 

Study organism 

Grammia geneura is an arctiid moth inhabiting arid grasslands in the southwestern USA 

and northern Mexico. Its larva is a ground-dwelling, highly mobile woolly-bear 
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caterpillar that grazes on at least 80 species of vascular plant in 50 plant families. The 

late instars mix more frequently tlian young larvae (Chapter 1), and feed preferentially on 

herbaceous dicots (forbs) during both winter/spring and summer rainy seasons in 

southeastern Arizona (Chapter 4). Individual late instars typically feed on 10-50 

individual plants of 2-20 species in a single day of foraging (Chapter 2). 

Diets 

For both the choice and no-choice tests, we prepared synthetic diets of varied primary 

nutrient concentrations (digestible carbohydrate and protein) and secondary metabolites 

(citral and coumarin) in an otherwise constant, chemically-defined substrate (Table 3.1). 

The concentrations of primary nutrients were intended to reflect relative proportions of 

digestible carbohydrate to protein within the natural range found in herbaceous plant 

tissues. We chose one suboptimal diet with a relatively low concentration of protein 

relative to digestible carbohydrate, one diet near the optimal balance of the nutrients 

according to previous studies of other caterpillars in the superfamily Noctuoidea (mean 

relative proteinrcarbohydrate ratio=57:43, Simpson and Raubenheimer 1993a), and 

another suboptimal diet with a relatively high concentration of protein relative to 

digestible carbohydrate. Specifically, the ratios were: 83:17 P:C, 60:40 P:C, and 17:83 

P:C. Hereafter the first will be the protein-biased diet (P), the second will be the 

balanced diet (PC), and the third will be the carbohydrate-biased diet (C). The secondary 

metabolites were intended to represent plant chemicals that the caterpillars would 

perceive as different, and might use to distinguish among host-plant species in nature. 

Coumarin (cou) and citral (cit) are both volatile and likely to stimulate separate and 

specific olfactory receptors. The broad range of plants used by G. geneura suggests that 

coumarin and citral are ecologically relevant. We conservatively used relatively low 
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concentrations (0.25% dry weight of diet) of these cheniicals. We used the following 

diets in the behavioral experiments described below: Pcou, Ccou, PCcou, Pcit, Ccit, 

PCcit. 

Experimental conditions 

Caterpillars were reared until the second or third day of the find stadium on a wheat 

germ-based synthetic diet under controlled conditions of 28:25°C, 16:8 h L:D, then given 

chemically defined food for a conditioning period (defined below for each experiment) 

prior to observational experiments. We used this conditioning period to allow time for 

post-ingestive effects of the conditioning foods to influence foraging. About 1 h prior to 

observations, we replaced the conditioning food with fresh test food. Cages were 

transparent, plastic jewel boxes (11 cm x 11 cm x 4 cm) with 2 ventilation holes (1.5 cm 

diam) on opposite sides and covered with screen. The food pieces provided (1 or 2) were 

approximately 2 cm x 2 cm x 2 cm in size. 

During the observations in choice and no choice tests (always 0900 h-1500 h), we 

continuously recorded the caterpillars' activities with 2 computers programmed as event 

recorders using The Observer (Noldus 1991). Specifically, we recorded periods of 

feeding, walking, and resting, as well as the instantaneous behavior of "tasting." Feeding 

was characterized by rhythmic head movement during contact with food, and often by the 

visible ingestion of food pieces. A feeding bout was any period of continuous feeding 

preceded and followed by a period of walking or resting greater than 1 second. Walking 

was any locomotion in the absence of feeding. Resting was a quiescent state including 

certain instantaneous behaviors such as defecation and occasional twitches. Tasting was 

defined as a brief period (<i s) of contact between a caterpillar's mouthparts and food. 

During each of the observation sessions, two observers each monitored 9 individual 
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insects in a room illuminated by fluorescent ligiits at held at 28°C (+/- 1°C). All 

treatments were represented during each session, but were haphazardly arranged among 

the two observers, blind to the treatment groups of individual insects. 

Choice lest 

To test the predictions regarding switching frequency in relation to the nutrient balance 

and toxin dilution hypotheses, we observed the feeding behavior of final instars caged 

individually with two pieces of food placed approximately 4 cm apart, so that switching 

forced caterpillars to actively move between them. Insects were confined with their 

conditioning food for 12 h at 25°C prior to observations. In this experiment, the 

conditioning and test foods were of the same type. We predicted that foraging patterns 

would establish during the conditioning period and that observations would reveal stable 

patterns. 

The experimental design involved 6 treatment groups, each replicated 12 times (3 

in each observation session). Treatments included 1) Ccou/Pcit: a positive conu-ol 

expected to produce the greatest frequency of switching, 2) PCcou/PCcit: a test of the 

effect of different secondary metabolites, 3) PCcou/PCcou: a negative control for 

coumarin, 4) PCcit/PCcit: a negative control for citral, 5) Pcou/Ccou: a test of the effect 

of nutritive bias in the presence of coumarin, and 6) Pcit/Ccit: a test of the effect of 

nutritive bias in the presence of ciural. According to the nutrient balance hypothesis, 

food-switching should be more frequent in the P v. C than the PC v. PC treatments. In 

addition, switches to foods with complementary nutrients (P to C, C to P) should result in 

increased acceptability of the second food relative to die first. The toxin dilution 

hypothesis predicts more frequent switching in the cou v. cit than the cou v cou and cit v. 
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cit treatments. It follows that switches to foods with different secondary metabolites (cit 

to cou, cou to cit) should result in increased acceptability of the second food relative to 

the first. Switching is defined here as the following sequence of events: 1) feeding on 

one food, 2) walking away from it, 3) contacting the second food with mouthparts, and 4) 

feeding on the second food. Steps 1-3 constitute a move, but not a true switch. 

No-choice test 

To test the predictions of both hypotheses regarding the acceptability of foods following 

exposure to foods that are either nutritionally deficient or potentially toxic due to 

secondary metabolites, we specifically addressed the readiness of insects to accept and 

eat new foods . To do this, we confined final instars (as above) with the Ccit diet only for 

20 h at 25°C. About 1 h prior to observations, we replaced the Ccit diet to equalize food 

quality and availability. During the observations, we monitored their first feeding bout 

on Ccit (the conditioning food), then during the quiescent period following this bout, we 

removed the Ccit food and replaced it with the test food (Ccit again or a novel food). We 

placed the new food approximately 1-3 cm away from and in front of each caterpillar so 

that it would be likely to encounter the food soon after activity resumed. By this method 

we forced caterpillars to move to the new food without disrupting their normal activity 

cycle. Insects responded either by tasting the new food and walking away (rejection) or 

by feeding (acceptance). We used the duration of a feeding bout as a measure of food 

acceptability. Rejections were scored as a bout duration of 0. 

The cross design of this experiment involved 4 treatment groups of new foods: 

Ccou, Ccit (control), Pcou, and Pcit. Each treatment was replicated 17 times (except 

Ccou, A^=19), and represented during each observation session. As in the previous 

experiment, observers were blind to the treatment groups of individual insects. 
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According to the nutrient balance hypothesis, Pcou and Pcit, the nutritionally 

complementary foods to Ccit, should be more acceptable than the nutritionally similar 

foods, Ccou and Ccit. The toxin dilution hypothesis, however, predicts that foods with 

novel secondary metabolites, Ccou and Pcou, should be more acceptable than their 

nutritionally identical counterparts, Ccit and Pcit. 

Statistical analyses 

We explicitly tested these predictions with non-parametric statistical analyses because the 

data were not usually normally distributed. We used the software package JMP IN 3.2.1 

(SAS Institute Inc. 1996), which uses C/z/-squared distributions of non-parametric 

statistics. We used the Scheirer-Ray-Hare extension of the Kruskal-Wallis test (Sokal 

and Rolf 1997) as a 2-way non-parametric ANOVA to test predictions in the no choice 

test. Values of median and median absolute deviation (MAD) of non-normally 

distributed data were calculated with Statview 4.0 (Abacus Concepts Inc. 1992). 

RESULTS 

Choice test 

The frequencies of moves, switches, and rejections did not differ by diet treatment 

(moves: Kruskal-Wallis test, C/it-squared=2.98, df=5, P>OA; switches: Kruskal-Wallis 

test, C/i/-squared=2.61, df=5, P>0.1; rejections: Kruskal-Wallis test, C/2/-squared=8.96, 

df=5, P>0.1) (Fig. 3.1a-c). To increase statistical power in subsequent analyses of 

switching frequency, we grouped diet treatments in the following two ways: 1) 

nutritionally complementary foods (Pcit/Ccou, Pcou/Ccou, Pcit/Ccit) v. nutritionally 
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identical, balanced foods (PCcou/PCcit, PCcou/PCcou, PCcit/PCcit) to test the nutrient 

balance hypothesis, and 2) complementary "toxins" (Pcit/Ccou, PCcou/PCcit) v. identical 

"toxins" (PCcou/PCcou, PCcit/PCcit, Pcou/Ccou, Pcit/Ccit) to test the toxin dilution 

hypothesis. The frequency of moves was not statistically different (Mann-Whitney test, 

C/j/-squared=1.39, df=l, P>0.1) for caterpillars offered nutritionally complementary 

foods relative to those offered nutritionally balanced foods, despite a trend for more 

movement in the former case (Fig. 3.2a). The switching frequency among treatments 

grouped either way did not differ (nutrient balance hypothesis: Mann-Whitney test, Chi-

squared=0.055, df=l, P>0.1; toxin dilution hypothesis: Mann-Whitney test, Chi-

squared=0.082, df=l, P>0.1) (Fig. 3.2b,e). Unexpectedly, the frequency of moves that 

resulted in rejections of the alternative food was significantly higher for caterpillars 

offered the nutritionally complementary foods than those offered nutritionally balanced 

ones (Mann-Whitney test, C/i/-squared=6.42, df=l, P<Q.03) (Fig. 3.2c). 

Feeding bout durations differed significantly across foods (Kruskal-Wallis test, 

C/zz-squared=l38.17, df=5. P<0.01) (Fig. 3.3). This effect resulted from relatively short 

bouts on the carbohydrate-biased diets (Ccou and Ccit). Feeding bout durations on each 

food did not differ across treatments, with the following exception. Durations of feeding 

bouts on Ccou were significantly longer in the Pcit/Ccou treatment than those in the 

Pcou/Ccou treatment (Mann-Whitney test, C/i/-squared=4.43, df=l, P<0.05). 

Comparison of feeding bout durations before and after switches suggested 

differences in feeding response to new foods in relation to the type of switch (Fig. 3.4). 

Switches between different pieces of qualitatively identical food (np, A^=I7) revealed no 

change in bout duration (Mann-Whitney test, C/i/-squared=0.57, df=l, f^.l). Similarly, 

switches to foods with complementary nutrients (nn, N=26 [14 P to C, and 12 C to P 

switches]) showed no increase in feeding bout duration on the new food (Mann-Whimey 

test, C/i/-squared=0.74, df=l, P>0.1). However, switches to foods with different 
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secondary metabolites (nt, yV=lO [6 cou to cit, and 4 cit to cou switches]) suggested an 

increased feeding bout duration on the new food (Mann-Whitney test, C/i/-squared=3.03, 

df=l, /'=0.08). There may be a trend in the same direction for switches to foods with 

bodi complementary nutrients and different secondary metabolites (nb, N=l), although 

statistical support is lacking (Mann-Whitney test, C/i/-squared=O.IO, df=l, P>0.1). In 

addition, die feeding bout immediately before the switch (bout I) tended to be reduced 

when foods I and 2 contained different secondary metabolites (nt, nb) relative to bout I 

of switches between foods containing the same secondary metabolite (np, nn). 

Meaningful comparisons can only be made between bout I in nt v. np switches (PC 

foods; Mann-Whitney test, C/z/-squared=3.09, df=l, P=0.08), and in nb v. nn switches (P 

V. C foods; Mann-Whitney test, C/jz-squared=4.l9, df=l, /'<0.05) because nutritive 

differences among foods also influence bout duration (Fig. 3.3). 

No-choice test 

The duration of final, conditioning feeding bouts on Ccit did not differ across diet 

treatments (Kruskal-Wallis test, C/i/-squared=3.06, df=3, P>0.1) (Fig. 3.5a). The first 

feeding bout on new foods, however, differed significantly among treatments (Kruskal-

Wallis test, C/ji-squared=26.65, df=3, P<0.01) (Fig. 3.5b). Predictions of the nutrient 

balance hypothesis were not supported: the first feeding bouts on C foods were longer 

than those on P foods (2-way Kruskal-Wallis test. Table 3.2, Fig. 3.6a). By contrast, 

predictions of the toxin dilution hypothesis were supported: the first feeding bouts on cou 

foods were longer than those on cit foods (Table 3.2, Fig. 3.6b). There was no significant 

interaction between the effects of nutrient bias and secondary metabolites (Table 3.2). 
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The second feeding bout on new foods differed across diet treatments as well 

(Kruskal-Wallis test, C/z/-squared=12.18, df=3, P<0.01) (Fig. 3.5c). However, feeding 

bouts of caterpillars in the Ccou treatment became shorter (Mann-Whitney test, Chi-

squared=3.77, df=l, P=0.05). The predictions of the nutrient balance hypothesis 

remained unsupported: the feeding bout durations on P foods remained shorter than those 

on C foods (Table 3.2). Interestingly, the significant effect of secondary metabolites 

observed in the previous bout disappeared when coumarin was no longer novel (Table 

3.2). Again, the model showed no significant interaction term. 

DISCUSSION 

Nutrient balance hypothesis 

The feeding behavior of Grammia geneura caterpillars in both choice and no-choice tests 

provided little evidence for nutrient balancing as the mechanism underlying food-mixing. 

First, there was little support for the prediction that food-switching should be more 

frequent between foods that are nutritionally unbalanced and complementary than 

between those that are nutritionally identical and balanced. However, results of this 

experiment weakly suggest that nutritionally imbalanced foods increased the frequency 

with which caterpillars moved between foods (Fig. 3.2a). Actual switches did not 

frequently occur because caterpillars often rejected the alternative, nutritionally 

complementary food after tasting it (Fig. 3.2c). This observation suggests that 

caterpillars failed to taste some kind of chemical signal that might make an alternative 

food more acceptable. When switches occurred (N=26: 14 P to C, 12 C to P switches), 

there was no sign of increased acceptability of the second food relative to the first (Fig. 

3.4). These experiments cannot rule out the possibility of nutrient balancing occurring 
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over a longer time scale. However, such a process would not adequately explain the high 

frequency of host-plant switching of G. geneura in nature (Chapter 2). 

Feeding decisions based on primary nutrients (especially carbohydrate and 

protein) are not likely to be simple in natural host-plants because surface concentrations 

of such nutrients that elicit gustatory responses may not accurately represent the internal 

concentrations of protein and carbohydrate (Bemays and Chapman 1994). Moreover, 

caterpillars and other herbivorous insects use amino acids rather than proteins as 

phagostimulants. While the lack of added free amino acids in the artificial diets used in 

this experiment may be unrealistic, experiments with similar diets have demonstrated 

feeding decisions based on nutrient balancing over similar time scales in grasshoppers 

(Simpson and Abisgold 1985, Chambers et al. 1997) and in the noctuid caterpillars, 

Helicoverpa (formerly Heliothis) zea (Cohen et al. 1988, Friedman et al. 1991) and 

Spodoptera littoralis (Simmonds et al. 1992). 

Results of the no-choice test did not support the second prediction that 

nutritionally complementary foods should be more acceptable following exposure to 

nutritionally unbalanced food. After 20 h exposure to carbohydrate-biased food, 

caterpillar feeding bout durations on new, protein-biased foods were considerably shorter 

than those on new, carbohydrate-biased foods (Figs. 3.5b, 3.6a). These feeding bouts 

were also much shorter than those on the same protein-biased foods in the choice test 

(Fig. 3.3). One explanation for this difference is that feeding bout durations in the choice 

test should indicate the "normal" feeding of undeprived insects with self-regulated 

feeding motivation and nutritional status. Therefore, feeding responses to foods in the 

choice test would have been modified by both chemosensory and post-ingestive 

processes (including learning) based on both foods, whereas an insect's first feeding bout 

in the no-choice test would predominantly reflect its chemosensory response to the new 

food in the presence of post-ingestive effects from the conditioning food, and possibly 
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rapid post-ingestive effects from secondary metabolites in the new food (e.g. Glendinning 

1996). Reduced concentrations of sugar in protein-biased foods relative to the 

carbohydrate-biased foods may simply explain their dramatic unacceptability during the 

first bout in the no-choice test since electrophysiological and behavioral experiments 

have demonstrated that sucrose is a potent phagostimulant for G. geneiira (Beraays et al. 

2000). Our finding of shorter feeding bouts on P than on C diets following conditioning 

on the Ccit diet contrasts markedly with results of a similar experiment (diets without 

secondary metabolites) conducted with Spodoptera littoralis (Simmonds et al. 1992), 

where the opposite pattern was observed, supporting those authors' conclusion of 

compensatory feeding to balance nutrient intake. 

Toxin dilution hypothesis 

Although the frequency of switching did not differ among caterpillars offered foods with 

the same versus different secondary metabolites in choice tests, this negative result is 

difficult to evaluate without knowing the physiological effects of coumarin and citral 

ingested at these concentrations (0.25% dry weight). The low concentrations of these 

compounds (in relatively nutritious food here) were unlikely to pose much, if any, 

physiological risk. Consequently, if negative post-ingestive feedbacks following 

ingestion of toxic foods normally play a role in switching (Bemays and Bright 1993), 

they were unlikely to operate in this experiment. However, there is suggestive evidence 

for some kind of post-ingestive feedback influencing switching. The shorter duration of 

bout 1 in switches between foods with different secondary metabolites than between 

foods with the same one (nt v. np, nb v. nn) indicates reduced food acceptability prior to 

switching to a different food (Fig. 3.4), presumably resulting from physiological 

differences in the insects of different treatments. It is unclear whether insects have 
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learned that the 2 foods contain different or the same secondary metabolites, or whether 

the process is entirely visceral and brought about by enzymatic changes during the 

conditioning period. The median rate of switching here (0.17/h) was almost 6 times 

lower than that of wild G. geneiira caterpillars on host-plants at similar temperatures 

(l/h) (Chapter 2), suggesting that diets used here were generally more acceptable than 

natural host-plants. This low frequency of switching also provided a relatively low 

number of switches between foods containing different secondary metabolites (A^=10: 6 

coumarin to citral, 4 citral to coumarin switches), with which to evaluate the second 

prediction of the toxin dilution hypothesis. Even these few cases, however, suggest that 

new foods with a different secondary metabolite were more acceptable than foods with 

the same one (Fig. 3.4). 

The no-choice test evaluated this phenonemon in a more controlled way and with 

more statistical power. The results of this experiment matched the prediction that 

caterpillars exposed to food containing one secondary metabolite would favor food with a 

new secondary metabolite over food with the same one (Figs. 3.5b, 3.6b). This 

prediction was upheld most strongly for insects given the protein-biased foods (Fig. 

3.5b). The effect may have been weakened in the C diet by the extremely high sucrose 

concentrations of the food, likely to overwhelm differences in gustatory response to the 

coumarin and citral. However, these secondary metabolites were likely to have 

dominated the flavor of P foods and caused a large difference in the acceptability of the 

two foods. 

By the second feeding bout on new food, feeding patterns began to change across 

treatments, either due to post-ingestive feedbacks modifying feeding or the loss of 

novelty among cou foods. For example, feeding durations on Ccou v. Ccit foods were no 

different in the second bout (Fig. 3.5c). The initial difference in bout duration on protein-

biased foods was maintained in the second bout, perhaps because many of the insects in 
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the P treatments fed so little (or not at all) upon first contact. Therefore these insects 

received little chemosensory or post-ingestive information that could be used to modify 

subsequent feeding. Some of the insects in the P treatments (especially those with the 

novel secondary compound), however, fed for longer periods and probably gained 

positive, post-ingestive feedbacks. This explanation is suggested by the significant 

positive association between the duration of feeding bouts 1 and 2 for individual 

caterpillars in the P treatments (Spearman Rho=0.3S, ̂ <0.03), but not in the C treatments 

(Spearman Rho=-0.03, P>0.8). 

Reconciling nutrient balancing and toxin dilution 

This study reinforces previous findings that food-mixing in Grammia geneura functions 

in large part to avoid toxins, and that its feeding decisions do not necessarily balance 

intake of primary nutrients (Chapters I, 2). This conclusion contrasts with a large body 

of experimental work conducted with several different insect taxa (reviewed in Simpson 

et al. 1995, Bemays and Bright 1993, Waldbauer and Friedman 1991). While this 

contradiction may seem superficially problematic, it may further understanding of food-

mixing in an ecological context. To date, discussions about the function of food-mixing 

in herbivorous insects have pointed almost exclusively to the importance of host-plant 

quality and availability (e.g. Raubenheimer and Simpson 1999, Bemays and Minkenberg 

1997). In addition, variation in environmental risks imposed by both host-plants and 

natural enemies may explain variation in the function and mechanism of food-mixing. 

That is, variation in these selection pressures among species of herbivores should dictate 

not only functional differences in feeding behavior, but also differences in the degree to 

which various physiological mechanisms regulate such behavior. 
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The kinds and frequencies of ecological risks are likely to vary among species 

with different morphological and physiological features, feeding habits, and neural 

capacities. To expand on the contrast advanced by Chambers et al. (1996), patterns of 

food-mixing among different species of grasshopper might be related to variation in 

defenses against predators and host-plant chemistry, coupled with the capacity for 

associative learning (Table 3.3). Grasshopper species that feed on grasses and mature 

leaves of woody plants (e.g. Gomphocerinae, many Acridinae, Schistocerca spp. 

[Cyrtacanthacridinae]; surveyed in Bemays and Chapman 1978) are relatively cryptic and 

sedentary yet exhibit rapid bursts of locomotion when disturbed, allowing individuals to 

effectively avoid detection and escape attacks by birds (Joem 1986), lizards (G. Sword, 

personal communication), and hunting spiders (Oedekoven and Joem 1998). Their host-

plants typically contain low concentrations of toxins (qualitative defenses sensu Feeny 

1976, but see Sword 1999 for an exception), and highly variable but usually unbalanced 

nutrient profiles (e.g. low protein/carbohydrate ratios). Furthermore, these plant tissues 

may have high concentrations of phenolic compounds that reduce nutrient uptake in the 

gut (Bemays and Chapman 1994). Here, natural selection should strongly favor food-

mixing on the basis of nutritional need, to optimize growth efficiency and thereby 

minimize the period of vulnerability to predators. This type of food-mixing may be 

primarily dictated by direct nutrient feedbacks (i.e. gustatory responses modulated by 

titers of nutrients in the blood [Simpson and Raubenheimer 1993b]), and by learned 

associations between host-plant flavors and post-ingestive feedbacks from food in the gut 

(Bemays and Bright 1993). The best-studied example of this type of food-mixer is 

Lociista migratoria, a grass-feeding locust (Simpson and Raubenheimer 1996). 

In contrast, some species of forb-feeding grasshopper are aposematic, possess 

relatively less effective tactics of escape, switch among plants at relatively higher 

frequencies, and co-opt the toxic chemicals of their host-plants for their own protection. 
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Examples of such species include Zonocerus variegatus (Bemays et al. 1975, Bemays et 

al. l911),Taeniopoda eques (Whitman et al. 1985, Bemays et al. 1992), Romalea guttata 

(Whitman 1988), and probably Dactylotum variegatiim (aposematic but with unknown 

chemistry) (Chambers et al. 1996). For these aposematic species and other forb-chewers 

(surveyed in Bemays and Chapman 1978), nutritional profiles of host-plants are likely to 

be more balanced with respect to the insects' dietary needs (Tabashnik and Slansky 

1987). This may be particularly tme for species that eat young plant tissues, typically 

rich in utilizable nitrogen as well as diverse, noxious secondary metabolites. Mixing 

these nutritious but noxious host-plants may function to dilute specific chemicals and 

reduce the risk of toxicity. Because the chemical defenses of Z. variegatus, T. eques, and 

R. guttata can be augmented with secondary metabolites from ingested host-plants, these 

species may additionally mix in a manner that improves their arsenal of defenses against 

natural enemies. Zonocerus variegatus is a food-mixer that opportunistically feeds on 

plants containing pyrrholizidine alkaloids (and perhaps other chemicals) that it sequesters 

for defense (Bemays et al. 1975, Bemays et al. 1977). Taeniopoda eques is the best-

studied example of this second type of food-mixer. It requires mixed-plant diets, grows 

rapidly, and switches at very high rates via neophilia (Bemays et al. 1992), consistent 

with avoiding toxicity. In addition, its host-modified defensive secretion is aversive to at 

least one predator, the grasshopper mouse Onychomys torridus (Whitman et al. 1985). 

These same differences could explain differences in feeding behavior among 

polyphagous caterpillars. Lepidopteran larvae may differ importantly from grasshoppers, 

however, in possessing a reduced neural capacity that limits their ability to learn, and 

typically reduced mobility that limits opportunities for food choice and escape. 

Caterpillar species shown to balance nutrient intake (e.g. Helicoverpa [formerly 

Heliothis] zea, Spodoptera littoralis) are cryptic, rapidly-developing species for which 
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efficient growth must be at a premium. And while Helicoverpa zea is polyphagous, 

individual caterpillars usually develop on a single plant, thus avoiding the need to learn 

complex associations between chemical signals and food quality. Spodoptera littoralis is 

relatively mobile, but is likely to mix foods over a time scale of several hours, similar 

perhaps to grasshoppers like Schistocerca. Selective feeding on forb tissues with reduced 

concentrations of secondary metabolites (e.g. stems and petioles) may also create more 

nutritive imbalance for Spodoptera littoralis and related species because those plant 

tissues are typically low in nitrogen (Bemays and Chapman 1994). 

However, the relatively mobile, forb-mixing late instars of Grammia geneura 

behave more like aposematic grasshoppers, and probably experience ecological risks 

most resembling those of species like Taeniopoda eqiies, with which they share habitat 

and many host-plants (Raubenheimer and Bemays 1993, Howard et al. 1994, Appendix 

A). As with T. eques, vertebrate predators like birds and lizards do not usually attack G. 

geneura (M. Singer, personal observations). Furthermore, invertebrate predators such as 

ants and vespid wasps that usually kill large numbers of smooth-skinned, exophytic 

caterpillars are usually unsuccessful at attacking woolly bears such as G. geneura (M. 

Singer, personal observations). These observations are consistent with the longstanding 

idea that the chemical defenses of arctiid moths and their larvae play a predominant role 

in their feeding habits (Rothschild et al. 1979). Two important ecological risks for G. 

geneura are toxicity of host-plants (Chapter 1) and attack by parasitoids (especially 

tachinid flies; J. Stireman and M. Singer, unpublished manuscript). In light of these 

risks, feeding on nutritious, toxic plants for high dietary quality and defense against 

parasitoids (Chapter 5) and perhaps generalist predators, while switching among host-

plant species to avoid ingesting large amounts of single toxins may be the ultimate 

function of food-mixing in G. geneura. 
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We forward the general notion that the function of food-mixing in herbivorous 

insects is profitably viewed in the context of the ecological risks they face. Such risks are 

the agents of natural selection shaping and maintaining foraging strategies. The 

predominant physiological mechanisms underlying patterns of feeding should similarly 

reflect such selection. The two food-mixing strategies characterized here probably 

represent the extremes of a continuum, as an entire guild of food-mixing herbivores (e.g. 

many acridid grasshoppers) takes a mixed diet of forbs and grasses (Bemays and 

Chapman 1978, Joem 1979). Food-mixing in G. geneura, and perhaps other generalists 

facing similar ecological risks, functions primarily to avoid toxic effects of host-plants 

and perhaps to gain protection from natural enemies. Aversion learning (Bemays and 

Bright 1993), neophilia (Bemays et al. 1992), and rapid post-ingestive feedbacks 

(Glendinning 1996) are physiological mechanisms that could function in this way. 

However, many, if not most species, of herbivorous insect have probably evolved feeding 

strategies that function primarily to optimize the efficiency of growth and the rate of 

development, thereby minimizing exposure to risks posed by natural enemies. 

Consequently, many generalist and specialist herbivore species are likely to exhibit some 

degree of nutrient balancing through direct nutrient feedbacks on gustatory neurons 

(Simpson and Raubenheimer 1996), malaise (Waldbauer and Friedman 1991) and 

learning (Bemays and Bright 1993). Further studies that connect the physiology, 

behavior, and ecology of additional species will be critical toward reaching a more 

thorough functional understanding of food-mixing in herbivorous insects. 
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FIGURE 3.1. Frequencies of moves (a), switches (b), and rejections of new foods (c) by 

individual insects in each diet treatment of the choice experiment. No significant 

differences were detected across treatment groups. 
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FIGURE 3.2. Mean frequencies of moves, switches, and rejections of new foods by 

insects in diet treatments grouped to test the nutrient balance hypotliesis (a-c) and the 

toxin dilution hypothesis (d-e) in the choice experiment. Error bars are standard errors; 

N=36 for PC V. PC, N=33 for P v. C, A^=48 for same t, N=24- for diff t. Only the 

frequency of rejections was different among treatments grouped to test the nutrient 

balance hypothesis (Kruskal-Wallis test, P<0.03; see text for details). 
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FIGURE 3.3. Median feeding bout durations on different food types in the choice 

experiment. Error bars are values of median absolute deviation (MAD). Bouts were 

significantly different across foods (Kruskal-Wallis test, P<0.01; see text for details). 
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FIGURE 3.4. Median feeding bout durations before (bout 1) and after (bout 2) switches 

of different types in the choice experiment. Switch types include those to new pieces of 

qualitatively identical food (np), those to food with a new, complementary nutritive bias 

(nn), those to food with a new "toxin" or secondary metabolite (nt), and those to food 

with both complementary nutritive bias and a new secondary metabolite (nb). Error bars 

are values of median absolute deviation (MAD). 
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FIGURE 3.5. Median final conditioning (top panel), first new (middle panel), and second 

new (bottom panel) feeding bout durations of insects in the no-choice experiment. Error 

bars are values of median absolute deviation (MAD). Bouts on the conditioning food 

(Ccit) did not differ among treatment groups (Kruskal-Wallis test, P>OA; see text for 

details). The first and second bouts on new foods differed significantly among treatment 

groups (Kruskal-Wallis tests, P<0.01; see text for details). 
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nGURE 3.6. Median durations of the first feeding bout on new food following exposure 

to Ccit food. Feeding bouts are grouped to test the nutrient balance hypothesis (a), and 

the toxin dilution hypothesis (b). Error bars are values of median absolute deviation 

(MAD). In each case, feeding bout durations differ by diet (2-way Kruskal-Wallis test, 

/'<0.00l; see Table 3.2 for details). 



Median feeding bout duration (s) 

lO 
VO 



130 

TABLE 3.1. Recipes for synthetic diets used in choice and no-choice experiments. All 

diets contained constant proportions of cellulose (53.75%); essential nutrients, minerals, 

and vitamins: salt mix (2.38%), linoleic acid (0.49%), cholesterol (0.49%), ascorbic acid 

(0.29%), vitamin mix (0.06%), and choline chloride (0.74%); and coumarin or citral 

(0.25%) in a 3.2% solution of agar and distilled water. 
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Diet Protein source (% dry wt) Carbohydrate source (% dry wt) 

PC 

P 

C 

casein (24.84) 

casein (34.77) 

casein (6.95) 

sucrose (16.89) 

sucrose (6.95) 

sucrose (34.77) 
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TABLE 3.2. Two-way Kruskal Wallis tests of each hypothesis in the no-choice test. 

Feeding bouts are the first and second bouts on new foods. ** P<0.001, * P<0.01, NS 

P>0.05. 
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Source of variation Feeding bout df SS H 

Nutritive bias 1 1 5856.10 14.22** 

Secondary metabolite I 1 4546.93 11.04** 

Nutritive bias x 
Secondary metabolite 

I I 318.93 0.77 NS 

Error 1 66 17695.35 

Nutritive bias 2 1 2750.73 6.83* 

Secondary metabolite 2 1 1278.74 3.18 NS 

Nutritive bias x 
Secondary metabolite 

2 1 535.65 1.33 NS 

Error 2 66 22734.36 
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TABLE 3.3. Characterization of two food-mixing strategies of grasshoppers. Sources: 

Bemays and Chapman 1978, Whitman et al. 1985, Bemays et ai. 1992, Bemays and 

Bright 1993, Chambers etal. 1996, Simpson and Raubenheimer 1996. 
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Types 

Characteristics Grass- and woody plant-feeders Forb-feeders 

Major risks predation, nutrient imbalance predation, plant toxins 

Feeding pattern long bouts, infrequent switches short bouts, frequent switches 

Coloration cryptic aposematic 

Function of mixing nutrient balancing toxin dilution, chem. defense 

Regulation of mixing modulation of gustatory neurons, 
associative learning 

neophilia, post-ingestive 
feedbacks 

Example Locusta migratoria Taeniopoda eques 
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CHAPTER 4 

HOST-PLANT AVAILABILITY AND THE MAINTENANCE OF POLYPHAGY: 

A FIELD STUDY 

(Co-authored with J.O. Stireman III) 

SUMMARY 

Unpredictable spatio-temporal variation in local host-plant availability may favor 

polyphagy in herbivorous insects, but this selective force may only be strong enough to 

counter selection for specialization under certain conditions. Namely, intrinsic 

(morphological and physiological) constraints and extrinsic (ecological) constraints may 

act in combination with local host quality and availability to mold foraging tactics of 

herbivores. Here, we evaluate ecological patterns of host-plant use by the woolly bear 

caterpillar Grammia geneura (Lepidoptera: Arctiidae) in light of this idea. Sampling of 

caterpillar feeding and plant abundance carried out across several sites, seasons, and 

years showed that I) G. geneura consistently preferred forbs to grasses and woody plants, 

2) forb-feeding was positively frequency-dependent, consistent with the nodon of 

resource sampling behavior, and 3) preferences for forb species varied consistently. An 

independent set of 7 h observations of 11 caterpillars showed that feeding preferences 

could be explained by variation in the probability of initiating feeding and the average 

duration of feeding bouts on different hosts, thus providing a behavioral basis for the 

observed variation in forb preference. Finally, the sampling program showed that the 
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most preferred forbs varied dramatically in local abundance across time and space, 

consistent with idea that polyphagy in G. geneura may be maintained by unpredictable 

variation in host abundance acting in combination with morphological, physiological, and 

other ecological constraints on foraging. 

INTRODUCTION 

The preponderance of dietary specialization among herbivorous insects suggests a 

selective advantage to monophagy. Much work has focused on identifying the presumed 

benefits of dietary specialization at the levels of the population and individual organism 

(Jaenike 1990). Futuyma and Moreno (1988) stated that it is stenophagy rather than 

polyphagy that requires ecological and evolutionary explanation, and argued 

convincingly that there must be strong selection pressure for dietary specialization per se 

in herbivorous insects. However, certain taxa (e.g. many Acridoidea, various 

Chrysomelidae and externally-feeding Lepidoptera) are notoriously polyphagous. In 

these cases, how has polyphagy evolved and been maintained if there is widespread 

pressure for specialization? Answering this question could prove valuable for 

understanding the evolution of diet breadth more generally, as understanding the 

exceptions may prove the "rule" of dietary specialization. 

Most studies that have investigated the benefits of polyphagy in herbivorous 

insects have focused on grasshoppers. Most grasshopper species (Acridoidea) gain 

performance benefits from food-mixing (individual polyphagy), and the few species 

studied closely are able to select food on the basis of nutritional need (Bemays and Bright 

1993, Simpson and Raubenheimer 1993). Dietary benefits alone could explain food-

mixing in grasshoppers, although other ecological explanations, such as resource 

unpredictability (Otte and Joem 1977), are consistent with this type of foraging as well. 



138 

Other taxa of food-mixing herbivorous insects, however, do not always perform better on 

a mixture of foods (Chapter 1, Bemays and Minkenberg 1997; but see Waldbauer and 

Friedman 1991), implying that other factors maintain this habit. Theory and limited data 

suggest the importance of resource unpredictability in favoring polyphagy of herbivorous 

insects (Levins and MacArthur 1969, Otte and Joera 1977, Gates 1981, Jaenike 1990, 

Michaud 1990, Ward 1992, Novotny 1994). In particular, spatial and temporal 

heterogeneity in the distribution of host-plants may be of widespread importance to the 

foraging strategies (and other biological characteristics) of herbivorous insects (Hunter et 

al. 1992). How do individuals and populations of herbivores respond to such variation in 

nature? 

Populations and individuals should respond adaptively either by tracking local 

spatio-temporal changes in the availability of specific hosts, or by possessing flexibility 

in host use as a response to such local changes. The strategy employed by a particular 

species of herbivore should reflect the combined effects of selection and intrinsic 

(morphological or physiological) constraints, particularly for species that use 

taxonomically (and chemically) diverse host species. For example, many species of 

oligophagous and polyphagous large moth species (e.g. Satumiidae, Arctiidae) feed on a 

variety of unrelated plant species (Bemays and Janzen 1988, Tuskes et al. 1996, Ward 

and Spalding 1993). Their hosts are often locally abundant but not necessarily 

chemically similar. Lack of adult feeding in these moths may partially determine their 

patterns of host use by limiting their reproductive lifetime and opportunities for 

searching, perhaps reducing their fitness if they specialized on rare or unpredictably 

available hosts (Rausher 1983, Jaenike 1990). 

Here, we evaluate the adaptive value of polyphagy in caterpillars of the moth, 

Grammia geneura (Strecker) (Lepidoptera: Arctiidae) in relation to spatio-temporal 

variation in host-plant availability. We sampled feeding caterpillars at multiple temporal 
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and geographic points on a local scale to ciiaracterize their host preferences and 

responses to host variation in time and space. Grammia geneura is markedly generalized 

with respect to the taxonomy of its hosts (>80 spp in 50 plant families), but is nonetheless 

relatively specialized on herbaceous dicots (forbs) as a group. Our results show the 

importance of forb quality and availability at a local scale in explaining the feeding 

patterns of this insect. We further argue that unpredictable variation in the local 

availability of preferred forbs, acting in combination with intrinsic and extrinsic 

constraints on foraging, may maintain polyphagy in G. geneura. 

METHODS 

Study system 

Grammia geneura is an arctiine moth that ranges throughout arid grasslands of the 

Southwestern US and Northwestern Mexico (M. Singer, personal observauon). Adults 

fly prior to rainy seasons (late spring and early autumn in southeastern Arizona) for only 

a short period (adults possess a poorly developed proboscis and cannot feed). Females 

deposit clutches of eggs on the ground under litter in the dry season before many host-

plants germinate. After hatching, solitary "woolly bear" larvae locate and select host-

plants on their own. Possible host-plants in their habitat include annual and perennial 

grasses and herbs, as well as woody plants that range in stature from prostrate species to 

10 m high trees. Grammia geneura tends to be most prevalent in grasslands associated 

with hillsides and flats along gently sloping drainages (ca. 1100-1600 m elev.) in 

southeastern Arizona, where all data presented here were gathered (Table 4.1). 
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Data collection 

To determine patterns of feeding across time and space, we sampled feeding events of 

late instar caterpillars for 6 seasons: spring and summer of 1996-98 at the various field 

sites listed. We recorded feeding events by collecting any caterpillar observed to be 

feeding within a designated plot (72 x 80 m-) at each site. This ensured independence of 

the feeding records. Whenever possible, species of host-plants were identified. 

However, a small proportion (<5%) of badly damaged hosts precluded specific 

identification. Sites were sampled more than once (usually twice) during each season. 

All feeding records from a given site during a given season were pooled. 

To determine patterns of host-plant availability across time and space, the above 

sites were sampled during the same season for abundance of plant species. We used 

stratified random transects (10 in spring, 8 in summer samples) across the plots described 

above to sample ground coverage of plant species available to populations of caterpillars. 

Forty-five points were systematically sampled (every 1.6 m) along each transect line (72 

m long), giving a total of 450 points in spring and 360 points in summer samples. All 

green parts of plant species in contact with a "point" (an approximate 5x5 cm^ area) 

were recorded. Plant density tended to be higher during the summer, thus each point 

included more individual plants on average, and yielded similar numbers of plants as the 

spring samples. Measures of plant availability were restricted to ground coverage (up to 

ca. 2 cm in height) because caterpillars forage by walking on the ground or on low plants. 

Our observations and evidence from a related species suggest that woolly bear 

caterpillars find food by meandering and randomly contacting hosts (Dethier 1993). 

Grammia geneura larvae frequently contact plants (and other objects) with their 

mouthparts (M. Singer, personal observation). Feeding may follow contact immediately 



141 

or may occur after a caterpillar ascends the plant following contact. Therefore, our 

method of sampling should represent the plants available for contact by foraging G. 

geneiira caterpillars. 

On separate occasions, we observed the feeding behavior of individual caterpillars 

at Ash Creek (Spring 1996) to identify behavioral contributions to feeding patterns 

obtained from the sampling scheme described above. Eleven individual final instars of 

G. geneiira were monitored continuously for 7 h. All encounters with host-plants, 

occurrences of feeding, and durations of activities were used to calculate encounter 

frequencies, feeding probabilities, and feeding bout durations with respect to host-plant 

species. 

Data analysis 

Only samples with 20 or more feeding records were used in analyses (A^=I5: 11 spring, 4 

summer samples). We used C/z/-squared tests to determine if caterpillars fed on three 

different vegetation types (grasses, forbs, woody plants) in relation to their abundance. 

We used simple linear regressions to determine if the relative frequency of feeding on 

particular host species depended on local availability (relative ground coverage). 

Proportions used in regression analyses were angularly transformed (Zar 1984). 

To determine the behavioral basis of feeding frequency on different host species, 

we performed a stepwise multiple regression analysis of ecological preference. 

Ecological preference for a host species was defined as the relative degree to which it 

was eaten in relation to its relative abundance. Formally, we calculated ecological 

preference for several hosts for which we had behavioral data in the following way. For 

each species, we determined the slope of the best fit line (forced through the origin) that 

adequately described (i?2>0.50) the relationship between the relative proportion of feeds 
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on the plant and its relative proportion of ground coverage across all samples. From this 

slope, we subtracted I (the slope of the line describing a null expectation, the relative 

proportion of feeds based entirely on the relative coverage of a host). Therefore hosts 

used in greater proportion than expected based on their abundance would have positive 

values (preferred), and those used less than expected would have negative values 

(avoided). 

The full regression model used to explain ecological preference (the response 

variable defined above) included the following explanatory variables derived from the 

observational data: 1) search bias (the difference between the relative frequency of 

encountering a host species and its relative ground coverage), 2) the probability of 

feeding [the mean (averaged across individual caterpillars,A^=ll) of the frequency of 

feeds/frequency of encounters for each plant species), 3) the average feeding bout 

duration (the mean, i.e. A^=l I, of the median feeding bout durations of individual insects), 

and 4) all possible 2- and 3-way interactions. Search bias reflects pre-contact behavioral 

preference; the probability of feeding indicates post-contact, pre-ingestive preference; 

and the average feeding bout duration is a measure of combined pre- and post-ingestive 

preference. Here, the latter two parameters together account for a host's acceptability. 

All 3 parameters together should account for all of the biological variation in ecological 

preference sampled from populations. Ultimately the model was simplified to include 

only those main effects and interactions that explained significant amounts of variation in 

ecological preference. The model included nine host-plant species (Plantago patagonica, 

Plagiobothrys arizonica, Erodium ciciitarium, Machaeranthera gracilis. Astragalus 

nothoxys, Pectocarya plarycarpa, Cirsium neomexicanum, Lotus humistratus, and 

Bromus rubens) on which we observed feeding by multiple caterpillars. We used 

Statview 4.0 (Abacus Concepts Inc. 1992) to fit regression lines describing ecological 
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preference, and J MP /A/ 3.2.1 (SAS Institute Inc. 1996) to perform all other statistical 

tests. 

RESULTS 

Feeding preference 

Caterpillars fed preferentially (in some cases exclusively) on annual and perennial 

herbaceous dicots (forbs), which accounted for approximately 20-80% of the ground-

level vegetation cover (Fig. 4.1; forb species listed in Appendix). Grasses and woody 

plants received far fewer feeding records even though grasses, like forbs, accounted for 

20-80% of the ground cover. In all samples, the distribution of feeding records for 

grasses, forbs, and woody plants differed significantly from the expected distribution 

based on the availability of those vegetation types (Table 4.2). In a few cases, frequent 

feeding on woody plants seemed associated with reduced forb abundance or flushes of 

young growth on certain low shrubs (e.g. Acacia greggii, Eriogoniim wrightii). 

Forb availability 

Grammia geneiira fed on forbs in relation to their availability as species and individual 

plants in the habitat. The number of forb species eaten by caterpillars increased with the 

number of forb species available iR-=0J2, P<0.001) (Fig. 4.2a). The same relationship 

was observed for rare forbs (those accounting for less than 1% cover) (/?2=0.51, /'<0.01) 

(Fig. 4.2b). In 13 of 15 samples, the frequency of feeding on particular forb species was 

positively associated with their abundance as well (Table 4.3). 
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However, caterpillars consistently favored certain forb species: they ate them in 

greater frequency than only chance encounters would allow (Fig. 4.3). Plantago 

patagonica and P.virginica (Plantaginaceae), Plagiobothrys arizonica (Boraginaceae), 

Erodiiim cicutarium (Geraniaceae), and Phlox gracilis (Polemoniaceae) were some of die 

most favored spring forbs, while Bidens leptocephala (Asteraceae) and Eriogomim 

polycladon (Polygonaceae) were favored summer forbs. In contrast, two non-favored 

forbs (i.e. not eaten more than expected based on their abundance) were Machaeranthera 

gracilis (Asteraceae) and Ambrosia confertiflora (Asteraceae), ubiquitous plant species 

that occured in both spring and summer. Feeding frequency on both favored and non-

favored forbs depended on their abundance (Fig. 4.3). 

The behavioral basis of ecological preference was best explained by feeding 

probability, feeding bout duration, and their interaction (Table 4.4; Adj-/?-=0.56). Search 

bias did not explain significant amounts of variation as a main effect or in interactions 

with other parameters. 

Variation in the availability of preferred forbs 

Yearly variation within sites shows local temporal variation in the availability of favored 

forb species. Spring samples at Ash Creek and Redington Pass often showed dramatic 

yearly variation in the abundance of the most favored forbs (Fig. 4.4). For both sites, 

each year presented caterpillars with a different rank order of abundance of the three most 

favored forbs. At Ash Creek, the most abundant of the three differed in each year, while 

at Redington Pass, the most abundant forb in 1997 and 1998 {Plantago virginica) was 

absent or rare enough to be undetected in plant surveys in 1996. Summer samples at Ash 

Creek showed similar patterns for a different set of forb species. 
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Geographic variation in the availability of favored spring forb species is also 

dramatic (Fig. 4.5). In many cases, a preferred host at one site was absent at another 

during the same season. Plantago patagonica was present at all sites in all three years, 

but varied considerably in abundance across sites in 1996 and 1997. Plagiobothrys 

arizonica and Erodiurn cicutarium, however, were not present with such regularity. Plant 

surveys detected Plagiobothrys at only 2 of 5 sites sampled in 1996, and only I of 3 sites 

sampled in 1998. Although present at all 4 sites in 1997, it comprised more than 1% of 

the ground cover only at Ash Creek. Similarly, Erodiurn was extremely rare or absent at 

4 of 5. 2 of 4, and I of 3 sites sampled in 1996, 1997, and 1998, respectively. 

DISCUSSION 

The evidence presented here suggests that G. geneiira caterpillars feed opportunistically 

by sampling the locally available forb species in a frequency-dependent manner. The 

positive association between the number of both total and rare forb species available and 

the number fed upon indicates that caterpillars extensively sampled the local forb 

community. The general finding that feeding frequency increased with forb abundance is 

consistent with such sampling by caterpillars as well. Sampling the plant community 

allows an herbivore to respond rapidly to variation in resource quality. This behavioral 

phenomenon is common to a variety of grazers (e.g. Rockwood 1976, Jenkins 1978, 

Owen-Smith and Novellie 1981, Clark 1982, Illius and Gordon 1990). Under some 

conditions, the frequency-dependent feeding of G. geneura may impose frequency-

dependent selection on its host-plants and perhaps promote forb species diversity (Huntly 

1991). 

Some of the variation in feeding frequency (ecological preference), however, can 

be attributed to differences in the insects' behavioral preferences for different forb 
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species. That is, the frequency of feeding on a given forb at the population level was 

determined both by the forb's abundance (chance of being encountered) and its 

acceptability (phagostimulatory power). Therefore, certain forb species (e.g. Plantago 

patagonica, Plagiobothrys arizonica, Erodium cicutarium) were consistently eaten in 

greater proportion than would be expected based on their abundance. This resulted from 

more time spent feeding on such plants (either through an increased probability of 

feeding, prolonged feeding events, or both), suggesting their relatively high acceptability 

(Table 4.4). Interestingly, the probability of feeding on a host and the average duration of 

feeding events on it were not necessarily correlated. This was only true for three host 

species (Astragalus nothoxys, Erodium cicutarium, and Pectocarya platycarpa), which 

accounted for the significant interaction term in the regression model. This effect is 

consistent with the idea that the probability of feeding on a plant is determined primarily 

by close-range olfactory or gustatory stimuli from the plant surface (Chapman 1995), 

while the duration of a feeding bout is additionally determined by post-ingestive 

physiological feedbacks from ingesta in the gut (Simpson 1995). Some plant species may 

provide phagostimulatory information at one level but not at the other. 

Under a range of natural conditions, Grammia geneura caterpillars fed 

preferentially on forbs. In their grassland habitats, the forb community is a locally 

abundant, high-quality resource, covering a large geographic area. Although woody 

plants and grasses in these habitats offer the same advantages of local abundance and 

wide geographic distribution, their tissues are relatively tough and nutritionally poor 

(Tabashnik and Slansky 1987). Grammia geneura rarely fed on woody plants, except 

when woody branches were near the ground and flushed with new growth. The ground-

dwelling habit of G. geneura normally makes the softest tissues of woody plants (i.e. new 

leaves and shoots) less accessible than tissues of grasses and forbs. However, G. geneura 

usually avoided grass-feeding under a variety of conditions. Grasses are especially low 
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in protein and many contain silica crystals that wear down the mouthparts of non-adapted 

herbivorous insects. In contrast to grasses, forbs possess softer tissues and contain 

relatively high concentrations of nutrients, especially protein and water (Tabashnik and 

Slansky 1987). Selective feeding on a subset of available plants is a characteristic of a 

wide variety of grazing animals (e.g. Kitting 1980, Chandra and Williams 1983, Rathke 

1985, Parsons et al. 1994, Guglielmo et al. 1996) that allows ingestion of a high-quality 

diet. Laboratory studies with G. geneura demonstrated large performance differences 

among insects reared on different host-plant species (Chapter 1), with the annual forbs 

tested offering higher food quality than the perennial forb and woody plant species used 

in those experiments. As for other herbivores, the ultimate basis for variation in host-

plant acceptability and suitability is probably due to the combined effects of primary 

nutrients and secondary metabolites on growth (Slansky and Scriber 1985, Beraays and 

Chapman 1994) and defense (e.g. Camara 1997). 

However, forbs additionally contain a variety of secondary metabolic chemicals 

that may be deterrent or toxic to generalist herbivores. Conventional wisdom holds that 

forbs are more acutely toxic to non-adapted herbivores than are woody plants in 

temperate and sub-tropical regions (Feeny 1976, Gilbert 1979). The foraging tactics of 

G. geneura may help it cope with plant toxins. Individual caterpillars mix foods or graze 

from a variety of forb species, perhaps allowing the intake of a relatively nutritious diet 

with low concentrations of diverse phytotoxins (Chapters 1, 2, 3) even when host-plant 

species are individually unsuitable for complete development. 

The polyphagy of G. geneura may reflect its preference for host species that vary 

unpredictably in abundance in time and space. The forb communities in its habitats 

consisted of many taxonomically diverse species, most of which were rare at any time 

and place. The few abundant, preferred forb species were all annuals that differed in 

availability to ground-foraging caterpillars between years and sites as well. The high 
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degree of spatio-temporal variation in plant communities observed here is the general rule 

among species of desert winter annuals, resulting in a dynamic vegetative assemblage 

determined by local conditions (e.g. Pake and Venable 1996). The abundance of summer 

annuals varied in time and space as well; however, limited summer sampling precluded 

comparisons across sites and seasons. 

The unpredictable abundance of different host species suggests a trade-off 

between maximizing food quality and finding enough food to eat. The foraging strategy 

of G. geneiira may be an adaptive response to this dilemma in the context of critical 

morphological, physiological, and ecological constraints. First, larval mandibles suited to 

scooping into soft, herbaceous tissue (sensu Bemays and Janzen 1988) along with a 

poorly developed, unsclerotized adult proboscis (M. Singer, personal observations) are 

morphological and physiological constraints of G. geneura. These traits are presumably 

shared with related species that are also reported to feed on forbs and lack the ability to 

feed as adults (Ferguson 1985). Second, insects locally specializing on a single, high 

quality host species would require extensive searching to locate their often rare and 

patchily distributed hosts. Such behavior is common among adult butterflies that 

specialize on herbaceous plant species and feed to facilitate searching for hosts (Gilbert 

and Singer 1975). Grammia geneura adults, however, are relatively poor fliers and 

cannot feed. Caterpillars, only capable of sensing short-range visual and chemical cues, 

are similarly poorly equipped to efficiently locate specific hosts. Once they are located, 

individual host-plants are usually too small to support the development of a single 

caterpillar, thus forcing the insect to search inefficiently for new hosts. Moreover, 

caterpillars that spent a large portion of time searching would be at higher risk of attack 

by natural enemies. Moving G. geneura caterpillars are more susceptible to attack by at 

least one important parasitoid species (J. Stireman, unpublished data) and caterpillars that 

prolong their development in the wild suffer higher mortality from total parasitism (J. 
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Stireman and M. Singer, unpublished manuscript). These constraints coupled with the 

high degree of spatial and temporal variation in the availability of preferred herbs may 

prevent feeding preferences from evolving into the specialized use of such plants, despite 

performance benefits of monophagy on certain hosts (Chapter 1). 

Unpredictable spatial and temporal heterogeneity of resources is likely to 

generally affect the host-selection and diet breadth of herbivores (Hunter et al. 1992). 

However, its effect of selecting for broader diets may be commonly opposed in 

phytophagous insects by natural selection for ecological specialization from a variety of 

sources (Futuyma and Moreno 1988, Jaenike 1990). It may only "win out" in favoring 

polyphagy in herbivores with certain life history and ecological features that either limit 

their ability to specialize (as discussed above), or release them from selection for 

specialization. This second possibility that G. geneura and its polyphagous relatives have 

been released from selection for specialization is difficult to evaluate without knowing 

the sources of selection. Two selective agents proposed to generally promote dietary 

specialization are plant chemistry (e.g. Feeny 1976, Zangerl and Berenbaum 1993) and 

generalist predators (e.g. Bemays 1989, Dyer 1995). While G. geneura clearly copes 

with a multitude of potentially toxic secondary metabolites in its herbaceous hosts, 

mortality from generalist predators has not been rigorously examined. Casual 

observations suggest that larval predation from birds, ants, and vespid wasps is infrequent 

relative to that experienced by hairless, cryptic caterpillars in the same habitat. 

Therefore, intrinsic (rather than host-derived) anti-predator defense may also play a role 

in the maintenance of polyphagy, at least among herbivorous insects. 

In conclusion, sampling and selective feeding, along with high mobility, give G. 

geneura and other grazers (sensu Thompson 1994) the flexibility to forage successfully 

under a range of conditions. This flexibility may be critical when key resources change 

quantitatively and qualitatively in an unpredictable way. Therefore, the polyphagy of G. 
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geneiira caterpillars may be maintained by the unpredictable spatio-temporal variation in 

the local abundance of preferred hosts. Morphological, physiological, and ecological 

constraints may prevent this insect from evolving towards efficiently tracking and 

specializing on the highest quality hosts. 
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FIGURE 4.1. Preference of Grammia geneura caterpillars for the three different 

vegetation types for each of 15 samples. The oblique, 1 to 1, line indicates a perfect 

correspondence between the relative abundance of vegetation types and the relative 

proportion of feeding on them. Each sampling occasion (N=15) is represented by one of 

each of three symbols. 
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RGURE 4.2. Relationship between (A) the number of forb species available (the 

majority were rare: accounting for less than 1% cover) and the number eaten by G. 

gene lira caterpillars at all 15 samples (top panel) and (B) the same relationship for only 

the rare forb species. 
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FIGURE 4.3. Relationship between the relative abundance and the relative proportion of 

feeds on different preferred (Plantago patagonica, Erodium cicutarium, Plagiobothrys 

arizonica) and non-preferred forb species (Machaeranthera gracilis. Ambrosia 

confertiflora). The faint line is the I to 1 line, indicating the expected pattern if feeding 

and encounter frequency were the same. 
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FIGURE 4.4. Yearly variation in abundance of preferred spring forbs at Ash Creek (top 

panel) and Redington Pass (middle panel), and preferred summer forbs at Ash Creek 

(bottom panel). 
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FIGURE 4.5. Geographic variation in abundance of preferred spring forbs at sites 

sampled in 1996, 1997, and 1998. Sites are abbreviated as: Arivaca (A), Gardner Creek 

(G), Ash Creek (H), Oracle (O), Pena Blanca (P), and Patagonia (T). 
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TABLE 4.1. Southeastern Arizona field sites of Grammia geneura. Elevations are 

rounded to the nearest 25 meters. 
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Site Mountain range County Elevation (m) 

Oracle Santa Catalina Pinal 1375 

Arivaca San Luis hills Pima 1075 

Ash Creek Rincon Pima 1225 

Redington Pass Santa Catalina Pima 1275 

Gardner Creek Santa Rita Pima 1225 

Box Canyon Rd 
(at Arizona Trail) 

Santa Rita Pima 1525 

Patagonia Santa Rita Santa Cruz 1275 

Pena Blanca Cyn Atascosa Santa Cruz 1125 
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TABLE 4.2. Preference of Grammia geneura for different vegetation types. For each 

collection, the proportion of caterpillars feeding on grasses, forbs, and woody plants was 

compared with the proportions of these plants available. P values are designated as 

follows: * P<0.05, ** P<0.01. Significance indicates that caterpillars fed 

disproportionately on grasses, forbs, and woody plants in relation to their relative 

abundance. In each case, the proportion of forb-feeding was higher than expected, based 

on the proportion of forb cover. 
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Date Location 

3/96 Arivaca 

3/96 Gardner Cyn 

3/96 Ash Creek 

4/96 Pena Blanca 

3/96 Redington 

3/97 Ash Creek 

Am Oracle 

3/97 Patagonia 

3/97 Redington 

4/98 Ash Creek 

3/98 Redington 

8/96 Gardner Cyn 

8/97 Ash Creek 

8/98 Ash Creek 

8/98 Box Cyn 

Meeds )C- df 

58 30.63** 2 

63 11.12** 2 

74 1830.2** 2 

46 98.58** 2 

50 142.05** 2 

78 69.57** 2 

41 30.49** 2 

27 7.61* 2 

45 22.15** 2 

134 135.11** 2 

151 35.69** 2 

24 12.39** 2 

103 61.53** 2 

45 33.49** 2 

78 26.90** 2 
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TABLE 4.3. Relationship between feeding frequency and forb abundance. On each 

occasion die relative abundance of each forb species was compared with the relative 

frequency with which it was eaten. 
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Date Location A^species R- P 

3/96 Arivaca 24 0.69 <0.01 

3/96 Gardner Cyn 10 0.03 NS 

3/96 Ash Creek 24 0.70 <0.01 

4/96 Pena Blanca 13 0.64 <0.01 

3/96 Redington 11 0.42 <0.05 

3191 Ash Creek 24 0.73 <0.01 

4/97 Oracle 24 0.53 <0.01 

3/97 Patagonia 31 0.23 <0.01 

3/97 Redington 35 0.30 <0.01 

4/98 Ash Creek 37 0.56 <0.01 

3/98 Redington 42 0.33 <0.01 

8/96 Gardner Cyn 32 0.33 <0.01 

8/97 Ash Creek 27 0.30 <0.01 

8/98 Ash Creek 32 0.22 <0.01 

8/98 Box Cyn 47 0.02 NS 
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TABLE 4.4. Multiple regression analysis showing behavioral explanators of ecological 

preference of G. geneura for 9 host-plant species. Adjusted /?2=0.56 for this model. 
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Source of variation df F P 

Feeding probability I 11.39 0.020 

Feeding bout duration I 7.71 0.039 

Feeding probability x 1 11.27 0.020 
Feeding bout duration 
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CHAPTER 5 

DOES TACHINID PARASITISM INFLUENCE A CATERPILLAR'S 

HOST-PLANT CHOICE? 

SUMMARY 

Host range and host choice of phytophagous insects may be influenced by selection from 

both host-plants and natural enemies. While several studies have shown that the 

interaction between host-plant chemistry and generalist predators selects for narrow diet 

breadth in caterpillars, similar tri-trophic studies with plants, caterpillars, and parasitoids 

are rare. In this study, I investigated how the interaction between host-plant quality and a 

tachinid parasitoid affects the survival of the polyphagous caterpillar Grammia geneura 

(Strecker) (Lepidoptera: Arctiidae), a food-mixing species that feeds preferentially on 

forbs. Previous studies with this herbivore showed a poor correlation between host-plant 

preference and performance, suggesting that caterpillars might eat nutritionally inferior 

host species for reasons other than benefits of physiological utilization (e.g. defense). I 

hypothesized that host-plant-derived defenses would act against generalist tachinid flies, 

the major mortality agents of late instar G. geneura. Survival of caterpillars parasitized 

in the laboratory by Exorista mella (Tachinidae) differed depending on host-plant species 

eaten during the final stadium. A second experiment confirmed a trade-off between 

benefits of growth and parasitoid defense from two host-plant species: Malva parviflora 

(Malvaceae) and Ambrosia confertiflora (Asteraceae), suggesting that food-nuxing by 
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individual G. geneura caterpillars may allow them to obtain nutritional benefits from 

some host-plant species and defensive benefits from others. 

INTRODUCTION 

The evolutionary ecology of host range in phytophagous insects entails interactions 

among at least three trophic levels, as recognized by workers studying "tri-trophic 

interactions" (Price et al. 1980). In the last decade or more, studies have repeatedly 

demonstrated the importance of the interaction between plant quality (particularly 

secondary chemistry) and generalist predators as a selective agent on host range and host 

choice of phytophagous insects (Barbosa 1988, Bemays 1988, Bemays and Cornelius 

1989, Dyer 1995, Dyer and Floyd 1993, Stamp 1993, Camara 1997, Schappert and Shore 

1999). Much of this work has focused on lepidopteran larvae, the most speciose and, in 

many terrestrial biomes, abundant group of phytophagous insects (Stamp and Casey 

1993). Aside from their evolutionary and ecological importance as herbivores, 

caterpillars are ideal subjects for exploring the interaction between plant chemistry and 

predators for two reasons. First, they often feed on plant taxa known to contain 

secondary compounds noxious to non-adapted species, and many caterpillars sequester 

such compounds (Bowers 1993). Second, many caterpillar species serve as the food of a 

huge range of generalist predators, including a diversity of arthropods (Montllor and 

Bemays 1993), lizards (Sexton et al. 1972, Johki and Hidaka 1979), and birds (Heinrich 

1993). Most lepidopteran species, populations, and individuals are dietary specialists, 

implying that there is generally strong selection maintaining specialization per se 

(Futuyma and Moreno 1988). Recent studies of tri-trophic interactions support this 

argument: the combined selective pressures of host-plant chemistry and predators select 



171 

for dietary specialization on host-plants that provide defensive benefits to the herbivore 

(Bemays and Cornelius 1989, Dyer 1995). 

Ecological work in the last decade has also increasingly pointed to the importance 

of parasitoids as top-down regulators of insect populations (Cornell and Hawkins 1995, 

Cornell et al. 1998). As important mortality agents that often respond to specialized 

characteristics of their hosts (Vinson 1976, Godfray 1994) or of their hosts" interactions 

with plants (e.g. De Moraes et al. 1998), parasitoids may also act as important agents of 

natural selection in insect-plant interactions. However, a relatively small number of 

investigations have addressed this possibility (Karban and English-Loeb 1997, Ohsaki 

and Sato 1990). Consequently, hypotheses about the effects of parasitoids on evolution 

of host-plant range (e.g. Weseloh 1993) remain largely untested. 

Here, 1 investigate an interaction between host-plants and parasitoids as a 

selective agent on the host range and host choice of a dietary generalist. 1 studied how 

foraging of the individually polyphagous (food-mixing) caterpillar, Grammia geneura 

(Lepidoptera; Arctiidae), may be influenced by both host-plants, and the polyphagous 

parasitoid, Exorista mella (Diptera: Tachinidae). The preferred diet of individual G. 

geneura caterpillars is a mixture of forb species (Chapter 4), which are characteristically 

rich in secondary metabolites (Tabashnik and Slansky 1987). Also, preferred forb 

species are not always those that provide the expected benefits of superior performance 

(Chapter I). So the feeding decisions of G. geneura are not necessarily adaptive with 

respect to optimizing the physiological efficiency of food utilization. On the other hand, 

parasitoids (mostly tachinid flies) can be an important source of mortality for late instars 

of G. geneura, particularly at season's end (J. Stireman and M. Singer, unpublished 

manuscript). Perhaps if there are defensive benefits of eating "low-quality" (i.e. 

relatively non-nutritious) hosts, the adaptive value of including them in the diet may 
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result from combined growth and survival benefits, selectively maintained by the 

interaction between dietary quality and parasitoid attack. 

This kind of tri-trophic interaction could occur in several possible ways. One 

possibility is that caterpillars feed on a mixed diet of high- and low-quality host-plants to 

reduce the probability of being discovered and attacked by a parasitoid. Mixing would 

thereby preclude a parasitoid's ability to use reliable host-plant cues. Also, the search 

area of parasitoids is often more limited than the foraging area of their hosts (Weseloh 

1993). Parasitoids would be expected to restrict their searching to those microhabitats 

most likely to contain suitable hosts. In this case, the most suitable (and presumably 

preferred) host-plants or associated features of microhabitat would be the expected search 

targets of parasitoids. The complicated nature of this hypothesis makes it difficult to test 

definitively, although this kind of natural selection has been invoked to partly explain 

host use patterns of Japanese Pieris butterflies (Ohsaki and Sato 1994). A second 

possibility is that caterpillars feed on low-quality hosts to obtain chemicals that make 

them relatively unacceptable or deterrent to parasitoids. A third possibility related to this 

hypothesis is that nutritionally inferior hosts offer enhanced physiological or chemical 

defense against immature parasitoids in the event that a caterpillar is discovered and 

attacked. A few studies have found evidence for this phenomenon in systems with 

hymenopteran parasitoids (Campbell and Duffey 1979, Barbosa et al. 1986, Barbosa et al. 

1991). Here, I investigate this third possibility by measuring the survival of parasitized 

G. geneura late instars reared on host-plant species known to differ in nutritional quality. 
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METHODS 

Host-plants 

I fed G. geneura three species of host-plants in the experiments of this study: Malva 

parviflora (Malvaceae), Ambrosia confertiflora (Asteraceae), and Plantago insularis 

(Plantaginaceae). I chose these plants because previous experiments showed significant 

performance differences among G. geneura larvae reared on these species (Chapter I). 

In that study, pupal mass, larval duration, and survival were collectively superior on 

Malva, followed by Plantago and Ambrosia. I clipped sprigs or uprooted entire plants 

growing near the University of Arizona campus, placed them in plastic bags, and 

transported them immediately to the laboratory. Plants were collected every other day, 

and refrigerated in sealed, plastic bags until used in experiments. 

Caterpillars 

Grammia geneura is an extremely polyphagous, forb-feeding species that inhabits arid 

grasslands in the southwestern USA and northern Mexico (Chapter 4). Individual 

caterpillars are polyphagous, commonly feeding on 5-10 species of host-plant in a single 

day (Chapter 2). In southeastern Arizona, G. geneura typically undergoes 2 generations 

per year. The first generation begins in late spring/early summer, when adult females 

oviposit clutches of eggs at the substrate level rather than on host-plants. In contrast to 

most species of Lepidoptera, it is the larvae of G. geneura that must select their host-

plants. Larvae from this generation typically complete development on summer annual 

plants. The second generation begins in autumn, when adult females that developed over 

the summer eclose, mate, and oviposit. Larvae from the second generation begin 
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developing in autumn, overwinter as mid-instars, then complete larval development on 

winter annual plants during a prolonged period from late winter to mid-spring (February-

April). During both spring and summer, late instar G. geneura larvae may experience 

high rates of parasitism (up to 80%; J. Stireman and M. Singer, unpublished manuscript). 

Experimental larvae of G. geneura came from a laboratory culture maintained on 

a wheat germ-based synthetic diet (Yamamoto 1969). Survival on this diet is typically 

>90% (M. Singer, unpublished data). Culture insects were third or fourth generation 

offspring of stock collected from natural populations in southeastern Arizona. Culture 

caterpillars were contained singly or in small groups (2 or 3) in plastic cups, and fed 

every other day. A walk-in growth chamber held at 28:25 degrees C, 16L:8D housed the 

culture. 

Paras itoids 

Exorista mella (Diptera: Tachinidae) is a polyphagous endoparasitoid (Adam and Watson 

1971) that ranges over the entire United States and southern Canada (Sabrosky and 

Amaud 1965). In early to mid-spring, it is often the dominant parasitoid attacking late 

instars of G. geneura in southeastern Arizona (J. Stireman and M. Singer, unpublished 

manuscript). I obtained the adults of E. mella used in experiments here from a laboratory 

culture maintained on the G. geneura culture. The female flies used in experiments were 

between 2nd and 6th generation offspring of stock reared from natural populations of G. 

geneura and Estigmene acrea (Lepidoptera: Arctiidae) in southeastern Arizona. The fly 

culture was caged in several terraria (32 cm x 41 cm x 26 cm high, 43 cm x 62 cm x 33 

cm high) containing separate petri dishes with sugar, water, and a yeast extract that 

served as food for the adults. The terraria were kept at room temperature (ca. 25 degrees 
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C + radiant heat), against a partly shaded, south-facing window that provided direct 

sunlight and a natural photoperiod. 

Exorista mella females oviposit single, macrotype eggs onto the external cuticle 

of caterpillars. Viable eggs hatch within 48-72 h (Adam 1968). Unmated females of this 

species also readily oviposit inviable eggs on hosts. In related tachinid species that lay 

macrotype eggs, the first instar larva typically burrows through the host's cuticle and into 

the hemocoel (Clausen 1940). Once inside, the tiny maggot ingests hemolymph until it 

settles at a permanent feeding site (usually associated with fat body, salivary gland, 

ganglion, or other tissue type) (Ferar 1987, Mellini 1990), where it initiates the formation 

of a respiratory funnel that, when completed, provides an external source of oxygen. 

When development through three larval stadia is complete, the maggot burrows out of the 

prepupal host. Within 24 h of emerging from its host, the fly pupates in the soil. Larval 

development lasts an average of 10 days in E. mella reared in cultured G. geneiira at 28 

degrees C. In G. geneura, successful development of E. mella is always lethal to the 

caterpillar (M. Singer, personal observation). 

Protocol for parasitizing caterpillars 

I controlled parasitism of caterpillars in the following way. One day-old final instars in 

different dietary treatments were selected in random order to receive a single parasitoid 

egg from a single female fly. I chose flies based on their apparent readiness to oviposit 

on caterpillars from the culture. The fly and the experimental caterpillar were placed in a 

separate terrarium (19 cm x 14.5 cm x 12 cm high) containing sugar and water. After the 

fly oviposited, the caterpillar was removed, checked for a single egg, and placed back in 

its experimental container. This process was repeated sequentially, until the fly 

parasitized caterpillars in all the treatment groups of the replicate. In both experiments. 
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more than one female fly was used to parasitize the entire array of replicates (Table 5.1). 

In experiment 2 only, 9 of 19 Malva and 10 of 20 Ambrosia caterpillars (see parasitized 

treatments below) received parasitoid eggs in a less controlled way. That is, caterpillars 

were placed in a terrarium with multiple E. mella adults and allowed to receive 1-3 eggs 

from I or more female flies (the exact number of female flies was not recorded). This 

protocol was used during the second half of experiment 2 to maximize the chance of 

experimental caterpillars receiving at least one viable fly egg because flies were relatively 

few in number and reaching a stage when viable egg production was reduced (Adam and 

Watson 1971). 

Experiment I 

Caterpillars taken from the culture were placed individually in clear, cylindrical 

containers (15 cm diam. x 6 cm high). Each cage had 3 sprigs of a single host-plant 

species, placed singly in water-filied, cotton-stoppered glass vials. I assigned freshly 

molted penultimate instars to 4 dietary treatments: Malva (A^=13), Ambrosia {N=13), 

Plantago iN=9), and synthetic diet (same as used for the culture, M=9). After completing 

the penultimate stadium on the experimental diet, freshly molted final instars were 

parasitized in the laboratory (as described above) and placed back on the experimental 

diet for the duration of larval life. Except during the process of parasitism, caterpillars 

(and pupae) were kept at 28:25 degrees C, 16L:8D. I recorded the number of moths that 

eclosed from their pupae as the number of surviving G. geneura. 



177 

Experiment 2 

In this experiment, I investigated the performance consequences of host-plant selection 

for both parasitized and unparasitized caterpilllars. First, I observed the feeding 

responses of final instars offered a choice of Malva and Ambrosia. Prior to observations, 

freshly molted final instars were transferred from wheat germ-based, synthetic diet to 

containers with both host-plants. Unlike experiment 1, caterpillars used throughout this 

experiment were reared communally (up to 10 per box) for the final stadium in plasdc 

shoeboxes (30 cm x 16.5 cm x 8 cm high). Every other day, I supplied boxes with 

enough fresh sprigs of host-plants for caterpillars to feed ad libitum. Temperature and 

photoperiod were the same as in experiment I. All three observation sessions involved 

the continuous monitoring of individually caged 5-7 day old final instars given fresh 

sprigs of host-plants at 25 degrees C. The sessions were variable in duration: 46 min, 

129 min, and 116 min. respectively. I recorded durations of feeding, walking, and 

resting, as well as instantaneous activities such as tasting (contacting a host-plant with 

mouthparts). 

To determine the performance of unparasitized caterpillars fed either Malva or 

Ambrosia during the final stadium, I measured the fresh pupal mass of unparasitized 

insects in each treatment on the second day after pupal ecdysis. The rearing protocol was 

identical to that described above. Pupae were sexed in order to separately analyze male 

and female pupal mass. A previous study showed female pupal mass to vary more 

significantly than that of males in relation to diet (Chapter 1). The first experiment in 

that study also revealed a strong positive relationship between the fresh and dry mass of 

individual pupae reared on Malva (R^=0.92) and Ambrosia {R-=0.93). 
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To evaluate performance in relation to parasitism, I also compared the survival of 

both unparasitized and parasitized caterpillars reared on either Malva or Ambrosia. 

Freshly molted, penultimate instars from the culture were divided into parasitized (P) and 

unparasitized (U) treatment groups, then further divided into 2 dietary treatment groups: 

Malva (M) and Ambrosia (A). All caterpillars were subjected to oviposition on the first 

day after molting, then immediately transferred to a dietary treatment group. I compared 

the number of eclosed G. geneura moths across the 4 treatments: PM (A^=19), PA (A^=20), 

UM (iV=l8), UA iN=\l). In this experiment, the "unparasitized" caterpillars were ideal 

controls because they received fly eggs in the same way as did parasitized insects, but 

these eggs were not viable. I determined the viability of an egg in relation to the female 

fly that laid it. Those female flies that oviposited on culture caterpillars and never 

produced offspring were deemed to be laying inviable eggs, and used to parasitize the 

control insects in this experiment. The protocol differed from that of experiment 1 in that 

caterpillars were switched from the wheat germ-based synthetic diet to their experimental 

host-plant only after fly oviposition. Therefore, any dietary effects on survival would 

result from interactions occurring after egg deposition. 

RESULTS 

Experiment I 

Caterpillar survival differed significantly across diets (G-test, C/z/-squared=9.87, df=3, 

P<0.025). Survival of parasitized caterpillars was relatively high in the Plantago ifilWc) 

and Ambrosia (69%) treatments, and relatively low in the Malva (15%) and synthetic diet 

(33%) treatments (Fig. 5.1). 
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Experiment 2 

As a group, caterpillars offered Malva and Ambrosia showed no strong preference for 

either species. The number of insects that spent the majority of feeding time on one host-

plant or the other did not differ from the null expectation of 1:1 (C/!/-squared=1.57, df=l, 

P>0.2). Although quite variable, the overall proportion of time spent feeding on each 

plant was similar (Fig. 5.2). This was supported by more detailed feeding patterns. For 

example, feeding bout durations did not differ by host-plant species (Mann-Whitney test, 

C/i/-squared=0.38, df=l, P>0.5). Perhaps the best measure of preference (Simpson and 

Ludlow 1986), the mean probabilities of initiating feeding following encounters with 

Malva and Ambrosia were 0.77 and 0.66. respectively. However, individual insects 

tended to feed predominantly on one species or the other during each observation period 

(Fig. 5.2). This pattern is particularly striking for insects in the shortest observation 

period (insects 1-7 in Fig. 5.2). Individuals that spent less than 5% of their time feeding 

{N=2) were not included in these analyses. 

Female pupal mass differed significantly across diets, although the pupal mass of 

males did not (Table 5.2, Fig. 5.3). Mean pupal mass was greater for females fed Malva 

(0.63g, se=0.052) than those fed Ambrosia (0.35g, se=0.036). 

Survival of parasitized caterpillars followed the pattern observed in experiment I 

(Fig. 5.4). Fifty-three percent (53%) of parasitized caterpillars offered Malva survived, 

while 80% of those offered Ambrosia survived. The survival of unparasitized caterpillars 

was similar in each dietary treatment, 90 and 89% for Malva and Ambrosia, respectively. 

When fed Malva, survival of parasitized caterpillars was significantly less than that of 

unparasitized ones (C/ii-squared=27.38, df=l, P<0.01). However, when icd Ambrosia, 
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survival did not differ among parasitized and unparasitized caterpillars {Chi-

squared=2.22, df=l, P>0.05). 

DISCUSSION 

Differences in the survival of parasitized caterpillars reared on different diets provide 

evidence for a tri-trophic interaction that may influence host-plant selection. Survival 

differences in experiment 1 could be explained either by a host-plant-mediated 

interaction between caterpillars and larval parasitoids (tri-trophic interaction), or by host-

plant quality alone. However, the reduced survival of the synthetic diet-fed insects (33%) 

contradicts the routinely high survival of culture insects given the same diet (>90%; M. 

Singer, unpublished data). In addition, the performance of G. geneura when reared from 

neonate to prepupa on Malva, Ambrosia, and Plantago showed a different pattern of 

survival (Chapter I). In experiments of that study, G. geneura survival was similar on all 

three plants: Malva (65%, 100%), Ambrosia (77%. 88%) and Plantago (64%). 

Experiment 2 of this study confirms the effect observed for Malva- and Ambrosia-icd 

final instars. In this experiment, the survival differences of parasitized caterpillars cannot 

be explained by host-plant effects alone, as unparasitized insects did not differ in survival 

according to diet. These data suggest that a tri-trophic interaction determined the survival 

of parasitized caterpillars in both experiments, indicating that both Ambrosia 

confertiflora and Plantago insularis provide defensive benefits for G. geneura. This 

result could explain caterpillars' decisions to feed on nutritionally inferior plant species, 

such as Ambrosia, even when a nutritionally superior host, such as Malva, was available. 

It could also explain their strong preference for species of Plantago, as observed in nature 

(Chapter 4) and the laboratory (Chapter 2). 
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These results also provide some insight into the mechanism of plant-mediated 

defense. The pattern of survival in experiment 2 (when caterpillars were switched to test 

plants after parasitism) shows that the plant-mediated defense against E. mella can act 

after parasitoid oviposition occurs, mostly likely affecting the parasitoid's larval stage. 

Because early larval stages of tachinids are generally thought to ingest the hemolymph of 

their host before establishing a permanent feeding site (Ferar 1987, Mellini 1990) and 

secondary metabolites of host-plants may be present in a caterpilar's hemolymph (Duffey 

1980), the young maggots may be most susceptible to direct effects of the host's diet. 

Alternatively, the differential effects of host-plants could have resulted from an 

interaction between plant secondary compounds and intrinsic mechanisms of resistance, 

although the possible mechanisms Involved are presently unknown. There is evidence 

for intrinsic physiological resistance to parasitoids in at least two well-studied insects, the 

pea aphid {Acyrthosiphon pisiim) (Henter and Via 1995, Henter 1995) and Drosophila 

species (Kraaijeveld et al. 1998). Moreover, resistance against parasitoids in Drosophila 

is genetically based (Kraaijeveld et al. 1998). Of 51 wild G. geneura late instars 

collected at 3 different sites in southeastern Arizona that possessed a single E. mella egg, 

25% (13) survived when reared to pupation on synthetic diet in the laboratory (J. 

Stireman and M. Singer, unpublished data). This degree of apparent resistance could 

have resulted from direct interactions between larval parasitoids and natural host-plants 

prior to collections. Or it might reflect a proportion of intrinsically resistant caterpillars 

in natural populations. Interestingly, the survivorship of G. geneura reared on putatively 

non-defensive diets in experiment 1 (synthetic and Malva diets pooled) is 23%, perhaps 

revealing intrinsic resistance at a level similar to that observed wild populations. If there 

is genetically-based intrinsic resistance to E. mella in G. geneura populations, artificial 

selection for resistance in the G. geneura culture could explain the unusually high 

survival of parasitized caterpillars in experiment 2 of this study. Prior to these 
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experiments, I did not exclude G. geneura moths that survived parasitism from 

unparasitized moths as parents of subsequent generations in the caterpillar culture. 

Regardless of the mechanism of defense against parasitism, the tri-trophic 

interaction observed here suggests the need for further study of its behavioral 

consequences for G. geneura. Because the possible fitness trade-offs of feeding on 

nutritious (e.g. Malva) versus defensive (e.g. Ambrosia) host-plants depend, at least 

partly, upon the risk of parasitism, the most adaptive foraging strategy would appear to be 

switching to defensive hosts only after becoming parasitized. This strategy of facultative 

pharmacophagy is known to occur in at least one other arctiid-tachinid interaction 

(Karban and English-Loeb 1997). In that study, the presence of larval parasitoids 

changes caterpillar feeding preferences. Here, it is also most likely that pharmacophagy, 

if inducible at all, would be induced by activities of the larval parasitoid rather than the 

adult or egg because endoparasitic larvae may provide reliable (e.g. chemical) cues to the 

host. The possibility that pharmacophagy is not inducible, but simply a routine aspect of 

foraging, seems just as likely based on current data. Observations of G. geneura in 

nature and the laboratory suggest that all individuals (including those known to be 

unparasitized) ingest a mixture of host-plant species on the scale of hours (Chapter 2). 

Interestingly, food-mixing is most pronounced in late instars, when the risk of tachinid 

attack is greatest (J. Stireman and M. Singer, unpublished data). Further experiments are 

necessary to determine the consequences of mixed-plant diets (including nutritious and 

defensive hosts) on the feeding behavior and survival of both parasitized and 

unparasitized caterpillars. 

The results of this study also suggest the need for further development and testing 

of dieory concerning the selective influence of multi-trophic interactions on the foraging 

tactics of herbivorous insects. Meta-analyses of published studies already show that 
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variation in herbivore feeding niche (Hawkins 1994); diet breadth, gregariousness, and 

morphology (Dyer and Gentry 1999); and functional and taxonomic type of natural 

enemy (Dyer 1997) leads to varied, and generally predictable, outcomes of trophic 

interactions between herbivores and natural enemies. While studies have shown that a 

variety of generalist, invertebrate predators act in concert with plant secondary 

metabolites to select for dietary specialization (Bemays 1988, Bemays and Cornelius 

1989, Dyer 1997, Camara 1997), results from this study suggest that the interaction 

between a generalist parasitoid (a predator to the caterpillar) and host-plant quality 

(Including secondary chemistry) could selectively maintain the food-mixing habit of a 

generalist herbivore. 

These opposing outcomes could result from differences in the nature of selection 

pressure exerted by generalist predators and parasitoids. In particular, mortality inflicted 

by any single parasitoid species is likely to be more variable in time and space than that 

inflicted by a guild of predators. In nature, mortality caused by each of the 14 known 

parasitoids (including E. mella) of G. geneura is indeed highly variable in time and space 

(J. Stireman and M. Singer, unpublished manuscript). Consequently, caterpillars may 

benefit from defensive host-plants more or less when pressure from E. mella and perhaps 

other generalist parasitoid species is high or low, respectively. When parasitism is low, 

feeding on nutritionally inferior, defensive plants like Ambrosia might reduce fecundity 

and fitness (Chapter 1). In this way, variable selection pressure from one or a few 

dominant parasitoid species could allow mixing of nutritionally superior and nutritionally 

inferior, defensive hosts to persist as an evolutionarily stable foraging strategy. It is 

likely that the apparently low risk of attack on G. geneura from avian and invertebrate 

predators (M. Singer, personal observations) is a critical condition for this scenario. 

Whether this explanation is true or not, it points to the need for further empirical study of 

the diversity of mechanisms and dynamics of multi-trophic interactions. It cannot be 
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overemphasized that the ecological and evolutionary outcomes depend upon the 

interactions themselves rather than their parts considered separately. 
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nOURE 5.1. Survivorship of parasitized Grammia geneura larvae reared on different 

diets in the laboratory. Diets include a wheat germ-based, synthetic diet (control), Malva 

parviflora, Plantago insularis, and Ambrosia confertiflora. Survival is not independent 

of diet (G-test, C/z/-squared=9.87, df=3, P<0.025). 
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FIGURE 5.2. Percentage of time spent feeding on each host-plant by final instars offered 

a choice of Malva parviflora and Ambrosia confertiflora. See text for details. 
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HGURE 5.3. Mean fresh mass of male and female pupae reared for the final stadium on 

Malva parviflora or Ambrosia confertiflora. Malva females were larger than Ambrosia 

females (see Table 5.2). 
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FIGURE 5.4. Survivorship of unparasitized and parasitized larvae reared on Malva 

parviflora ox Ambrosia confertiflora as final instars. Survival on Malva differed between 

parasitized and unparasitized treatments (C/i/-squared=27.38, df=l, P<0.01), while 

survival on Ambrosia showed no effect of parasitism (C/2/-squared=2.22, df=I, P>0.05). 
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TABLE 5.L Sample size of female flies used to parasitize caterpillars in each 

experiment. 



Experiment Diet N flies N caterpillars 

1 Control 6 9 

I Malva 7 13 

1 Plantago 6 9 

I Ambrosia 7 13 

2 Malva >3 19 

2 Ambrosia >3 20 
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TABLE 5.2. Analysis of variance of pupal mass in Experiment 2. ** P<0.01, * P<0.05, 

NS not significant. The Adjusted R?=0.60 for this model. 



Source of variation df SS F 

Diet 1 0.098 11.69** 

Sex I 0.022 2.58 NS 

Diet X Sex I 0.047 5.67* 

Error 11 0.092 
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CONCLUSIONS 

The studies reported here support the utility of the tri-trophic paradigm as a framework to 

explain the foraging behavior of Grammia geneura. By contrast, the plant-insect 

paradigm provides limited explanatory power. The performance study (Chapter 1) does 

not support the physiological efficiency hypothesis, suggesting that natural selection 

maintains food-mixing for reasons other than simply dietary benefits alone if high quality 

host-plants are available. However, when only low quality (nutritionally inferior or 

toxic) host species are available, food-mixing may enhance performance. This result can 

be explained by behavioral studies using host-plants (Chapter 2) and synthetic diets 

(Chapter 3), together indicating that the habit of frequent switching between hosts 

functions to dilute secondary metabolites and not necessarily to optimize the balance of 

nutrient intake. These studies also implicate post-ingestive feedbacks and neophilia as 

two probable physiological mechanisms involved in the regulation of food-mixing. The 

population-level survey of host use and plant community variation (Chapter 4) provides 

evidence that polyphagy gives G. geneura the flexibility to use the highly variable range 

of host-plants available in time and space, by allowing sampling behavior and selective 

feeding on preferred host-plants (certain annual forbs). 

There are two critical questions unanswered by strict consideration of plant-

herbivore interactions alone. 

I. Why does G. geneura choose to feed on nutritionally inferior plant species (e.g. 

Ambrosia confertiflora) in the presence of nutritionally superior ones (e.g. Malva 

parviflora)! The preference and performance experiments showed that caterpillars 

offered a choice between high and low-quality plants ingest a mixed diet, sometimes 

compromising their performance (Chapter 1). 
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2. Why does G. geneiira leave a preferred plant (e.g. Plantago patagonica) before eating 

it completely, when field observations suggest that damaged plants are perfectly 

acceptable? 

In answer to the first question, the tri-trophic study (Chapter 5) shows the possible trade

off between growth and defense against at least one important parasitoid species. 

Nutritionally inferior host-plants (e.g. Ambrosia confertiflora) may provide defensive 

benefits for parasitized caterpillars, thereby increasing survival and fitness when 

parasitoid pressure is high. Further experiments along these lines, using single- and 

mixed-plant diets, are necessary to provide more definitive support for this notion. 

Unfortunately, my dissertation research cannot satisfactorily address the second question, 

though testing the parasitoid attack hypothesis (frequent host-plant switching reduces the 

risk of parasitoid attack) would be a reasonable first step toward answering it. 

My attempt to reconcile theory of the evolutionary ecology of plant-insect 

interactions based primarily on specialist herbivore systems (especially Lepidoptera) with 

the behavioral and physiological work based mainly on generalists (especially 

grasshoppers) is novel and informative. It supports the tri-trophic paradigm as a 

conceptual tool for understanding variation in diet breadth of Lepidoptera and other 

herbivorous insects. The traditional plant-insect approach has provided some insight into 

understanding the predominance of dietary specialization, but does not convincingly 

explain the maintenance of the generalist habit in Grammia geneura, and perhaps other 

food-mixing species. Evidence for the maintenance of food-mixing in G. geneura points 

to the importance of a broader consideration of ecological tradeoffs that may select for 

stenophagy or polyphagy. 

With respect to current ideas about the physiology, behavior, and ecology of 

generalist herbivores, my dissertation also advocates an expansion of a rather limited 
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view of the mechanisms and function of food-mixing (mechanisms of nutritional 

homeostasis) based on laboratory studies of relatively few model systems (e.g. Simpson 

and Raubenheimer 1996). In particular, I have suggested a view that explicitly considers 

the ecological context of the study system, diereby identifying critical ecological risks 

that may select for different foraging tactics. This selection should also dictate the 

predominance of certain physiological mechanisms among the variety involved in 

regulating feeding behavior. Existing data on grasshoppers and caterpillars support this 

broader view (Chapter 3). 

My dissertation work and other detailed ecological studies of herbivorous insects 

(e.g. Abrahamson and Weis 1997) exemplify the complexity inherent in trophic 

interactions. The traditional approach of focusing on a single ecological factor (e.g. host-

plant quality as food) to explain the evolution of host use in phytophagous insects has 

been unsuccessful, as numerous authors have pointed out (Barbosa and Letoumeau 1988, 

Bemays and Graham 1988, Jaenike 1990). The role of plant secondary metabolic 

compounds in plant-herbivore interactions best exemplifies this situation. While it is 

widely accepted that secondary compounds generally act as herbivore defenses, insects 

do not necessarily respond behaviorally, ecologically, or evolutionarily to plant chemicals 

in this capacity alone. A central message of the tri-trophic paradigm is that plant 

secondary compounds, like other plant characters, interact with other ecological factors in 

a diversity of critically important, irreducible ways. And it is the variety in outcomes of 

complex interactions that explain the diversity of foraging tactics, including host choice 

and host range, of herbivorous insects. The further development of theory at all of these 

levels will require an empirical understanding of direct and indirect interactions of plants, 

herbivores, and natural enemies in a variety of systems and habitats. 

In practice, investigators in this field are challenged to connect processes at 

multiple levels of biological organization. Since the disciplines of evolutionary biology, 
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ecology, behavior, and physiology are individually well-characterized with established 

techniques, studies investigating processes across these levels are key to further 

unification of biological theory. Successful investigations of this sort require a model-

system approach to achieve a novel depth of understanding across levels (e.g. 

Abrahamson and Weis 1997). However, to gain breadth of understanding across taxa, 

this approach must be coupled with research on study systems that vary in herbivore 

feeding niche and foraging tactics, habitat, host-plants, and natural enemies. The 

interdisciplinary nature of the model system approach requires collaboration among 

investigators with complementary, specialized expertise. Collaboration between workers 

of basic and applied orientations could also produce immediately useful predictions. For 

example, control of crop pests may benefit from a clearer understanding of tri-trophic 

interactions in particular systems that call for an integration of bottom-up (traditional) 

and top-down (biocontrol) solutions (Bottrell et al. 1998). Management of biological 

diversity in reserves also requires basic information on the ecological forces affecting the 

dynamics of local populations, including the complex trophic interactions among 

populations. Establishment of such practical applications will ultimately require a solid 

foundation of basic theory on the mechanisms and patterns of tri-trophic interactions. 



Appendix. Forb species recorded as hosts for Grammia geneura during sampling 

Species Family 

Trianthema portulacastmm Aizoaceae 

Allium macropetalum Alliaceae 

Amaranihus spp. Amaranthaceae 

Guilleminea densa Amaranthaceae 

Lomatium nevadense Apiaceae 

Spemiolepis echinata Apiaceae 

Bowlesia incana Apiaceae 

Ambrosia confertiflora Asteraceae 

Bidens leptocephala Asteraceae 

Cirsium neome.xicamim Asteraceae 

Conyza canadensis Asteraceae 

Erigeron sp. Asteraceae 

Gnaplialium purpureim Asteraceae 

Heterosperma pinnatum Asteraceae 

HymenotfirLx wislizeni Asteraceae 

Lasthenia chrysotoma Asteraceae 

Macliaeranthera gracilis Asteraceae 

Machaeranthera tanacetifolia Asteraceae 

Malacolhrix stebbensii Asteraceae 

Melampodium strigosum Asteraceae 

Microseris linearifolia Asteraceae 



Cryptantha barbigera Boraginaceae 

Cryptantha niicrantha Boraginaceae 

Heliotropium fruticosum Boraginaceae 

Lithospemium cobrense Boraginaceae 

Pectocarya platycarpa Boraginaceae 

Plagiobothrys arizonica Boraginaceae 

Plagiobothrys tenellus Boraginaceae 

Lesquerella gordoni Brassicaceae 

Schoenocrambe linearifolia Brassicaceae 

Sisymbrium erio Brassicaceae 

Thysanocarpa curvipes Brassicaceae 

Triodanis sp. Campanulaceae 

Cerastium vulgatum Caryophyllaceae 

Stellaria nitens Caryophyllaceae 

Chenopodium sp. Chenopocliaceae 

Salsola kali Chenopodiaceae 

Cuscuta sp. Convolvulaceae 

Evolvulus alcinoides Convolvulaceae 

Ipomoea costellata Convolvulaceae 

Ipomoea spp. Convolvulaceae 

Crassula squarrosa Crassulaceae 

Tragia laciniata Euphorbiaceae 

Acalypha spp. Euphorbiaceae 

Euphorbia dentata Euphorbiaceae 

Euphorbia heterophylla Euphorbiaceae 

Euphorbia spp. Euphorbiaceae 



Jatropha macrorhyza Euphorbiaceae 

Astragalus nothoxys Fabaceae 

Crotolaria pumila Fabaceae 

Desmanthus cooleyi Fabaceae 

Lotus humistratus Fabaceae 

Lotus oroboides Fabaceae 

Lupinus concinnus Fabaceae 

Erodium cicutarium Geraniaceae 

Mama sp. Hydrophyilaceae 

Phacelia arizonica Hydrophyllaceae 

Pliacelia distans Hydrophyilaceae 

Mentzelia albicaulis Loasaceae 

Anoda crisiata Malvaceae 

Rhynchosida physocalyx Malvaceae 

Sida abutiloides Malvaceae 

Sphaeralcea laxa Malvaceae 

Boerhaavia coccinea Nyctaginaceae 

Boerhaavia spp. Nyctaginaceae 

Oenothera primaveris Onagraceae 

Esdischoltzia mexicana Papaveraceae 

Plantago patagonica Plantaginaceae 

Plantago virginica Plantaginaceae 

Eriastnim diffusum Polemoniaceae 

Linanthus aureus Polemoniaceae 

Phlox gracilis Polemoniaceae 

Eriogonum polycladon Polygonaceae 



Talinum aureus 

Androsace occidentalis 

Diodia teres 

Castilleja purpurascens 

Veronica peregrina 

Physalis crassifolia 

Physalis sp. 

Solanum eleagnifoliurn 

Plectritis ciliosa 

Portulacaceae 

Primulaceae 

Rubiaceae 

Scrophulariaceae 

Scrophulariaceae 

Soianuceae 

Solanaceae 

Solanaceae 

Valerianaceae 
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