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Abstract 
 

 The ecology and evolution of a species is often considered only within the context 

of pairwise interactions even though a species’ distribution and abundance may be 

determined by interactions with many species within and between trophic levels. Multiple 

herbivores often share the same host and may interact indirectly by altering the 

relationships between herbivores, their host plants and their parasitoids.  However, the 

relationships between parasitoids and herbivore hosts have typically been studied in 

isolation of other herbivore species. I examined how the outcomes of species interactions 

change when multiple relationships are considered.  

 Chapter 1 examined the potentially conflicting selection pressures Manduca sexta 

exerts on Nicotiana tabacum (tobacco), since M. sexta has pollinating adults but 

herbivorous larvae. I demonstrated that high nectar amino acids do not affect floral 

visitation, but increased oviposition of herbivores on leaves. Thus, the relative costs and 

benefits of nectar rewards may depend on the community of pollinators and their life 

histories.  

In the remaining chapters I examined how feeding on tobacco by the aphid Myzus 

persicae altered the interactions between a parasitoid (Cotesia congregata) and its 

hornworm host (M. sexta). Chapter 2 demonstrated that aphids reduced hornworm 

abundance and parasitism. Changes in hornworm abundance were not due to density-

dependent changes in moth oviposition, but the proportion of caterpillars attacked by 



parasitoids was inversely density dependent with hornworm density. Chapter 3 examined 

whether changes in hornworm abundance and parasitism reflected aphid-induced changes 

in host plant quality or volatile emissions. Aphids increased hornworm mortality, did not 

affect parasitoid performance, and increased parasitoid search time. In combination with 

Chapter 2, results suggest that aphids can mediate parasitoid-caterpillar interactions 

through changes in host plants that reduce hornworm survival and alter parasitoid 

behavior. Chapter 4 addressed how the outcome of interactions that are altered by aphids 

changed with spatial scale, and found no effect spatial scale on hornworm abundance and 

parasitism. In this system, aphids alter parasitoid-caterpillar interactions through changes 

in plant quality that reduce hornworm performance and abundance, and in turn, influence 

parasitoid attack. This work demonstrates that the outcome of multispecies interactions 

may not be predictable from pairwise interactions.  
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Chapter 1: Nectar amino acids attract antagonists 
 
 
 
Abstract 
 
Species interactions can be context-dependent, ranging from beneficial to costly 

depending on the traits of interacting species. Floral traits are thought to evolve in 

response to pollinator selection. However, pollinators such as moths are also antagonists 

as herbivorous larvae, resulting in the potential for conflicting selection pressures. 

Manduca sexta is a nectivorous moth that lays eggs on Nicotiana tabacum. We examined 

how nectar enhanced with arginine, an essential amino acid, affects oviposition, floral 

visitation, and plant reproduction. Arginine-enhanced nectar increased oviposition but did 

not affect floral visitation or plant reproduction. Nectar amino acids may therefore 

increase leaf herbivory without increasing pollination. Results suggest that traits whose 

evolution is considered in the context of pollinator attraction, such as nectar composition, 

may also incur fitness costs by attracting egg-laying moths. Thus, plant-pollinator and 

plant-herbivore interactions are not necessarily independent, and herbivores may 

comprise a novel agent of natural selection on nectar composition.  
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Introduction 

 The outcome of many species interactions can be context-dependent, and range 

from beneficial to costly for each species. For example, cleaner fish can benefit hosts by 

removing parasites but may also feed on host tissue (Poulin and Grutter 1996), legume-

rhizobia interactions benefit the plant when soil nutrients are scarce but are costly when 

soil nutrients are abundant (Ohara 2001), and ant aggression toward lycaenid predators 

can relate directly to the quantity and quality of nutritive rewards offered by the lycaenid 

(Pierce et al. 2002). Thus, the end result of many interactions considered to be 

mutualisms depends on the biotic and abiotic environment, and also may be mediated by 

traits of the interacting species. Understanding how traits determine the outcome of 

interactions between species whose behavior ranges from mutualist to antagonist is 

fundamental to predicting how such traits mediate ecological interactions and ultimately 

evolve in a multispecies context.     

 The evolution of floral traits is generally thought to be due to selection by 

pollinators (Grant 1949; Straw 1956; Mitchell et al. 1998; Dodd et al. 1999). For 

example, pollinators can exert selective pressure on floral morphology, display size, 

color, symmetry, and scent (Johnson and Steiner 2000). Further, pollinators have been 

used to explain the adaptive value of floral nectaries with respect to position in the 

flower, nectary structure, and origin of carbohydrates (Pacini et al. 2003). Pollinator 

preference has also been hypothesized to explain nectar amino acid and protein 

composition (Baker and Baker 1977; 1983a), nectar volume and production (Real and 

Rathcke 1991), and the variability of nectar composition (Lanza et al. 1995). 
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 However, a growing number of studies suggest that floral traits may be under 

conflicting selection pressure to attract pollinators but deter antagonists (e.g., Brody and 

Mitchell 1997; Adler and Bronstein 2004; Cariveau et al. 2004). For example, changes in 

floral shape that deter antagonists can exact costs in pollination (Galen and Cuba 2001). 

Increased floral display (Brody and Mitchell 1997) and nectar volume (Real and Rathcke 

1991) attract both mutalists and antagonists, and defensive compounds in floral structures 

can deter both antagonists and pollinators (Strauss et al. 1999; Adler and Irwin 2005). In 

some cases, a single species of insect can act as both a mutualist and antagonist, such as 

nectar-feeding adults that oviposit herbivorous offspring on their food plant. In this case, 

the selective advantage of floral traits depends on how the trait affects adult insect 

behavior, including floral visitation and oviposition. Ultimately, the selective advantage 

of floral signals and rewards will depend on the relative benefits of increasing pollination 

compared to costs of increasing herbivory or other antagonistic interactions.   

 Most lepidopteran-pollinated flowers have amino acids in their nectar (Baker and 

Baker 1973; 1983). Nectar amino acids are thought to encourage butterfly visitation since 

many species are protein limited (Baker and Baker 1973; 1977) and several studies 

provide support for this hypothesis (Alm et al. 1990; Erhardt 1991; 1992; Ernhardt and 

Rusterholz 1998; Romeis and Waecker 2000). The concentration of amino acids varies 

considerably among and within plant species (Lanza et al.1995; Gardener and Gillman 

2001; 2002) and can be altered by abiotic factors such as soil nutrient availability 

(Gardener and Gillman 2001). In cases where pollinating Lepidoptera also function as 

antagonists at other life-history stages, amino acids may have a negative effect on plant 

fitness if higher nectar quality results in more oviposition of herbivorous larvae.  

 3



 We examined these conflicting selection pressures using Nicotiana tabacum L. 

and Manduca sexta L. Moths consume nectar from tobacco, but also lay eggs that hatch 

into herbivorous larvae. We examined the role of nectar amino acids on oviposition, 

floral visitation, and plant reproduction.  

  

Methods 

Study system 

 Nicotiana tabacum L. (Solanaceae) is a domesticated hybrid tobacco species that 

is grown extensively in Virginia and North Carolina, USA. Due to the close proximity of 

the male and female reproductive structures, this species frequently self fertilizes (Paul et 

al. 1995).  However, the out-crossing rate was 11% in one study (Paul et al. 1995) and 

fruits weigh more in hand-pollinated greenhouse flowers compared to unmanipulated 

flowers (L.S. Adler, unpublished data), suggesting that pollinators increase plant female 

reproduction. Tobacco flowers produce copious amounts of nectar in the field (standing 

crop means + s.e.:  50.5 + 0.97 µl; n = 238; L.S. Adler, unpublished) and are visited by a 

diversity of bees, wasps, butterflies, and moths, although it is uncertain which species 

actually pollinate. Hawkmoths are efficient pollinators in other tobacco systems (Gregory 

1964; Grant 1983; Nilsson et al. 1987; Wilmott and Burquez 1996; Raguso and Willis 

2002) and of other local plant species (Madden and Chamberlain 1945).  

 Manduca sexta L. (Lepidoptera: Sphingidae) is a strong-flying hawkmoth that 

feeds on the nectar of Nicotiana tabacum and other flowering plants species at dusk and 

dawn. Females in the Sphingidae have an Ovigeny Index (an index that describes the egg 

laying state of newly emerged moths that is determined by the number of eggs females 
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have ready to lay divided by the lifetime potential fecundity) of about 0.5 and may 

require additional amino acids as adults to complete oogenesis (Jervis et al. 2005). 

Female moths feed on floral nectar and then oviposit eggs that hatch into herbivorous 

larvae that are specialists of plants in the Solanaceae, including tobacco. Larvae consume 

large amounts of the host plant and can decrease plant fitness of a native congener 

through the removal of photosynthetic material and the induction of costly plant defense 

compounds (Kessler and Baldwin 2004).  

 

Experiment 

Experiments were conducted August-September 2003 in Catawba, Virginia, USA 

in an outdoor arbor screen tent (Wendover, USA, 4.0 m x 3.1 m x 32 m (height)) with 

mesh walls and a steel frame. We determined how nectar amino acids affected moth 

oviposition, floral visitation, and plant female reproduction by manipulating nectar amino 

acid composition of 60 tobacco plants that were divided evenly into two blocks in time.  

In April 2003 stock NC95 tobacco seed was germinated in vermiculite in a 

glasshouse and transplanted 2 weeks later into 6-cell flats containing Pro-Mix BX soil 

(Premier Horticulture Ltd., Red Hill, Pennsylvania, USA). Seedlings were transplanted 

into 3.8 L pots and fertilized three times using Peter’s 20-20-20 (Scotts-Sierra 

Horticulture Products Co., Marysville, Ohio, USA, 14.235 g/3.8 L water). Flowering 

tobacco plants were removed from the glasshouse and maintained in the outdoor arbor 

screen tent. 

Plants in each block were randomly assigned to one of two nectar treatments and 

secured with a wooden stake into a 5 x 6 array. Plants in the first block were manipulated 
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for their entire flowering period and then removed before plants in the second block were 

placed in the tent.    

 We manipulated nectar composition by adding artificial nectar with and without 

the supplemental amino acid arginine (L-Arginine, A-5006, Sigma-Aldrich, St. Louis, 

Missouri, USA) to create ‘high’ and ‘low’ amino acid treatments. We did not remove the 

existing nectar from flowers, so our treatments can be considered an augmentation or 

dilution of natural nectar amino acids. ‘Low’ amino acid treatments received 30 µl/flower 

of a 25 % sugar water solution in a 2:1:1 ratio of sucrose: glucose: fructose. 

Lepidopteron-pollinated species including other Nicotiana typically have this 2:1:1 ratio 

(Baker and Baker 1973; Kaczorowski et al. 2005). Our ‘high’ amino acid treatment used 

the same sugar solution but with a 250 picomole/L supplement of arginine. Arginine is an 

essential amino acid found in the nectar of 90% of butterfly-pollinated plants surveyed by 

Baker and Baker (1973). Arginine concentration was based on the average concentration 

found in nectar of the congener Nicotiana alatae (Kaczorowski et al. 2005). 

 Pupae of M. sexta (North Carolina State Insectary) were sexed and held separately 

in outdoor wire mesh cages until emergence. Individual moths were marked with a paint 

pen (Sharpie, Sanford Corporation, Bellerou, Florida, USA) on the middle of the dorsal 

side of the thorax to indicate sex. Moths were then placed in a screen tent and allowed 24 

hr to mate prior to observations. A total of 20 adult moths (10 male and 10 female for 

each block) were released into the experimental arena. Dead hawkmoths were replaced to 

maintain a constant density until plants stopped flowering. Hawkmoths were observed 

each evening at dusk (~20:00) until resting (~21:30). Nectar was added to all open 

flowers no more than 30 min prior to evening observations. Each day, we counted and 
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removed all M. sexta eggs oviposited on each plant from the previous night. Eggs were 

removed to prevent larval feeding, which alters plant quality (Karban and Baldwin 1997), 

increases alkaloid production in nectar (Adler et al. 2006) and induces volatiles that affect 

moth behavior (De Moraes et al. 2001). The number of leaves and open flowers per plant 

were recorded daily for use as covariates since larger plants with bigger floral displays 

may be more attractive to moths. 

 Moths were observed using a headlamp with a red light (moths cannot detect red 

light since they only have three classes of photoreceptors, green, violet, and UV regions 

and none in the red region; White et al. 1994). We recorded the number of visits (each 

time an insect approached and began feeding on a new plant), probes per plant (each time 

an insect began feeding on a new flower within the same plant), time per probe, and moth 

sex on a tape recorder. Individual moths were followed until they stopped foraging, at 

which time another active moth was followed. Observations continued each evening until 

moths stopped flying. Once all plants stopped flowering, they were removed from the 

screen tent and allowed to mature in an outdoor enclosure without herbivores. Mature 

fruits were removed and individually dried for 72 hr at 32.2° C. We estimated plant 

female reproduction as the number of fruits per plant and weight per fruit to the nearest 

0.1 mg. Plant female reproduction was estimated in this manner because tobacco fruits 

produce thousands of seeds per fruit and this method provides a good estimate of viable 

seeds. 
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Data analysis 

 Individual plants were the experimental unit of replication since moths were not 

tracked individually. The effect of nectar treatment on moth oviposition was analyzed 

using Analysis of Covariance (ANCOVA) with nectar treatment and block as main 

effects and the number of leaves and open flowers as covariates. The effect of nectar 

treatment on floral visitation was analyzed using three Multiple Analyses of Covariance 

(MANCOVAs) due to different sample sizes for response variables. One MANCOVA 

analyzed total male and female visits to plants (including all plants in analysis), a second 

analyzed probes per visit and time per probe for male moths (including only plants visited 

by males), and a third analyzed probes per visit and time per probe for female moths 

(including only plants visited by females). All models used nectar treatment and block as 

main effects and the number of leaves and open flowers as covariates. Moth oviposition 

and the number of visits per plant were summed within plants each night and averaged 

across nights; plants without open treated flowers were removed from all analyses on a 

per-evening basis. Total probes per visit and time spent probing were averaged within 

plants each evening and then averaged across nights. All numerical data were log (x + 1) 

transformed and all proportional data were arcsin (sqrt(x)) transformed to achieve 

normality. The effect of nectar treatment on plant female reproduction (measured as 

average fruit weight and total number of fruits produced) was analyzed using 

MANCOVA with nectar treatment and block as main effects and the number of leaves 

and number of open flowers as covariates. All analyses were conducted using SAS 

version 9.1. 
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Results 

Higher nectar amino acids increased oviposition. Female hawkmoths allocated 

significantly more eggs to tobacco plants in the high nectar amino acid treatment than the 

low nectar amino acid treatment (F 1, 40 = 5.22, P = 0.03, Fig 1). Number of leaves and 

open flowers did not affect oviposition (F 1, 40 < 1.15, P > 0.29 for both). The main effect 

of block was not significant (F1, 40 = 3.63, P = 0.06), nor was the interaction between 

treatment and covariates (F1, 40 < 2.85, P > 0.09 for both).  

Nectar quality did not affect floral visitation. Nectar quality did not affect the total 

number of male and female visits (MANCOVA, treatment effect: Wilk’s λ = 0.90, F2, 30 = 

1.74, P = 0.19), the number of male probes per visit or male time spent probing 

(MANCOVA, treatment effect: Wilk’s λ = 0.86, F2, 19  = 1.54, P = 0.24), or the number of 

female probes per visit or female time spent probing (MANCOVA, treatment effect: 

Wilk’s λ = 0.90, F2, 26 = 1.47, P = 0.25).    

Nectar quality did not affect the number of fruits or average fruit weight 

(MANCOVA, treatment effect: Wilk’s λ = 0.99, F 2, 45 = 0.13, P = 0.88).  

 

Discussion 

 Our results show that floral nectar traits may play an important role in the egg-

laying decisions of nectar-feeding moths. Female moths allocated significantly more eggs  

to tobacco plants with high compared to low nectar amino acids (Fig. 1), demonstrating 

that nectar quality in addition to host plant quality (Jaenike 1978; Mayhew 1997) can 

alter egg-laying decisions by leaf herbivores when adults are nectar feeders. One other 

study has tested the hypothesis that floral nectar traits can impact moth oviposition, and 
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showed that increased nectar volume in Datura stramonium flowers increased leaf 

oviposition by Manduca sexta (Adler and Bronstein 2004). These experiments support 

previous observations that plants growing close to floral nectar sources of different plant 

species are more likely oviposition sites for lepidopterans (Murphy et al. 1984). Here, we 

show that nectar quality impacts oviposition choices, linking behavior of floral visitors 

and leaf herbivores.  

 In this study, hawkmoth floral visitation and plant reproduction did not differ 

between plants with high and low nectar amino acids, indicating that amino acids did not 

increase pollination by this species. The lack of discrimination for high amino acid nectar 

in female feeding preferences has also been found in other lepidopteron species, e.g. 

Battus philenor and Ornithoptera priamus poseidon (Erhardt 1991; 1992), suggesting 

that plants with amino acids in their nectar may not gain pollinator services from all 

visiting species. Although the costs of herbivory were not quantified since eggs were 

removed prior to hatching, moths’ allocating more offspring to plants with high nectar 

amino acids is likely to result in greater leaf herbivory and thus reduce plant fitness. One 

Manduca larva can defoliate its host by the time it pupates (McFadden 1968). Further, 

loss of leaf area and induction of metabolically costly plant defense compounds in 

response to herbivory can translate into a direct loss of resources and thus plant fitness 

(Karban and Baldwin 1997; Agrawal et al. 1999; Kessler and Baldwin 2004). It is 

important to note that the results of this experiment may have been different if larvae 

were allowed to hatch and feed, thereby inducing defenses in leaves and nectar that could 

affect subsequent oviposition decisions (Adler et al. 2006; Sharp et al. in review).  
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 The relative costs and benefits of nectar amino acids for a particular plant species 

may depend on the community of pollinating insects and on the relative importance of 

pollination and herbivory for that species. Amino acids may increase pollinator services 

(Rusterholz and Erhardt 2000) and preference (Alm et al. 1990; Erhardt and Rusterholz 

1998) in some species, but may not affect others. Some pollinators may prefer amino 

acids but not lay eggs. However, if moths also lay more eggs on plants with high amino 

acids in nectar, and if herbivory has a big selective impact, then nectar amino acids may 

be costly. 

 These results suggest that nectar quality may function as an ovipositional cue to 

nectar-feeding moths about host plant suitability for their offspring. More eggs were 

allocated to plants with high nectar amino acids. However, this was not due to increased 

floral visitation to plants with higher amino acids since nectar quality did not affect floral 

visitation of female moths. Essential amino acids cannot be synthesized by insects 

(O’Brien et al. 2002) and several species of butterflies and moths, including the sphingid 

Amphion floridensis, derive essential amino acids entirely from the larval diet (O’Brien et 

al. 2002; 2005). Offspring performance may be enhanced by adult moth preference for 

plants with high nectar amino acids, if there is a correlation between nectar and leaf 

amino acid content. In this case, females that allocate offspring to plants with high nectar 

amino acids could increase the likelihood that their offspring will feed on high protein 

diets. 

 This study demonstrates the potential costs of high quality nectar in one system, 

but there are many other systems where similar costs may exist. Other systems where 

pollinators also serve as herbivores include several Sphingids (reviewed in Adler and 
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Bronstein 2004), Pierids (Pieris rapae, Conner et al. 1995), and generalists in the 

Noctuidae (Heliothis virescens and Helicoverpa armigera, Cunningham et al. 1998; De 

Moraes et al. 2001). Furthermore, high nectar amino acids have the potential to attract 

floral antagonists that may not pollinate, such as some nectar robbers, florivores, and/or 

fungal pathogens. More studies are needed to test the generality of these results in other 

systems. 

 In conclusion, floral rewards that attract pollinators may also increase leaf 

herbivory. Nectar amino acids increased moth oviposition without increasing floral 

visitation by female or male hawkmoths. Therefore, the ultimate benefits and costs of 

nectar amino acids for plant reproduction may depend on the community of pollinators 

and the relative importance of pollination and herbivory in the system. Nectar amino 

acids can incur plant fitness costs by attracting egg-laying moths, suggesting that 

herbivores may also act as a selective agent on nectar traits. Thus, plant-pollinator and 

plant-herbivore interactions are not necessarily independent, and herbivores may 

represent a novel agent of natural selection on nectar traits.  
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Figure 1. Nectar amino acids increased moth oviposition on tobacco. Bars represent 

mean ± standard error.  
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Chapter 2: The effect of aphids in parasitoid-herbivore interactions 

 

Abstract 

A single plant can support many herbivores and natural enemies of herbivores that 

interact as a complex system. However, tritrophic interactions are often studied with 

consideration of only a single species at each trophic level. This research investigated 

how a second herbivore species on a shared host plant affected the dynamics of a 

parasitoid-herbivore interaction. I manipulated aphid presence on tobacco plants in the 

field and demonstrated that aphids reduced hornworm abundance, the incidence of 

parasitism of hornworms, and parasitoid preference/performance (total eggs produced, 

proportion of successful larvae, and proportion of females produced). Several 

mechanisms that could explain these results were examined in a subsequent field season. 

Aphid presence and caterpillar density (egg and larval) were manipulated using diet-fed 

hornworms to determine if effects of aphids on hornworm populations and parasitoid 

behavior persisted when hornworm density and quality were controlled. Moth oviposition 

and caterpillar predation were not affected by aphids or egg and larval density. The 

proportion of caterpillars attacked by parasitoids was not affected by aphids, but was 

inversely-density dependent with the number of hornworm larvae on the plant. This result 

seemingly contradicts that of the previous year, when parasitism was lowest on aphid-

infested plants that had lower hornworm abundance. An alternative explanation to the 

density dependent hypothesis for the reduced parasitism on hornworms on aphid-

damaged plants in the previous experiment is that aphid-damaged host plants are of 

poorer quality than undamaged plants and therefore hornworms feeding on these plants 
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may also be of poorer host quality. Plant quality was controlled in the density study since 

hornworms were reared in the lab and fed on plant material for only 2 days, so hornworm 

quality was unlikely to differ as a result of aphid damage. When hornworms were reared 

on synthetic diet there was no effect of aphids on parasitism rates, suggesting that plant-

mediated volatile release due to aphid damage does not affect parasitoid choice. Taken 

together, my results suggest that reduced hornworm abundance and parasitism on plants 

with aphids may be due to changes in host plant quality that could increase hornworm 

mortality and reduce parasitoid preference or performance. Thus, aphids may play an 

important role in structuring arthropod communities through indirect interactions on other 

herbivores via changes in host plant quality.
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Introduction 

 Although the distribution and abundance of individual species may be determined 

by a web of interactions, the ecology and evolution of focal species is often considered 

only within the context of pair-wise interactions (Bjornstad et al. 2001). Indirect 

interactions, interactions between two species that are modified by a third (Wootton 

1994), play a critical role in structuring arthropod and plant communities (Juenger and 

Bergelson 1998; van Zandt and Agrawal 2004; Hatcher et al. 2006; and van Veen et al. 

2006). In tritrophic systems, indirect interactions are usually examined among single host 

plants with a focal herbivore and its natural enemy. However, plants are generally 

attacked by several herbivores from different feeding guilds that have numerous 

predators and parasitoids. 

 Multiple herbivore species feeding on a shared host plant can cause chemical and 

morphological changes in the plant that are specific to the herbivore guild. For example, 

phloem-feeding insects can elicit different plant defense responses than chewing insects 

(Broderick et al. 1997; Bronner et al. 1991; Mayer et al. 1996; van der Westhuizen et al. 

1998 a; 1998 b; Walling 2000; Kessler and Baldwin 2002). Further, the effects of 

herbivore feeding depend on the community. For example, plant defenses induced in wild 

radish by one lepidopteran herbivore can have a positive, negative, or no effect on 

subsequent lepidopteran herbivores (Agrawal 1999; Agrawal 2000), damage by weevils 

to milkweed reduced the growth of monarch butterflies (Van Zandt and Agrawal 2004), 

weevil damage on evening primrose reduced growth and increased mortality of the beet 

armyworm (McGuire and Johnson 2006), and prior flea beetle damage on horsenettle 

increased larval development time and reduced oviposition by potato beetles (Wise and 
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Weinburg 2002). Herbivore damage may also induce resistance to herbivores from 

different feeding guilds. Corn earworm damage increased the resistance of tomato plants 

to aphids, mites, and other noctuid moth species (Stout et al. 1998; Bostock et al. 2001; 

Heil and Bostock 2002). These studies indicate that multiple herbivore species may 

induce changes in the host plant that can affect subsequent herbivores.  

 Parasitoid preference and performance can also be affected by plant defense 

compounds present in host herbivores (see review by Ode 2006). Larvae of Cotesia 

congregata Say suffered an increase in mortality when the secondary compound nicotine 

was added into a synthetic diet of its host, the tobacco hornworm. (Barbosa et al. 1991; 

Barbosa et al. 1986; Thurston and Fox 1972). Further, a field study demonstrated that C. 

congregata mortality increased when developing in hosts that fed on tobacco that was 

high in nicotine concentration (Thorpe and Barbosa 1986). Developing parasitoids 

(Hyposoter exiguae) in the corn earworm also suffer reduced eclosion rates, size, and 

longevity when host diet included the alkaloid tomatine (Campbell and Duffey 1979; 

1981). The specialist parasitoid Cotesia melitaearum Wilkinson attacks larvae of the 

checkerspot butterfly that feeds on plants in the family Plantaginaceae that vary in the 

two iridoid glycosides catalpol and aucubin. In the field, caterpillars feeding on plants 

with high levels of iridoid glycosides were less likely to be parasitized, providing indirect 

evidence that parasitoids avoid or perform poorly when exposed to increased levels of 

secondary compounds (Nieminen et al. 2003). Further, differences in plant chemistry 

between plants that have been induced versus those that have not been induced have been 

found. For example, induction of tomato decreased the performance of Hyposoter 

exiguae, an endoparasitoid of the beet armyworm. Induction of tomato also increased 
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volatile production by plants, and thus parasitoid attractiveness, leading to a 2 – fold 

increase in parasitism in the field (Thaler 1999; 2002). Reductions in host quality due to 

plant chemistry can decrease parasitoid performance by retarding larval development and 

decreasing survival.  

 Sucking insects such as aphids and chewing insects such as caterpillars differ in 

how they affect plants, and these effects may impact natural enemies, such as parasitoids 

and predators. For example, some phloem-feeding herbivores induce the release of plant 

volatiles (Guerri et al. 1993; Micha and Wyss 1995; Du et al. 1996; Turlings et al. 1998) 

that differ from blends released in response to chewing herbivores (Rodriguez-Saona et 

al. 2002). Phloem-feeding herbivores such as aphids cause relatively little damage, and 

induce the pathogen-defense response that primarily defends against bacterial and fungal 

pathogens. The pathogen-defense response produces proteins, enhances the synthesis of 

secondary compounds, and produces protease inhibitors (Kombrink and Somssich 1995; 

Reymond and Farmer 1998). Chewing herbivores that cause more extensive cell damage 

activate the wound-signaling pathways, which are a part of the induced response of the 

plant that initiates the production of secondary compounds and wound response proteins 

(Bostock and Stermer 1989; Walling 2000). Thus, volatile emissions and plant defense 

compounds may differ depending on the herbivore community that feeds on the host 

plant, and altered plant chemistry may affect the attraction of natural enemies and 

predators.  

 Despite the differential effects of herbivore species on host plant quality and 

volatile emissions, little is known regarding how a second herbivore species affects 

tritrophic interactions between host plants, their herbivores, and parasitoids. Secondary 
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herbivore species may impact focal herbivores through the induction of the shared host 

plant, and affect parasitoids through changes in host plant quality and/or volatile 

emissions. The effects of multiple herbivores on higher trophic levels have been 

examined in two systems (Kessler and Baldwin 2001; 2004; Rodriguez-Saona et al. 

2005). In the first, wild tobacco produced volatiles when damaged by a mirid plant bug. 

These volatiles attracted generalist predators that attacked tobacco hornworm eggs 

(Kessler and Baldwin 2004), demonstrating that higher order interactions can be altered 

when multiple herbivores are present. The second study examined the effect of a phloem-

feeding herbivore, the potato aphid, on the preference and performance of the beet 

armyworm and its parasitoid Cotesia marginiventris on tomato. Performance of C. 

marginventris was not affected by aphid feeding, but parasitoids were more attracted to 

plants that were damaged by both aphids and caterpillars in comparison to controls 

(Rodriguez-Sanona et al. 2005). Thus, there is significant evidence that sucking insects 

impact higher order interactions and therefore impact community structure.    

 Secondary herbivores could also impact tritrophic interactions simply by altering 

the density of the focal herbivore if parasitism or predation is density-dependent. There 

are several mechanisms by which secondary herbivores could influence the density of a 

focal herbivore. Secondary herbivores may affect adult insect preference, where females 

prefer to oviposit on plants that are not infested with a secondary herbivore (Wise and 

Weinberg 2002). Or, secondary herbivores may also alter host plant chemistry and impact 

focal herbivore survival and performance (Kessler and Baldwin 2004). The density of 

interacting species has been shown to change the intensity and outcome of parasitoid- 

herbivore interactions (Lessells 1985; Walde and Murdoch 1988; Bretton and Addicott 
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1992; Bretton and Addicott 1992; Dubbert et al. 1998; Rotem and Agrawal 2003). Thus, 

the presence of secondary herbivores may influence the density of focal herbivores, and 

in turn may affect density-dependent rates of predation and/or parasitism on the focal 

herbivore. 

 The purpose of this study was to examine how a second herbivore on a shared 

host plant affects the dynamics of a plant-herbivore-parasitoid system. The green peach 

aphid (Myzus persicae) and the tobacco hornworm (Manduca sexta) are herbivores that 

feed on domestic tobacco (Nicotiana tabacum). The specialist parasitoid, Cotesia 

congregata, attacks larvae of M. sexta. This study began by first asking: 1) Do aphids 

affect the occurrence of hornworms and parasitoids? If so, there are several mechanisms 

by which this could occur. Aphids can affect hornworm abundance by affecting moth 

oviposition or predation rates, and parasitism through changes in parasitoid attraction and 

oviposition decisions. Such changes in parasitoid behavior may be explained by altered 

hornworm or host plant quality, or solely by hornworm density. To separate the effects of 

aphids and hornworm density on both moth and parasitoid behavior in this system, two 

additional questions were addressed:  2) Do Manduca density and presence of aphids 

affect moth oviposition? and 3) Do larval density and presence of aphids affect 

hornworm predation and parasitism? 
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Methods 

Study system 

Host Plant: Nicotiana tabacum L. (Solanaceae, NC95 line, ‘tobacco’ hereafter) is a 

cultivated annual species that supports a wide range of insects. One of the most damaging 

herbivores is the tobacco hornworm whose feeding severely impacts fitness in domestic 

tobacco (McFadden 1968) and wild congeners (Heil and Baldwin 2002; Kessler and 

Baldwin 2004). Tobacco plants respond to herbivore attack by producing an array of 

secondary compounds including alkaloids, and then transporting these compounds to leaf 

tissues (Detzel and Wink 1993; Adler et al. 2006). For example, nicotine is an alkaloid 

that accounts for 95 % of the alkaloids in N. tabacum (Sisson and Severson 1990). 

Tobacco plants also produce sesquiterpenoid phytoalexins (Wibberley et al. 1994) and 

acidic and basic forms of pathogenesis related proteins (Vidal et al. 1997) that may 

negatively affect herbivore performance.  

Focal herbivore: Manduca sexta L. (Lepidoptera: Sphingidae; hereafter ‘hornworm’ or 

‘moth’ as the larval and adult forms respectively), the tobacco hornworm, ranges from 

southern Canada to southern Brazil. Larvae feed on Solanaceous species, and tobacco is a 

preferred host plant (Madden and Chamberlin 1945). A single hornworm can defoliate a 

tobacco plant in less than 2 weeks (McFadden 1968). Hornworms have a relatively high 

tolerance to nicotine (Hansberry and Midalekauff 1940; Negherbon 1959; Morris 1983; 

1984; Glendinning, 2002). Hornworms are attacked by a number of natural enemies 

including parasitic and predaceous wasps, spiders, birds, and hemipterans such as 

Geocoris spp. (McFadden 1968).  
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Secondary herbivore: Myzus persicae Sulzer (Homoptera: Aphidiidae; ‘aphid’ 

hereafter), the green peach or tobacco aphid, feeds on tobacco phloem. Aphid infestation 

can cause curling or wilting of host plants and vector plant disease (Borror et al. 1989). 

Nymphs secrete honeydew while feeding and are parasitized by braconid and chalcidoid 

wasps. Important predators include ladybird beetles, lacewings, and larvae of syrphid 

flies.  

Parasitoid: Cotesia congregata Say (Hymenoptera: Braconidae; ‘parasitoid’ hereafter) is 

a gregarious endoparasitoid of the tobacco hornworm and other sphingid larvae (Kester 

and Barbosa 1991). Female parasitoids attack 3rd-instar hornworms. Cotesia congregata 

exhibits haplo-diploid reproduction; eggs fertilized with stored sperm produce diploid 

females and unfertilized eggs produce haploid males. Female parasitoids can directly 

manipulate both the number and sex of offspring (Kester and Barbosa 1991; Lentz and 

Kester in review). Females mate only once and are sperm limited (Freeman and Kester 

unpublished).   

 

Experiment 1: Do aphids affect the occurrence of hornworms and parasitoids?   

 The impact of aphids on hornworm abundance and parasitism was examined in a 

field study in June 2003. One hundred tobacco seedlings were randomly assigned to one 

of two treatment groups, plants with or without aphids (n=50; n= per treatment here and 

throughout). Plants with aphids were inoculated using wild aphid populations in 

Montgomery County, VA. Plants without aphids were not inoculated, and naturally 

established aphids were removed bi-weekly using packaging tape (Scotch, tear by hand, 

USA). To control for the effects of tape residue, plants with aphids were also taped, 
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although to a much lesser extent. The numbers of parasitized and unparasitized 

hornworms were recorded weekly at the peak of the season, August 15 - Sept.12. 

Parasitized hornworms were collected and held individually until parasitoid larvae 

egressed and pupated. The average number of hornworms was estimated by censusing 

plants weekly for hornworms and averaging weekly censuses for the season. Parasitism 

was infrequent and was assessed as yes / no over the entire season for each plant (‘yes’ if 

any parasitized hornworms were found on the plant). Parasitoid cohorts were assessed as 

the total number of eggs oviposited (assessed as the number of larvae that emerged and 

spun cocoons plus the number of larvae that died without emerging, determined by 

dissection), proportion of successful offspring (the number of larvae that spun cocoons 

divided by the total number of eggs), proportion of unsuccessful offspring (the number of 

larvae that did not emerge divided by the total number of eggs), and proportion of 

females per brood (sex ratio, the total number of females divided by the total number of 

wasps per brood). The values were averaged among weeks to create one value per plant 

for the season.  

 

Data Analysis 

 Hornworm abundance was analyzed using 1-way ANOVA (SAS, 9.0, PROC 

GLM) and transformed with square root (x + 0.5) to meet parametric assumptions. 

Parasitism was analyzed with a chi-square test. Total eggs, proportion of successful 

offspring, proportion of unsuccessful offspring, and sex ratio were analyzed using one-

way MANOVA. Sex ratio was transformed using arcsin square root and total eggs was 
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transformed using square root (x + 0.5) to meet parametric assumptions. A significant 

MANOVA was followed with univariate ANOVAs for each response.    

  

Experiment 2: Do Manduca density and presence of aphids affect moth oviposition?  

 Changes in hornworm abundance due to aphids could result from changes in host 

plant quality that cause hornworm mortality or alter adult oviposition decisions. 

Alternatively, changes in hornworm abundance could reflect density-dependent 

processes, since female moths may choose to allocate eggs to plants with conspecifics or 

avoid them (Figure 1). The purpose of these experiments was to examine how aphids and 

Manduca density affect moth oviposition. Two experiments were conducted, one in 

which egg density and aphids were manipulated (Part A) and a second in which 

hornworm density and aphids were manipulated (Part B).  

Part A: One hundred fifty tobacco seedlings were germinated in April 2005 in 

vermiculite in a glasshouse and transplanted 2 weeks later into 6-cell flats containing Pro-

Mix BX soil (Premier Horticulture Ltd., Red Hill, Pennsylvania, USA). On June 1 

seedlings were transplanted into a 32 m x 40 m field plot at Kentland Farm, Montgomery 

County, Virginia, USA. Seedlings were planted in a 14 x 11 array with 2.5 m between 

plants in all directions. Seedlings were fertilized June 15 with Weaver Plant Food 10-10-

10 (Winston Weaver Co. Inc., Winston-Salem, North Carolina, 27109, USA). Plants were 

randomly assigned to aphid (presence/absence) and egg density (0-7 eggs) treatments (16 

treatment combinations, n = 9 per treatment). Aphids treatments were maintained as 

described previously. Egg density was manipulated by gluing caterpillar eggs (North 

Carolina State University Insectary) with Elmer’s School Glue (Borden®, Elmer’s 
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Products Inc., Columbus, Ohio, 43219, USA) onto randomly chosen leaves in the middle 

third of each plant. No more than 3 eggs were glued per tobacco leaf, using the underside 

of the leaf’s outer edge. Egg number and position was based on previous observations of 

moth oviposition behavior at this site. Eggs were tracked by numbering the area on the 

plant leaf closest to the egg with a ball point pen. Treatment effects of glue and pen 

marks were controlled for by placing 7 glue spots on every plant and numbering each 

with a pen; only the addition of eggs differed. For two weeks, tobacco plants were 

censused daily for new caterpillar eggs; wild eggs were removed daily to maintain egg 

density treatments and counted to assess oviposition preference. Missing treatment eggs 

were attributed to predation and replaced. Eggs close to hatching (color change from 

green to yellow) were also replaced. The number of leaves per plant was recorded daily 

and averaged within plant for use as a covariate since larger plants may be more 

attractive to moths. 

Part B: Aphid treatments were maintained and one month later, a second experiment was 

conducted using the same plants, in which larval density and aphids were manipulated to 

determine the effects on moth oviposition decisions. Larval density may affect moth 

oviposition differently than egg density since larval damage can induce changes in the 

host plant such as the production of volatiles and secondary plant compounds (Baldwin 

1988). Larval density was manipulated using the same treatment levels as egg density. 

Third-instar hornworms were purchased from the North Carolina Insectary and reared on 

a synthetic-casein based diet (tobacco hornworm diet F9783B, Bioserv, Inc. Frenchtown, 

NJ, USA) until they were transferred to field tobacco plants. Hornworms were placed on 

the underside of tobacco leaves in the middle third portion of the tobacco plant and 
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allowed to move freely. Hornworm densities were maintained each day during the 48 hr 

of exposure. Missing larvae were replaced and all losses were recorded as predation 

occurrences. Tobacco plants were censused daily for moth oviposition. All wild eggs 

were removed and counted to assess moth oviposition. Moth oviposition was assessed for 

only two days in this experiment, unlike Part A where oviposition was assessed for 2 

weeks, because hornworms are most susceptible to parasitoid attack as 3rd instars and 

leaving hornworms out for longer periods of time would greatly increase loss due to 

predation.  

 

Data Analysis 

 Newly laid eggs were summed over each plant and analyzed using separate 2-way 

ANCOVAs (SAS v. 9.0) for Part A and Part B. Aphid presence and Manduca density 

were the main effects, and were treated as categorical variables. The aphid x density 

interaction and average number of leaves (covariate) were used in both models. The 

interactions between the covariate and the main effects were not significant in either 

model and were removed.  

 

 Experiment 3: Do larval density and presence of aphids affect hornworm predation 

and parasitism? 

  This experiment tested the effect of larval density and aphid presence/absence on 

hornworm parasitism and predation rates (Figure 1). Hornworms from Experiment 2 Part 

B were collected from field tobacco plants (with or without aphids) after the 48 hr 

exposure to parasitoids and predators in the field. Manduca sexta is most sensitive to 
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attack by C. congregata in the 3rd instar and it takes several days to molt to the next instar 

(Barbosa et al. 1991), therefore exposure time to parasitoids was optimized in this 

experiment since larvae of M. sexta were in the field during the critical stage for 

parasitoid attack. The effects of host plant quality on hornworms, and resulting changes 

in parasitoid host preference, were minimized since caterpillars were fed the same diet 

throughout development with the exception of the time spent out in the field. However, 

preference due to host plant traits, such as volatile emissions, may vary with hornworm 

density and affect parasitism rates. Therefore, this experiment removes the effect of 

caterpillar quality on parasitoid preference since all hosts were of equal quality, and tests 

only parasitoid preference for changes in host plant quality due to aphid attack. After 

collection, hornworms were reared individually on lab diet until parasitoid larvae 

egressed or the hornworm pupated. Individual parasitoid cohorts were assessed as 

described in Experiment 1, to determine the total number of eggs, proportion of 

successful larvae, proportion of unsuccessful larvae, and sex ratio and averaged for each 

plant. Missing hornworms were considered predated since 3rd -instar hornworms are 

unlikely to leave host plants (Van Dam et al. 2001), and predatory wasps and birds have 

been observed feeding on hornworms (AJL personal observations). The proportion of 

hornworms that were predated was determined by dividing the number of hornworms 

predated by the total number of hornworms put on the plant. 

 The impact of aphids on plant reproduction was also assessed. Aphid treatments 

were maintained until 90% of the tobacco fruits were mature. Tobacco inflorescences 

were cut from the plant and placed in individual paper bags. Mature fruits were removed 
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by clipping from the base of the inflorescence. Female plant reproduction was assessed as 

the total number of fruits produced per plant.  

 

Data Analysis  

  The main effects of aphid presence, hornworm density, and their interactions 

were examined using MANCOVA with the number of leaves per plant as a covariate, to 

determine the effects on the proportion of caterpillars that were predated, parasitized, or 

survived to pupation. Density was treated as a categorical variable. The interaction 

between the covariate and the main effects were not significant in either model and were 

removed. A separate MANOVA with a similar model (the same with the exception of the 

leaf covariate) was used to determine effects on total number of eggs, proportion 

successful, and the proportion of females in parasitoid cohorts. A significant MANOVA 

was followed with univariate ANOVAs. 

 The effect of aphid presence and hornworm density and their interactions on 

female plant reproduction (number of fruits) were analyzed using 2-way ANCOVA with 

the number of leaves as a covariate. Female plant reproduction was not incorporated into 

the MANCOVA model above due to different sample sizes for the response variables. 

The interactions between the covariate and the main effects were not significant in both 

models and were removed.  
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Results 

Experiment 1: Do aphids affect the occurrence of hornworms and parasitoids?   

 Aphid presence reduced the number of hornworms (F 1, 92 = 7.02, p = 0.01, Fig. 

2a) and the probability that a hornworm was parasitized on a given plant (χ2  
1 = 8.53, p = 

0.004, Fig. 2b). Aphids also reduced parasitoid preference and performance (MANOVA, 

treatment effect: Wilk’s λ = 0.82 F 3, 64 = 4.68; p = 0.005); there were significantly more 

eggs allocated to hosts feeding on plants without aphids (ANOVA: total eggs, treatment: 

F 1, 66 = 5.14, p = 0.03, Fig. 2c) and a greater proportion of larvae survived on plants 

without aphids (ANOVA: proportion successful, treatment: F 1, 66 = 5.04, p = 0.03). 

Lastly, there were significantly higher proportions of females produced from hornworms 

on plants without aphids compared to plants with aphids (ANOVA: sex ratio, treatment: 

F 1, 66 = 7.67, p = 0.007, Fig. 2d).   

 

Experiment 2: Do Manduca density and presence of aphids affect moth oviposition?   

 The main and interactive effects of Manduca density and aphid presence did not 

affect moth oviposition in either experiment (F < 2.5, P > 0.12 for all terms). The number 

of leaves had a positive significant effect on moth oviposition in both experiments (egg 

density: ANCOVA, F 1, 130 = 5.35, p = 0.02; larval density: ANCOVA, F 1, 133 = 8.34, p = 

0.005).  

  

Experiment 3: Do larval density and presence of aphids affect hornworm predation 

and parasitism? 
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 Larval density had a significant effect on hornworm fate (MANCOVA, larval 

density: Wilk’s λ = 0.71, p < 0.0001). This result was driven by parasitism, not predation 

or pupation (ANCOVA, larval density: F 6, 109 = 1.78, p = 0.11; F 6, 109 = 1.63, p = 0.15, 

respectively). The proportion of hornworm larvae that were parasitized was inversely 

related to the number of hornworm larvae, with generally higher parasitism rates at lower 

hornworm densities (ANCOVA, F 6, 109 = 3.67, p = 0.002, Fig. 3). Aphid presence alone 

did not affect parasitism, predation, or pupation (MANCOVA, aphid presence: F 3, 109 = 

0.44, p = 0.72). However, the interaction between larval density and aphid presence had a 

significant effect on pupation (MANCOVA, aphid presence x larval density: Wilk’s λ = 

0.72, F 18, 109 = 2.10, p = 0.006; pupation: ANCOVA, F 6, 109 = 2.85, p = 0.01, Fig. 4) but 

not on parasitism or predation (ANOVA, F6, 109 < 1.82, P > 0.10 for both). Tobacco plants 

with aphids and 1 larvae had a significantly higher proportion of larvae that pupated than 

all other treatment groups (P < 0.03); further, tobacco plants with aphids and 3 larvae had 

a significantly lower number of larvae that pupated than tobacco plants with aphids and 2 

larvae and tobacco plants without aphids and 2 or 3 larvae (P < 0.03). There was no effect 

of aphid presence, hornworm density or their interactions on parasitoid performance, 

measured as total number of eggs, proportion successful larvae, proportion of 

unsuccessful larvae, and sex ratio (MANOVA, aphid: Wilk’s λ = 0.97, F 3, 66 = 0.59, p = 

0.63; larval density: Wilk’s λ = 0.70, F 21, 66 = 1.54, p = 0.30; aphid presence x larval 

density interaction: Wilk’s λ = 0.85, F 15, 66 = 0.73, p = 0.75;).  

 Aphids reduced plant reproduction (F1, 125 = 5.16, p = 0.02; aphids: 459 ± 19.6 

fruits; no aphids: 518 ± 18.09 fruits) (Fig.5). Total fruits per plant was not affected by 

larval density (F 7, 125 = 0.46, p = 0.86) or the interaction between aphid presence and 
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larval density (F 7, 125 = 0.41, p = 0.90). This is to be expected, since larvae were only on 

plants for two days and caused little damage. In addition, plants with more leaves 

produced more fruits (ANCOVA, F 1, 125 = 28.76, p < 0.0001). 

 

Discussion 

 Tritrophic interactions between plants, herbivores and natural enemies have 

traditionally been examined using only a single species at each trophic level. However, in 

nature these interactions occur in the presence of other species. Host plants support rich 

faunas of herbivores and their natural enemies (Gullan and Cranston 1994) and interact as 

a complex system. In this study, the presence of a phloem-feeding aphid affected 

parasitoid-caterpillar interactions by reducing the abundance of hornworms, incidence of 

parasitism, and parasitoid performance (the number of larvae that survived to adulthood 

and the proportion of females produced; Exp. 1). 

 The reduction of hornworm abundance on plants with aphids was not explained 

by moth oviposition preferences related to aphid presence or Manduca density (egg or 

larval; Exp. 2). Moth oviposition increased with the number of leaves, which may reflect 

choices for greater food resources or for protection since in some systems, larger plants 

reduce the searching efficiency of natural enemies (Tabone et al. 2006). Predation also 

failed to explain the decrease in hornworm abundance on plants with aphids (Exp.3).    

 Although not addressed in this study, one possible mechanism that may explain 

reduced hornworm abundance could be the effect of aphids on host plant quality. Aphids 

induce the production of protease inhibitors in tomato (Rodriguez-Saona et al. 2002), 

vector disease in tobacco (Kanavaki et al. 2006; Srinivasan et al. 2006), and encourage 
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the growth of sooty mold (Capnodium spp.) in many plant species, including tobacco 

(Drees 1998). All of these changes may have a negative effect on host plant quality and 

reduce caterpillar performance. Laboratory experiments in this system suggest that 

tobacco aphids reduce host plant quality. Hornworms had higher mortality when fed diet 

mixed with tobacco leaves from plants with aphids compared to leaves from plants 

without aphids (n = 40, χ2 = 7.67, p = 0.0056, AJ Lentz, in preparation). Further, it is 

unlikely that larvae feeding on plants with aphids will leave to find a more suitable host 

plant. Larvae of M. sexta rarely leave the host plant as young instars since the cost of 

leaving (van Dam et al. 2001) and predation risks (Bernays 1997) are greater than the 

cost of consuming a poor quality host plant. This is also the case with the congener M. 

quinquemaculata, where oviposition site determines food choice (Kessler and Baldwin 

2002). Therefore, aphids could negatively impact hornworm populations since young 

hornworms will consume a poor quality host plant rather than leave.   

 This study also demonstrated how another herbivore species can impact the third 

trophic level. Aphids decreased parasitism on hornworms sharing the same host plant 

(Exp.1). One mechanism that might explain these results is density-dependence. 

Parasitism was greatest on plants with 2 - 3 hornworms and lower on plants with greater 

numbers of hornworms (Exp. 3; Fig. 3). This result suggests that parasitoids forage in an 

inversely density-dependent manner. Mechanisms that explain inverse density-

dependence in parasitoids include a foraging strategy that spreads eggs among patches as 

an adaptation to account for an unpredictable environment (Hamilton and May 1977, 

Kuno 1981, Levin et al. 1984, Cronin and Strong 1993, Mackauer and Volkl 1993, and 

Hochberg and Ives 2000), avoidance of self-superparasitism (Rosenheim and Mangel 
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1994), and decelerating functional responses due to handling time or group defenses 

(Hunter 2000).  

 However, aphids reduced hornworm abundance and parasitism in Experiment 1, 

but Experiment 3 showed that parasitism is highest when hornworms are least abundant. 

If parasitoids operated solely in an inversely-density dependent manner then in 

Experiment 1, parasitism would have been greater on plants with aphids since hornworm 

abundance was lowest on these plants. Instead, results of Experiment 1 suggest that host 

quality may be a greater factor in determining parasitoid attack than density dependence 

alone. In Experiment 1, hornworms fed on aphid-damaged plants and may be of poorer 

quality than those feeding on undamaged plants, which may have increased hornworm 

mortality and decreased parasitoid attack rates. In Experiment 3, hornworms were from 

the lab and fed on plant material for only 2 days, so hornworm quality is not likely to 

differ as a result of aphid damage. Therefore, even if density-dependent processes were 

operating, there is still evidence that suggests that there is a change in host quality due to 

feeding on tobacco with aphids, resulting in poorer parasitoid and hornworm 

performance. Thus, the impact of hornworm quality likely overrides the effect of density 

dependence. Further, the results of Experiment 3 provide evidence that host plant 

volatiles released due to aphid damage do not seem to play a role, either positive or 

negative, in parasitoid attack decisions (Figs. 3 and 4). 

 Aphids reduced tobacco female reproduction (Fig. 5). Several of the underlying 

mechanisms for this result may also reduce plant quality for hornworms and parasitoids. 

For example, decreased fruit production could result from transmission of pathogens and 

disease (Lojek and Orlob 1969; Kanavaki et al. 2006; Srinivasan et al. 2006), honeydew 
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secretions that inhibit photosynthesis and encourage the growth of sooty mold (Drees 

1998) and/or nutrient loss due to aphid feeding. Caterpillar density did not reduce tobacco 

reproduction in this experiment, which was expected since larvae fed on plants for only 

48-hrs as relatively young instars. Hornworms are most damaging in the 5th instar 

(McFadden 1968). Therefore, an increase in caterpillars that fed until pupation would 

likely reduce tobacco fitness. Aphid presence could reduce caterpillar damage since 

consumption of aphid-infested leaf material increases caterpillar mortality (AJ Lentz, in 

prep) and fewer hornworms were found on aphid-infested plants (Exp. 1). Thus, while the 

impact of aphids on tobacco fitness was negative in the absence of hornworms (which 

were removed from plants in Exp. 3), there may be some undetected benefits, such as 

decreased hornworm feeding, which should be examined further.  

 Several studies in natural systems have examined the effects of herbivory of one 

species on the preference and performance of another herbivore species. Damage by the 

flea beetle Epitrix fuscula on Solanum carolinense increased development time of 

Leptinotarsa juncta, the false potato beetle, and moths of L. juncta preferred to oviposit 

on undamaged horsenettle (Wise and Weinberg 2002). Kessler and Baldwin (2004) 

examined induction of Nicotiana attenuata by the mirid bug Tupiocoris notatus and 

found that mirid attack slowed the growth of M. sexta and attracted the predator Geocoris 

pallens, but did not affect plant fitness. These studies, and the present agricultural study, 

show a similar negative effect of multiple herbivores on chewing herbivores. Further, 

phloem-feeding herbivores did not impact plant fitness, or in cases such as this study 

where they do, the effects of reducing chewing herbivore damage may be greater, either 
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of which may result in an overall positive effect for the plant. Therefore, aphid presence 

may have some benefits in agricultural systems. 

 The effect of herbivore-herbivore interactions may affect herbivore community 

dynamics and have more of an impact on community structure than has been previously 

recognized (Denno et al. 1995; Wise and Weinburg 2002) not only with respect to 

herbivore interactions, but also in structuring the natural enemy community. This study 

found that aphids reduced hornworm abundance and parasitism rates. These findings 

were not explained by changes in moth oviposition, predation, or density-dependent 

processes, suggesting that host plant quality might mediate these interactions. Changes in 

the host plant quality due to aphid damage may lead to a reduction in hornworm quality 

and survival, and thus impact parasitoids indirectly through a reduction of larval host 

survival and hence host populations.  
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Figure 1. Alternative explanations of why aphids reduce parasitism. (A) represents a 
density-dependent mechanism where aphids reduce caterpillar populations via moth 
oviposition or host plant quality and therefore reduce parasitism. (b) represents a 
preference mechanism where aphids alter tobacco quality and therefore parasitoid 
preference. 
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Figure 2. Aphid infestation reduced (a) hornworm abundance, (b) parasitism, (c) total 

 parasitoid eggs and (d) sex ratio (proportion of female parasitoids) produced. Error bars

represent means ± standard error. * P < 0.05.   
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Figure 3. Inverse density-dependence of parasitism of Manduca sexta by the parasitoid 

Cotesia congregata. 
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Figure 4. The interactive effect of aphid and density on Manduca sexta pupation. Bars 

with different letters represent significant differences.  

 

 

 

 

 

 

 

 

 

 50



 

0

100

200

300

400

500

600

Aphids              No Aphids

   
  T

ot
al

 F
ru

its
 P

ro
du

ce
d 

   
 

 

*  

 

 

 

 

 

 

 

 

 

 

Figure 5. Aphid infestation reduces female plant reproduction in Nicotiana tabacum. 

Error bars represent means ± standard error. * P < 0.05.  
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Chapter 3: Aphids reduce preference and performance in parasitoid-
caterpillar interactions 
 
 
 
Abstract 
  
 Host plant quality plays a key role in mediating tritrophic interactions. Plants can 

influence both herbivores and natural enemies by changes in cuticular waxes, color, 

semiochemicals, and secondary compounds. The preference and performance of many 

parasitoids and their caterpillar hosts are generally examined in isolation of other species, 

even though the majority of host plants support complex faunas of herbivores and their 

natural enemies. The purpose of this study was to determine how aphids (Myzus persicae) 

feeding on tobacco (Nicotiana tabacum) affected the performance of a specialist 

herbivore, the tobacco hornworm (Manduca sexta), and its parasitoid (Cotesia 

congregata). Leaves from tobacco plants with or without aphids were mixed with 

artificial diet and fed to hornworms, a subsample of which was then parasitized by C. 

congregata. Performance parameters of hornworm and parasitoid larvae were measured. 

Parasitoid searching preferences were also measured by exposing females to leaf discs 

from tobacco leaves that were either attacked by aphids or without prior aphid attack and 

assessing the time spent in active antennal palpation. Aphids increased hornworm 

mortality and reduced weight gain in fifth instar hornworms. Aphids did not affect 

parasitoid performance, but parasitoids searched longer on leaf discs that had been 

previously attacked by aphids. Results suggest that aphids can mediate parasitoid-

caterpillar interactions through changes in the host plant that reduce both hornworm 

survival and alter parasitoid behavior. These findings demonstrate the importance of 
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examining interactions in a multispecies context and emphasize the role of indirect 

interactions in structuring arthropod communities. 

 

Introduction 
 
 Host plant quality plays a key role in mediating the presence and effectiveness of 

natural enemies. Plants can influence natural enemies through changes in morphology, 

such as cuticular waxes, pubescence, color or visual factors that may affect the natural 

enemies’ ability to search or locate a host, or production of semiochemicals, such as 

attractants, repellents, inhibitors, and toxins, that provide cues to the natural enemy for 

host location (as reviewed by Bottrell et al. 1998). Plant response to herbivore damage 

can also induce changes that impact natural enemies, such as changes in secondary 

compounds that reduce natural enemy development and fitness (Barbosa et al. 1986; 

1991; Havill and Raffa 2002; Thaler 2002; Hunter 2003) and changes in volatile 

emissions (Turlings et al. 1991; reviewed by Tumlinson et al. 1992) that influence 

foraging strategies.   

 One way in which herbivores can change plant quality is by the induction of plant 

defenses since different types of herbivore damage generally induce different plant 

defense pathways. Phloem-feeding insects induce the salicylic acid pathway (Broderick 

et al. 1997; Bronner et al. 1991; Mayer et al. 1996; van der Westhuizen et al. 1998 a; 

1998 b; and Walling 2000) and the suite of induced plant responses differ from those 

elicited by chewing herbivores such as caterpillars (Stout et al. 1998a; Walling 2000). 

Induction of different plant pathways by multiple herbivore species may induce 

quantitative and qualitative changes in plant defense compounds that affect herbivores 
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and natural enemies differently than induction by a single herbivore species (Kessler and 

Baldwin 2004; Walling 2000). 

 Herbivores can also change plants by altering volatile emissions. Changes in 

volatile emissions may affect the interactions between host plants, herbivores, and natural 

enemies through changes in preferences or host-finding ability. Plants release volatiles in 

response to herbivore damage that are attractive to parasitoids (Turlings et al. 1995; 

Havill and Raffa 2000; review by Nordlund et al. 1988) which can increase parasitism in 

the field by two-fold (Thaler 1999). Volatile emissions depend on both the herbivore 

species and host plant species (Tumlinson et al. 1991; Shiojiri et al. 2001). For example, 

both maize and tobacco produce distinct volatile blends in response to damage by two 

closely related herbivore species, the corn earworm and tobacco budworm, and the 

specialist parasitoid Cardiochiles nigriceps can distinguish between these differing 

blends produced by the same plant species (De Moraes et al. 1998). Behavioral studies 

indicate that some phloem-feeding herbivores also induce the release of plant volatiles 

(Guerri et al. 1993; Micha and Wyss 1995; Du et al. 1996; Turlings et al. 1998) that differ 

from blends released by chewing herbivores (Rodriguez-Saona et al. 2002). Thus, volatile 

emissions may differ depending on a plant’s herbivore community, and altered volatiles 

may differentially attract natural enemies. 

 Many studies have examined tritrophic interactions between a host plant, 

herbivore, and natural enemy in isolation of other species. However, attack by a single 

herbivore species in nature is rare, and even relatively simple insect communities consist 

of multiple herbivore species attacking a single host plant (Vos et al. 2001; Thaler et al. 

2001; Rodriguez-Sanona et al. 2005; Johnson and Agrawal 2005; Johnson et al. 2006). 
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Understanding the impacts of multiple herbivore species broadens our knowledge of the 

different factors that impact parasitoid foraging strategy and host use. Changes in 

foraging strategy and host use can alter community structure and our understanding of 

these changes can provide insight into biological control strategies.   

 To determine if the presence of a secondary herbivore can impact herbivore-

natural enemy interactions, a field study (Lentz unpublished) manipulated the presence of 

aphids (Myzus persicae) on Nicotiana tabacum and demonstrated that aphids reduced 

abundance of the tobacco hornworm, Manduca sexta and parasitism by its specialist 

parasitoid, Cotesia congregata. While there are many mechanisms that might explain this 

result, the purpose of this study was to examine two hypotheses: aphids alter host plant 

quality, which in turn reduces hornworm and parasitoid fitness, and aphids alter 

parasitoid searching preferences. Specifically, I asked how changes in plant quality due to 

aphids could affect: 1) hornworm performance, 2) parasitoid performance, and 3) 

parasitoid search preference. The results of this study will help to determine the 

mechanisms that explain why aphids decrease hornworm abundance and parasitism rates 

on tobacco plants. 

  

Methods 

Study System: Nicotiana tabacum L. (Solanaceae, NC95 variety, ‘tobacco’ hereafter) is a 

cultivated annual species that supports a wide range of herbivorous insects (McFadden 

1968). One of the most damaging herbivores is the tobacco hornworm, Manduca sexta L. 

(Lepidoptera: Sphingidae), a specialist whose feeding severely impacts wild tobacco 

fitness (Heil and Baldwin 2002; Kessler and Baldwin 2004). Another common herbivore 

 55



is Myzus persicae Sulzer (Homoptera: Aphidiidae), the green peach or tobacco aphid. 

Aphids are phloem-feeding herbivores that vector diseases and can cause curling or 

wilting of host plants (Borror et al. 1989).  

 Nicotiana species are defended by a diverse group of secondary compounds, 

including alkaloids, phenolics, and terpenoids (Saitoh et al. 1985, Sisson and Severson 

1990, Snook et al. 1986, Snook et al. 1997, Keinanen et al. 2001). Tobacco hornworms 

are specialists on tobacco and have a relatively high tolerance to nicotine (Hansberry and 

Midalekauff 1940; Negherbon 1959; Morris 1983, 1984; Glendinning 2002) and other 

associated compounds.  

 Hornworm populations can be controlled by a number of natural enemies 

including parasitic and predaceous wasps, spiders, and birds (McFadden 1968). Cotesia 

congregata Say (Hymenoptera: Braconidae) is a gregarious endoparasitoid of the tobacco 

hornworm and other sphingid larvae (Krombein et al. 1979). Its occurrence is widespread 

across the United States as an important parasitoid of the tobacco and tomato hornworm. 

Female parasitoids attack 3rd-instar hornworms which results in the death of the host. 

Cotesia congregata exhibits haplo-diploid reproduction; eggs fertilized with stored sperm 

produce diploid females and unfertilized eggs produce haploid males. Female parasitoids 

can directly manipulate both the number and sex of offspring (Kester and Barbosa, 1991; 

Lentz and Kester, in review).  

General Methods: Stock tobacco seed was germinated in vermiculite in a glasshouse and 

transplanted 2 weeks later into 6-cell flats containing Pro-Mix BX soil (Premier 

Horticulture Ltd., Red Hill, Pennsylvania, USA) in April of 2004 and 2006. Seedlings 

were transplanted into 3.8 L pots and fertilized three times using Peter’s 20-20-20 
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(Scotts-Sierra Horticulture Products Co., Marysville, Ohio, USA, 14.235 g/3.8 L water) 

or transplanted without fertilizer to a field plot at the Virginia Tech Agricultural Research 

and Extension Center in Blackstone, VA.  

 Plants were assigned randomly to aphid treatment groups (presence or absence). 

Aphid treatments were maintained on greenhouse plants by adding aphids from a wild 

population collected from a field site (Kentland Farm, Montgomery Co., VA) (presence) 

and maintained by removing aphids with water every two days (absence). In the field 

plants were not inoculated with aphids since natural aphid populations were extremely 

high. In the aphid absence treatment, naturally established aphids were removed bi-

weekly using packaging tape (Scotch, tear by hand, USA), as water removal was not 

effective on a large scale. To control for the effects of tape residue, plants in the aphid 

presence treatment were also taped, although to a much lesser extent. Aphid density was 

not quantified since populations were extremely dense (~ 200 per leaf) on both field and 

greenhouse tobacco.  

 Hornworms (North Carolina State University Insectary) were fed on synthetic diet 

(tobacco hornworm diet F9783B, Bioserv, Inc. Frenchtown, NJ, USA) that consisted of 

140 g of dry diet mixed with 80 g of plant material taken from greenhouse plants in the 

aphid presence or absence treatments. Leaf material was taken from the upper 3rd portion 

of several tobacco plants, aphids (when present) and leaf midribs were removed, and the 

leaves were blended with liquefied agar until a uniform mixture was produced. The liquid 

was mixed with the dry diet and allowed to cool. Diet was stored at 4 °C for a maximum 

of 5 days. Hornworm diet was mixed with plant material because previous attempts to 

maintain hornworms throughout development on greenhouse plants failed. Hornworms 
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from the same colony are able to reach pupation successfully on field plants. The 

mechanism responsible for the differences in survival on greenhouse and field plants is 

not known, but may reflect changes in plant material quality due to lighting and potting 

conditions. Feeding hornworms mixed diet is likely to decrease rather than increase the 

effect of aphids on hornworm performance since synthetic diet contains all of the 

essential nutrients for healthy insects. Thus, the greenhouse performance experiment 

represents a conservative test of the effect of aphids on hornworm performance. 

Hornworms were not put in the field due to the difficulty of controlling the many other 

variables that may affect hornworm performance on field plants, such as damage by other 

herbivore species and attack by natural enemies. Further, the control of other herbivore 

species by pesticides or caging could lead to other potential artifacts.  

 Hornworms were reared individually in 170 g Sweetheart cups with plastic lids 

(Acme Paper Supply Co., Richmond, VA, USA) and were allowed to feed ad libitum 

until pupation. Diet was changed daily to maintain freshness. Photoperiod was kept at 

14.5 h L: 9.5 h D with a 1.22 m full spectrum GE Plant and Aquarium light, with 

supplemental indirect natural light from a nearby window. Temperature varied from 23 -

24 °C.   

 Wild parasitoids were collected from hornworms found on field tobacco plants in 

Blackstone, VA. Individual parasitoid cohorts (the group of offspring from one female) 

were reared separately in plastic containers supplied with honey and water. Newly 

emerged females were given 24 hr to mature eggs. 
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I. Do changes in plant quality due to aphids affect hornworm performance? 

The purpose of this experiment was to determine if aphid presence decreased hornworm 

performance through changes in host plant quality. On August 15, 2004, eighty 2nd instar 

hornworms were weighed and randomly assigned to diet made with leaf material from 

plants with or without aphids (n=40; n= per treatment throughout). Hornworms were 

weighed at the beginning of each new instar (3rd – 5th) to the nearest 0.1 mg and again 

one day after pupation. Mortality, time until pupation, and pupal sex were noted (weight 

is dimorphic in this species; Madden and Chamberlain 1945).  

Data Analyses: All analyses were conducted using SAS version 9.1. The effect of aphids 

on hornworm performance (weight of individual instars and pupal weight) was analyzed 

using a repeated measures 2-way MANCOVA. Aphid presence / absence and moth sex 

were main effects, initial hornworm weight was a covariate, and instar and pupal weight 

were dependent variables. A separate ANCOVA determined if time to pupation was 

affected by aphids. Hornworm mortality was assessed as yes / no over the experiment and 

analyzed using a Chi-square test. Data met the assumptions for normality.  

 

II. Do changes in plant quality due to aphids affect parasitoid preference? 

 The purpose of this experiment was to examine the effect of aphid presence on the 

searching responses of mated female parasitoids, since aphids could affect host plant 

olfactory cues and thus parasitoid foraging preferences. Female parasitoids were offered 

leaf discs collected from field tobacco plants that had been attacked by aphids or had not 
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been attacked by aphids (n = 25). Aphids were removed from leaf discs prior to assaying 

searching responses.  

 Tobacco leaves were collected the day of testing from the upper 3rd portion of 

several field plants. Stems were placed in water and the plant material was transported in 

an ice-filled cooler to prevent degradation. Wild parasitoid cocoons were collected from 

the same site and held in emergence cages as described previously, except multiple 

cohorts were mixed in each cage and females were given 48 hr to mate. 

 Experimental design and procedures were based on those developed previously 

(Kester and Barbosa 1991). At the time of testing, an individual female was selected 

randomly from each cage and transferred to a glass shell vial. Searching responses were 

measured as an indication of olfactory preference (Kester and Barbosa 1991) for the 

volatiles that are released from plants as a result of herbivore damage. Searching 

responses were assayed as the time spent in active antennal palpation on the surface of a 

0.8-cm leaf disc within a 2-min trial. Each female was tested once; females that did not 

search were excluded from analysis. Testing occurred between 10 a.m. and 12:30 p.m., a 

time that is peak for searching (as found in previous experiments using the same 

searching assay, Kester and Barbosa, 1991) with an ambient temperature of 30.5 ° C.  

 

Data analysis: The main effect of aphid presence on parasitoid search time was assessed 

using ANOVA. Data were log (x + 1) transformed to achieve normality and meet 

parametric assumptions. 

 

III. Do changes in plant quality due to aphids affect parasitoid performance? 
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 The purpose of this experiment was to determine if aphids reduced parasitoid 

performance through changes in caterpillar-host quality. Clutch size (the total number of 

larvae oviposited) and time to develop were recorded on hornworm hosts that had been 

feeding on a diet mixed with aphid presence or absence leaf material. Clutch size was 

determined by adding the number of larvae that emerged from the host with the number 

that did not emerge, determined by dissection after parasitoid emergence. Also, the 

number of larvae that emerged from the host, spun cocoons, and emerged as adults, were 

determined for each clutch.  

 Sixty-eight hornworm eggs were reared on a plant-free diet until the 3rd instar to 

standardize host quality at the time of oviposition. The ovipositional decisions of 

parasitoids are affected by host weight and quality (Waage 1986; Godfray 1994) and if 

hornworms were fed on treatment diets they may vary in weight and quality, which could 

influence parasitoid preference and clutch sizes. Individual hornworms were weighed, 

parasitized, and randomly assigned to diet made with leaves from plants with or without 

aphids (n=34). At the time of testing, a naive unmated female was randomly selected 

from each cohort (a total of 5 cohorts with ~7 females used in each treatment) and 

transferred to a 3.7 mL glass shell vial with a cork stopper (cat# 8641, BioQuip, Rancho 

Dominguez, CA, USA) and allowed a single uninterrupted oviposition. Hornworms were 

reared until pupation or parasitoid larvae egressed, and then dissected to determine the 

number of larvae that did not emerge. Parasitoid performance was assessed as the total 

number of larvae oviposited, time to develop, the proportion of the total clutch size that 

emerged from the host, proportion of the clutch that spun cocoons, and proportion of the 

clutch that emerged from cocoons. 
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Data Analyses: The effects of aphid presence (fixed effect), larval weight (covariate), 

cohort (random effect) and their interactions on parasitoid larval performance were 

analyzed using mixed model analyses (SAS PROC MIXED, SAS-Institute 1999). 

Hornworm weight was used as a covariate since host weight can impact parasitoid 

choices and development (King 1987). Degrees of freedom for F-tests of fixed effects 

were estimated using the Satterthwaite approximation (SAS-Institute 1999). A likelihood-

ratio χ2 test was used for tests of random effects. The likelihood-ratio χ2 test is a one-

sided single degree of freedom test of the hypothesis that the variation caused by the 

random effect is greater than zero (Shaw 1987; Shaw et al. 1995; Orians et al. 1996; 

Roche and Fritz 1997; and Agrawal 1998). Each dependent variable was run in a separate 

model. Proportional data (proportion of the total that emerged from the host, proportion 

of the total that spun cocoons, and proportion of the total that emerged from cocoons) 

were transformed using arcsine(squareroot(x)) and time to develop (in days) was 

transformed using the log(x + 1) transformation to meet normality assumptions for 

parametric analyses.  

 

Results 

I. Do changes in plant quality due to aphids affect hornworm performance? 

 Aphid presence reduced hornworm performance. Hornworms had higher 

mortality when fed a synthetic diet mixed with tobacco leaves from plants attacked by 

aphids compared to those fed a diet mixed with leaves from plants that were not attacked 

by aphids (χ2 = 7.67, p = 0.006; with aphids 8.75 % mortality; without aphids 0.0 % 
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mortality) (Fig. 1a). Aphids had a significant effect on hornworm performance, but this 

effect changed with larval development (MANCOVA, repeated measures test for 

between subject effect: F 1, 67 = 8.18, p = 0.006; treatment * instar effect: Wilk’s λ =0.86, 

F 3, 65 = 3.55, p = 0.02). Univariate analyses showed that aphids had a significant impact 

on 5th instar hornworm weight (ANCOVA, treatment: F 1, 67 = 6.93, p = 0.01) (Fig. 1b) 

but did not affect other larval instars or pupal weight (p > 0.11 for all). 

 

II. Do changes in plant quality due to aphids affect parasitoid preference? 

 Aphid presence had a significant effect on parasitoid searching times (ANOVA, 

treatment effect: F 1, 48 = 6.01, p = 0.02; Fig. 2). Female wasps searched almost twice as 

long on aphid damaged leaf discs as on leaf discs that had not been aphid damaged (mean 

+ s.e.: aphid presence: 15.55 ± 2.48 s; aphid absence: 9.32 ± 1.46 s). 

 

III. Do changes in plant quality due to aphids affect larval parasitoid performance? 

 Aphid presence did not impact parasitoid performance (individual ANCOVAs: 

total emerged from the host, time to develop, proportion that emerged, proportion that 

spun cocoons, proportion of total that emerged from cocoons,  fixed effect aphid: F < 

0.59 for all, P > 0.42 for all; covariate weight *aphid interaction: F < 0.65 for all, P > 

0.42 for all). The weight covariate had a significant effect on the time it took parasitoids 

to develop (ANCOVA, weight: F 1, 69 = 4.51, p = 0.04), parasitoids developing in 

caterpillars weighing 0.2 – 0.3 g developed faster than other weight categories. Weight 

did not affect any other parasitoid performance parameter (F < 4.01 for all, P > 0.05 for 

all). Further, the random effect of cohort, and the interactions of cohort with the main 
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effect and covariate were not significant for any of the parasitoid performance 

parameters, indicating that genetic variation between cohorts did not influence parasitoid 

performance (for all variables, dF = 1: random effect of cohort: χ2 < 0.1 for all, P > 0.33 

for all; cohort*aphid: χ2 < 1.8 for all, P > 0.09 for all; cohort*weight: χ2 = 0 for all, P = 

0.5 for all; and cohort*aphid*weight: χ2 < 0.1 for all, P > 0.38 for all). 

  

Discussion  

 Prior field work has shown that the aphid Myzus persicae has a negative impact 

on hornworm abundance, frequency of parasitism, and parasitoid performance (Lentz, 

unpublished data). One mechanism that might explain these findings is changes in host 

plant quality due to aphids. The results of this study demonstrate that aphids can impact 

hornworm-parasitoid interactions through changes in host plant quality that negatively 

affect hornworms but do not influence parasitoid performance. However, aphids may 

indirectly influence parasitoids by reducing hornworm populations.  

 Hornworm mortality and 5th instar larval weight were negatively affected by 

incorporating tobacco leaves attacked by aphids into hornworm diet. A similar reduction 

in hornworm performance due to phloem-feeding insects has been found in the lab with 

the sister species Manduca quinquemaculata where feeding by the mirid Tupiocoris 

notatus on wild tobacco, Nicotiana attenuata, reduced hornworm growth and 

performance (Kessler and Baldwin 2004). Further, pupal weight of the potato beetle, 

Leptinotarsa juncta (Germar), was not affected by prior flea beetle damage (Epitrix 

fuscula Crotch) on Solanum carolinense, but larvae on damaged plants took 8% longer to 

reach the pupal stage (Wise and Weinberg 2002). In contrast, feeding by the aphid 
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Macrosiphum euphorbiae on Lycopersicon esculentum (tomato) had a positive effect on 

larval weight, and did not affect mortality or developmental time of the beet armyworm, 

Spodoptera exigua (Rodriguez-Saona et al. 2005).  Although four studies, all on 

Solanaceous hosts, are too few to permit generalization, these results suggest that 

phloem-feeding herbivores often reduce performance of chewing herbivores, as is the 

case in this system. A decline in hornworm survival may reduce the hornworm 

population, which could negatively affect both hornworms and parasitoids by reducing 

the availability of hosts. 

 Changes in hornworm survival may also have consequences for the host plant. 

Increased hornworm mortality due to aphids may benefit the plant since hornworms are a 

highly damaging herbivore that dramatically reduces plant fitness (Kessler and Baldwin 

2004). However, there are costs associated with heavy aphid attack such as reducing 

overall parasitoid attack and tobacco fruit production (Lentz unpublished). Reduced 

tobacco fitness due to aphids could be caused by significant declines in gas exchange, 

chlorophyll fluorescence (Macedo et al. 2003), and reduced photosynthetic and 

transpiration rates (Shannag et al. 1998). Or, as has been found in wild parsnip 

(Pastinaca sativa) / parsnip webworm system, reduced fitness could be due to a loss of 

resources from herbivore feeding, or use of resources to produce secondary plant 

compounds (Zangerl et al. 2002). But overall, the costs of aphid feeding may be less than 

the benefit it provides by reducing hornworm density. Hornworms are the seemingly 

more damaging of the two herbivores; a single caterpillar can defoliate a full grown 

tobacco plant in less than two weeks time (McFadden 1968). These differences for plant 

fitness underscore the importance of studying plant-herbivore interactions within a 
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community context rather than in isolation, since different herbivore species can 

differentially impact one another and the host plant. Ultimately, the effect of multiple 

herbivore species on the host plant will depend on how each species affects host plant 

quality, and indirectly depend on how feeding by one herbivore species can increase or 

reduce feeding by another herbivore species and how these interactions affect plant 

fitness (Van Zandt and Agrawal 2004; Agrawal 2005; Agrawal et al. 2006). 

 Females of C. congregata searched longer on aphid-damaged leaf discs than on 

discs that had not been damaged. Herbivore attack can induce the production of volatile 

compounds that provide chemical information regarding the presence of herbivores that 

are feeding on a plant. Many parasitoid species are attracted to these emissions even 

though they are not always reliable (Dicke and Sabelis 1988; 1989; 1992; Turlings et al. 

1990; 1991 a; 1991 b; 1993 a; 1993 b; 1995; Wiskerke and Vet 1994; McCall et al. 1993; 

1994). Behavioral studies have also suggested that aphids induce the production of 

volatiles (Guerrieri et al. 1993; Micha and Wyss 1995; Du et al. 1996; Powell et al. 

1998), including feeding by the aphid Myzus persicae on Arabidopsis thaliana Columbia 

(Brassicaceae) (Girling et al. 2006). In the present study, parasitoid attraction could be 

attributed to volatiles or other changes in host plant quality such as pheromones, 

honeydew secretions, or visual changes in the plant surface. These results seemingly 

contradict prior field results (AJL, unpublished), where there was an increase in 

parasitism on plants that did not have aphids. However, parasitoid reproduction involves 

a series of successive steps, beginning with the location of a suitable host through the use 

of host plant volatiles (Vinson 1998). Increased parasitoid attraction to leaf discs 

previously infested with aphids may simply reflect attraction to any herbivore damage 
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versus no herbivore damage. Further, even if a parasitoid locates a host on an inferior 

plant, it still must decide if the host is suitable (Vinson 1998) by the use of cues that are 

usually directly associated with the host. Therefore, increased attraction to plants 

previously attacked by aphids does not necessarily indicate the parasitoid will accept a 

host found on that plant. A foraging female can choose to reject a poor quality host, or 

allocate fewer offspring and females to these hosts, as may be the case for those 

caterpillars that feed on aphid-damaged plants. A reduction in host use, and total eggs and 

proportion of females allocated to hosts on aphid damaged plants has been found in the 

field (AJL, unpublished).   

 Parasitoid performance did not differ between hosts fed on diet with leaves from 

plants with or without aphids. Similar results were found with the endoparasitoid Cotesia 

marginiventris that attacks the beet armyworm, Spodoptera exigua. Parasitoid mortality, 

developmental time, and pupal mass did not differ between parasitoid larvae that 

developed on hosts feeding on leaf material previously attacked by the aphid 

Macrosiphum euphorbiae or on control leaf material (Rodriguez-Saona et al. 2005). The 

lack of effect of aphids on parasitoid performance in the laboratory should be interpreted 

cautiously. The effects of aphids on hornworm host quality may be greater when the host 

feeds only on leaf material throughout development. In the current experiment, 

caterpillars fed solely on a synthetic nutrient-rich diet until the third instar, and then a diet 

mixed with leaf material. Therefore, hornworm hosts were not subjected to secondary 

compounds as much as they would in a natural setting, particularly during the critical age 

of development as younger instars. Field studies have demonstrated that parasitoid 

preference and performance is reduced in wild caterpillars that fed only on leaf material 
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previously attacked by aphids during development (Lentz, unpublished), but these effects 

may have been mediated by host size, age, weight and parasitoid age.   

 There is significant evidence demonstrating that plant chemical defenses 

generally reduce parasitoid fitness (reviewed by Ode 2006). Larvae of Cotesia 

congregata suffered increased mortality when the secondary compound nicotine was 

added to synthetic diet of their host, Manduca sexta (Barbosa et al. 1991; Barbosa et al. 

1986; Thurston and Fox 1972). In the field, C. congregata suffered increased mortality 

when developing in hosts that fed on Nicotiana tabacum that was high in nicotine 

(Thorpe and Barbosa 1986). Further, developing parasitoids (Hyposoter exiguae) in the 

host Heliothis zea suffer reduced eclosion rates, size, and longevity when host diet 

included the alkaloid tomatine (Campbell and Duffey 1979; 1981). Thus, larvae of C. 

congregata may be impacted by aphid-induced plant defenses when exposed to these 

compounds in as high of levels as would be experienced in the field.    

 Previous research has demonstrated that aphids reduced hornworm abundance and 

parasitism in the field (Lentz, unpublished) and the current study suggests that the 

mechanism responsible for these findings is changes in host plant quality. Aphids can 

mediate parasitoid-hornworm interactions through changes in host plant quality that 

negatively impact hornworm survival.  Even though there were no direct effects of host 

plant quality on wasp performance, aphids can negatively through changes in the host 

population that result from the reduction in hornworm survival. These findings 

demonstrate the importance of examining interactions in a multispecies context and 

emphasize the role of indirect interactions in structuring arthropod communities. 
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thFigure 1.  The increase in hornworm mortality (Fig. 1 A) and reduction in 5  instar 

hornworm weight (Fig.. 1 B) due to feeding on diet mixed with leaf material previously 

attacked by aphids. Bars represent percent mortality (Fig. 1 A) and error bars represent 

means ± standard error. * P < 0.05.  
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Figure 2. The parasitoid Cotesia congregata Say searched longer on leaf discs previously 

infested with the green peach aphid, Myzus persicae. Bars represent means ± SE. * = P < 

0.05.  
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Chapter 4: Aphids do not affect caterpillar abundance and parasitism 

on tobacco plants arrayed at three spatial scales 

 

Abstract 
 
 
The strength or outcome of interactions between species that are observed at one spatial 

scale can change when observed at another scale. Prior research has shown that the aphid 

Myzus persicae reduced the abundance of the tobacco hornworm, Manduca sexta, and 

parasitism by its specialist parasitoid, Cotesia congregata. The purpose of this research 

was to determine if changes in spatial scale alter the effect of aphids on hornworm-

parasitoid interactions. For distances up to several miles, spatial scale should not affect 

the ovipositional decisions of hawkmoths since they are strong flying adults and can 

easily move to locate more suitable plants. Thus, if moths avoid plants with aphids, they 

should do so even at larger spatial scales. Parasitoids are not strong flying insects and 

moving long distances to locate another more suitable plant may be energetically costly. 

Therefore, at small spatial scales parasitoids should avoid plants with aphids, but at larger 

scales they should not discriminate between plants with or without aphids. To examine 

the potential influences of spatial scale, tobacco plants (Nicotiana tabacum) were 

arranged in square arrays within a field bordered by an oak dominated forest. A plant was 

placed in the corner of each square and was spaced 5, 10, or 25 m apart from the 

remaining three plants in the array. Tobacco plants within each square were assigned to 

one of two aphid treatments (presence or absence). Hornworm abundance, parasitism, 

and plant female fitness was assessed for each plant. These responses were not affected 
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by spatial treatment, aphids, or their interactions. Hornworm abundance was distributed 

evenly throughout the plot and parasitism was greatest on plants closest to the woods. It 

is important to note that parasitism attack was extremely low and these results may not 

accurately reflect the ability to test for an effect of spatial scale. Nevertheless, it appeared 

that parasitoids do not disperse as well as their herbivorous hosts, since attack was 

limited to areas closest to the areas near the woods, which serve as a source of 

parasitoids. The resulting habitat patchiness may lead to higher herbivory in isolated 

plant patches that are further away from the woods due to the absence of the third trophic 

level and the ability of moths to utilize these isolated patches. 
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Introduction 

 
 Ecologists have become increasingly interested in patterns and processes that are 

scale dependent, since patterns at one scale can change when observed at another scale 

(Wiens 1989; Levin 1992; Schneider 1994; Tenhumberg et al. 2001). The importance of 

spatial scale in ecological processes such as host-parasitoid interactions have been 

appreciated for several decades now (Weins 1989; Levin 1992; Schneider 1994; Norowi 

et al. 2000), and a growing body of literature has demonstrated that larger scale 

approaches are essential for understanding population and community ecology (Cronin 

and Reeve 2005).  

 Large scale studies on host and parasitoid spatial population structure have 

examined classic metapopulation dynamics (Eber and Brandl 1994; 1996; 1997; Eber 

2001; Weisser 2000; van der Meijden and van der Veen-van Wijk 1997; Lei and Hanski 

1997; van Nouhuys and Hanski 1999; 2000; van Nouhuys and Ehrnsten 2004; Kankare et 

al. 2005), such as the movement and spatial population structure of a host and its 

parasitoid among spatially discrete habitat patches (Cronin and Reeve 2005). Large scale 

studies have also examined other approaches, such as mainland-island populations 

(Cronin 2003 a; 2003 b; 2004; Cronin and Hayes 2004), and patchy populations with 

stable or unstable local dynamics (Dempster et al. 1995 a; 1995 b) (Cronin and Reeve 

2005). Studies have also focused on the effect of scale on density-dependence (Hopper et 

al. 1991; Rothman and Darling 1991; Ives et al. 1993; Jarosik and Lapch 1996; Ray and 

Hastings 1996; Schooler et al. 1996; Roland and Taylor 1997; Norowi et al. 2000; 

Williams and Liebold 2000; and Umbanhower et al. 2003) and the effects of spatial scale 

and patch size on parasitoid-host dynamics (Bukovinsky et al. 2005; Legaspi and Legaspi 
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2005). These studies illustrate contrasting examples regarding the actual dispersal 

abilities and spatial patterns of the occurrence of insect species.  

 Spatial scale may alter the strength or outcome of interactions between species. 

Population densities and dynamics, trophic interactions, and community structure within 

a habitat may depend on processes that vary at scales larger or smaller than the spatial 

extent of a local population scale (Gering et al. 2003; Kareiva et al. 1995; Tscharnike and 

Brandl 2004). Increasing spatial scale can diminish the ability of insects to “choose” 

between simple and diversified plots (Bommarco and Banks 2003) and scale does not 

influence all species equally (Kareiva 1990; Holt 1996; With et al. 1999; 2002; Thies et 

al. 2003). The perception of spatial scale is species specific and can facilitate or impede 

movement among habitat patches depending on the ability to permeate the landscape 

(Taylor et al. 1993; Weins et al. 1997; Thies et al. 2003). Further, the foraging range and 

dispersal ability of a species determines which landscape elements contribute to 

population dynamics and trophic interactions (den Boer 1990; Eber 2001; Fahrig 2001; 

Tscharntke and Brandl 2004). For example, similarly patchy distributions of the host 

plant can promote contrasting dynamics of the herbivore, depending on plant type, 

herbivore habitat preferences, and the patch dynamics of the plant (Eber 2001). 

 Prior research has shown that the presence of a secondary herbivore can impact 

parasitoid-herbivore interactions. In a field study that manipulated the presence of aphids 

(Myzus persicae) on Nicotiana tabacum, aphids reduced abundance of the tobacco 

hornworm, Manduca sexta, and parasitism by its specialist parasitoid, Cotesia 

congregata (Lentz unpublished). Further laboratory investigations suggest that aphids 

mediate parasitoid-caterpillar interactions through changes in the host plant that reduce 
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hornworm survival and alter parasitoid searching behavior (Lentz unpublished). In an 

effort to understand the role of multiple herbivores in altering the outcome of 

interactions, the effects of spatial scale must be considered since choices made at varying 

spatial scales may differ for herbivores and parasitoids. The purpose of this study was to 

determine if changes in spatial scale alter the effect of aphids on plant-hornworm-

parasitoid interactions. Community level studies suggest that parasitoids tend to have 

limited dispersal abilities, on the order of tens of meters, compared to their hosts (Roland 

1993; Elzinga et al. 2007). Therefore, spatial scale should not affect the ovipositional 

decisions of hawkmoths since they are strong flying adults and can easily move to locate 

more suitable plants. Thus, if moths avoid plants with aphids, they should do so at all 

spatial scales. However, parasitoids are not strong flying insects and moving long 

distances to locate another more suitable plant may be energetically costly. At small 

spatial scales parasitoids should avoid plants with aphids, but at larger scales they should 

not discriminate between plants with or without aphids. This study sought to address the 

following questions: (1) Do aphids and spatial scale affect hornworm abundance? (2) Do 

aphids and spatial scale affect parasitism rates? and (3) Do aphids and spatial scale affect 

plant female fitness?  

 

Methods 

Host Plant: Nicotiana tabacum L. (Solanaceae, NC95 line, ‘tobacco’ hereafter) is a 

cultivated annual species that supports a wide range of insects. One of the most damaging 

herbivores is the tobacco hornworm, whose feeding severely reduces fitness in domestic 

tobacco (McFadden 1968) and wild congeners (Heil and Baldwin 2002; Kessler and 
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Baldwin 2004). Leaf herbivory induces the production of nicotine in tobacco roots and 

the compound is then transported to the plant’s shoots where it can serve as a defensive 

compound that deters herbivory (Baldwin 1997). Nicotine accounts for 95% of the total 

alkaloid content in tobacco and can constitute up to 14 % plant dry weight (Baldwin 

1989; Sisson and Severson 1990). 

Focal herbivore: Manduca sexta L. (Lepidoptera: Sphingidae; hereafter ‘hornworm’ or 

‘moth’ as the larval and adult forms respectively), the tobacco hornworm, ranges from 

southern Canada to southern Brazil. Larvae feed on Solanaceous species, and tobacco is a 

preferred host plant (Madden and Chamberlin 1945). Hornworms are attacked by a 

number of natural enemies including parasitic and predaceous wasps, spiders, and birds 

(McFadden 1968). Adults are moderately large with a wingspan from 76 - 127 mm. 

Moths are strong fliers and can cover 2.0 km in a single flight (Madden and Chamberlin 

1964).  

Secondary herbivore: Myzus persicae Sulzer (Homoptera: Aphidiidae; ‘aphid’ 

hereafter), the green peach or tobacco aphid, feeds on tobacco phloem. Aphid infestation 

can cause curling or wilting of host plants and vector plant disease (Borror et al. 1989). 

Parasitoid: Cotesia congregata Say (Hymenoptera: Braconidae; ‘parasitoid’ hereafter) is 

a gregarious endoparasitoid of the tobacco hornworm and other sphingid larvae (Kester 

and Barbosa 1991). Female parasitoids attack 3rd-instar hornworms and are 

approximately 2 mm in length. 

 

Experimental Design: One hundred fifty tobacco seedlings were germinated in 

vermiculite and transplanted 2 weeks later into 6-cell flats containing Pro-Mix BX soil 
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(Premier Horticulture Ltd., Red Hill, Pennsylvania, USA). Plants were transplanted into 

3.78 -L pots and placed in an outdoor enclosure until they began to bolt. On July 19, 

2005, elongating tobacco plants were transplanted into a 0.134 km 2 field plot at Kentland 

Farm, Montgomery County, Virginia, USA. The field plot array contained alternating 

strips of fescue and barley (Fig. 1). Fescue strips were 9.14 m in width and barley strips 

were roughly 27.43 m. Tobacco plants were planted in the barley strips in squares. Each 

square contained four tobacco plants, with one plant in each corner of the square. Squares 

were randomly assigned to spatial treatments such that the four plants in each square 

were positioned 5 m, 10 m, or 25 m (n = 11, 12, and 12, respectively) apart on each side. 

Squares were positioned so that every plant in the square was no less than 30 m from all 

other tobacco plants in the array, a distance greater than any of the spatial treatments. The 

layout was first drawn in AutoCAD (2006) for accurate distances between plants and to 

find the configuration that would allow the greatest number of replications while still 

dispersing spatial treatment squares evenly throughout the field. Tobacco plants within 

each square were assigned to one of two aphid treatments (presence or absence). Two 

plants that were side by side in the square were randomly assigned to aphid treatments by 

flipping a coin. The two remaining plants in the square were then assigned to aphid 

treatments such that there were 2 plants per treatment per square, and each plant in the 

square was positioned next to a plant of the same treatment on one side and a plant of the 

alternate treatment on the other (Fig. 2). This arrangement assured that each plant was 

equidistant from two other plants, one in each treatment (aphid presence or absence). 

Thus, an insect leaving any experimental plant would have two plants equally close, one 

in each treatment, to choose between. This design was used to avoid confounding 
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treatment choices with distance from each plant. Flags were used to map the layout in the 

field over a 3 day period using a Jacob’s Rod mounted with a Staff Compass (8 ° 

declination) and a Right Angle Prism. Use of these tools ensured plants were arrayed 

accurately in squares despite the hilly landscape. Plant holes were dug 45.72 cm deep 

using an auger with a 15.24 cm bit. 

 Aphid treatments were maintained bi-weekly by manually removing aphids in the 

aphid absence treatment group with tape (Scotch®, 3M, St. Paul, MN, USA). Plants in 

the aphid presence treatment were established with naturally occurring aphids from the 

field. Tobacco plants never became heavily infested with aphids (~50 per leaf). To 

control for the effects of tape residue, plants in the aphid presence treatment were also 

taped, although to a much lesser extent. Plants were watered as needed using a tractor 

fitted to pull a water truck. Areas around the plants were cleared of weeds on a weekly 

basis and fescue strips were maintained with a bush hog twice during the experiment. 

 Plants were censused weekly for hornworms and parasitism. Only hornworms 

with cocoons were removed; these were maintained individually until wasps emerged to 

confirm attack by Cotesia congregata. To assess the impact of aphids on plant 

reproduction, aphid treatments were maintained until 90% of the tobacco fruits were 

mature. Female plant reproduction was assessed as the total number of fruits produced 

per plant.  

 

Data Analyses: Hornworm and parasitism censuses were summed over the entire season 

for each plant. Since each square (with 4 plants) is the unit of replication, averages were 

taken of plants with and without aphids to produce two values for each square. This 
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method was used for hornworm, parasitism, and female plant fitness. Data were analyzed 

in a split plot design (SAS, version 9.1) to test the whole-plot effects of spatial treatment 

(3 levels, 5, 10 and 25 m apart, tested using n = 35 as the denominator term since this is 

the number of experimental whole-plot units), the split plot effect of aphid treatment (2 

levels, presence or absence, tested over the MS error term), and the interaction between 

spatial scale and aphids on hornworm abundance, parasitism, and plant female fitness. A 

categorical variable ‘edge’ was put in the model to determine if closer proximity to the 

woods influenced moth oviposition or parasitoid attack. Edge categories were determined 

by distance from the woods, beginning with the experimental units closest to the woods 

and ending with those furthest for a total of six edge categories, each separated by at least 

30 m.  

 

Results 

 Seventy-one out of 142 plants had hornworms, and there was a mean + s.e. of 

1.31 ± 0.17 hornworms per plant. Hornworm abundance was not affected by spatial 

treatments (whole plot factor: F 2, 27 = 1.55, p = 0.23), aphid treatment (split plot factor: F 

1, 69 = 0.19, p = 0.67), their interaction (F 2, 69 = 0.12, p = 0.89), or edge effects (F 5, 69 = 

0.72, p = 0.61).  

 Parasitism frequency was very low with only 14 instances of parasitism on 12 of 

the 142 plants. Parasitism was not affected by spatial treatments (whole plot factor: F 2, 27 

= 1.79, p = 0.19), aphid treatment (split plot factor: F 1, 69 = 0.21, p = 0.65), or their 

interaction (F 2, 69 = 0.20, p = 0.82). Marginally more parasitized hornworms were found 

on plants close to the woods edge (F 5, 69 = 2.34, p = 0.06). Of the 14 instances of 
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parasitism, 10 occurred on plants closest to the wood’s edge, 1 in the group second 

closest to the wood’s edge, and 3 in the group furthest from the edge. 

 Plants produced a mean + s.e. of 81.29 ± 3.1 fruits per plant (n = 140). Plant 

female fitness was not affected by spatial treatments (whole plot factor: F 2, 32 = 1.41, p = 

0.27), aphid treatment (split plot factor: F 1, 69 = 0.39, p = 0.54), their interaction (F 2, 69 = 

0.26, p = 0.77), or edge effects (F 5, 69 = 1.57, p = 0.21).   

 

Discussion 
 
 Natural enemies and hosts often differ significantly in the scales at which they 

disperse or respond to spatial subdivision (e.g. Roland and Taylor 1997; Althoff and 

Thompson 1999; Cronin et al. 2000; Ryall and Fahrig 2005; Cronin and Reeve 2005). For 

example, the presence of three parasitoid species, Microplitis tristis, Eurylabus tristis, 

and Bracon variator, declined with patch size, in contrast to their host, Hadena bicruris, 

which showed no effect of patch size (Elzinga et al. 2007). In this study, spatial scale and 

aphids had no effect on hornworm abundance. Moths were able to colonize host plants 

that were spread out over 0.13 km 2 regardless of treatments, which is not surprising since 

hawkmoths are strong flyers (Madden and Chamberlin 1945) and can easily move 

between plants. However, the lack of effect of aphids on hornworm abundance, as has 

been found in previous research in this system (Lentz unpublished), was not expected. 

These results may be due to the shorter duration of aphid infestation and lower aphid 

densities than in previous studies. Infestation in previous experiments were such that 

aphid attack began early in the season (May) and plants were heavily infested (~200 per 

leaf) until harvest. In this study, plants were not put in the ground until mid-July due to 
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land use constraints and never became heavily infested (~50 per leaf). Therefore, if 

aphids did not change the host plant, then there is no reason why spatial scale should 

influence moth choice as to when to avoid aphid-infested plants.  

 Parasitism was not affected by aphids or spatial scale, but host plants that were 

closer to the woods were more likely to have parasitized hornworms. These results should 

be interpreted cautiously since parasitoid attack was infrequent (see Results). Low 

parasitoid populations could be a result of many factors. Agroecosytems have frequent 

and intense disturbance regimes and are recognized as particularly difficult environments 

for natural enemies (Landis et al. 1999). For example, tilling of annual crops can kill 

overwintering parasitoids (Landis et al. 2000) and destroy insect refuges that protect from 

environmental extremes and pesticides, and the field plot in this experiment is tilled 

annually. Annual harvesting and soil cultivation almost completely erase natural enemies, 

so that arable fields have to be recolonized from surrounding habitats yearly (Thies et al. 

2005). It is also important to note that this particular field plot has never been closely 

associated with any of the host plants or hosts that C. congregata attacks.  

 Despite low parasitism, edge effects, as observed in this study, have been 

described in many cases. For example, Deans et al. (2005) examined the responses of 

aerial insect assemblages to a gradient of forest retention at the landscape scale. Most 

insect families and assemblages, including herbivores and parasitoids, were more 

abundant in a medium retention treatment, or subplots made of strips of harvested land 

that alternate with thinned forest strips and embedded in a retention harvested plot. This 

effect was largely due to the increased edge of the medium retention treatment in 

comparison to other treatments. Studies have also shown that spillover from non-crop 
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habitat such as forests can result in higher parasitism rates near the crop edge than the 

interior (Thies and Tscharntke 1999; Tylianakis et al. 2004; Cronin and Reeve 2005), 

consistent with my results.  

 In addition to showing strong edge effects, community studies suggest that 

parasitoids tend to have limited dispersal abilities, on the order of tens of meters, 

compared to their hosts (Roland 1993; Elzinga et al. 2007). For example, the abundance 

and diversity of parasitoids and predators are often more affected by habitat 

fragmentation than their herbivorous hosts (Komonen et al. 2000; Kruess and Tscharntke, 

1994). Further, some small scale studies that examine patch dispersal demonstrated that 

only a small portion of parasitoids dispersed up to the maximum distance measured (100 

m at the most; Ellers et al. 1998; Fournier and Boivin 2000; Hagler et al. 2002; Elzinga et 

al. 2007). In this study, it appears that parasitoids do not disperse as well as their 

herbivorous hosts since hornworms were found throughout the patch but parasitoids were 

mostly limited to the edge closest to the woods that can serve as a parasitoid source. 

Habitat patchiness may lead to higher herbivory in isolated plant patches, such as those 

further away from the wood’s edge, due to the absence of natural enemies and the ability 

of moths to utilize these isolated patches without pressure from parasitoids.  

 Several parasitoid species have shown a lack of effect of spatial scale on 

parasitism. Parasitism rates of the green cloverworm, Plathypena scabra, were examined 

in soybean plots that varied in the type of corridor and in location of where larvae were 

collected. Attack by Cotesia marginiventris, Aleiodes nolophanae, and Campylochaeta 

plathypenae did not differ with respect to the type of corridor or location of hosts (Pavuk 

and Barrett 1993). Dempster et al. (1995) examined the movement of 10 phytophagous 
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insect species and 7 of their parasitoids among host plants in patches that varied in size 

and distance from the source population. They found that all of the species were highly 

mobile regardless of distance of the patch to the source. In this study, there is little that 

can be concluded regarding the effects of aphids and spatial scale on Cotesia congregata 

since parasitism rates were extremely low and it is unclear if differences in spatial scale 

would emerge with a larger sample size or if there is truly no effect of scale.  

 Female plant fitness was not affected by spatial scale, which was expected since 

hawkmoth visitation was hypothesized to be uniform throughout the field plot. However, 

the lack of effect of aphids on plant fitness is contrary to previous research in this system.  

Previous experiments demonstrated that high density aphid attack that began in the 

rosette stage reduced female fitness in tobacco (Lentz unpublished). Results in this study 

may reflect low aphid density and late infestation (as described above).    

 It is difficult to draw conclusions regarding the effect of spatial scale and aphids 

on parasitism because very few hornworms were parasitized. Parasitism was limited to a 

small area of the plot closest to the woods. Yet, the data suggest that parasitoids do not 

disperse as well as their herbivorous hosts, and that the resulting habitat patchiness may 

lead to higher herbivory in isolated plant patches due to the ability of moths to utilize 

these isolated patches without pressure from parasitoids.  
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Figures 

 

 

Figure 1. Spatial configuration of experimental units. Larger squares (25) = 25 m, 

medium squares (10) = 10 m, and small squares (5) = 5 m.  
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Figure 2. Arrangement of aphid treatments within experimental units. Aphid treatments 

of the first two tobacco plants were decided at random (as indicated by *) while the 

remaining plant treatments were determined so that there were 2 plants per treatment per 

square, and each plant in the square was positioned next to a plant of the same treatment 

on one side and a plant of the alternate treatment on the other. This arrangement assured 

that each plant was equidistant to two other plants, one in each treatment (aphid presence 

or absence). A = aphid presence, N = aphid absence.   
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Conclusions 

Indirect interactions play a key role in structuring communities and can have 

strong effects on food web dynamics (Abrams et al. 1996; Polis and Strong 1996; Berlow 

1999; Dicke et al. 2003). However, species interactions have traditionally been examined 

in a pairwise manner (Levins et al. 1990) even though the effects of introducing other 

species into a community are not additive. Slight changes in community context can 

quantitatively and qualitatively alter the outcomes of associations between pairs of 

species through indirect interactions (Worthen and Moore 1991; Bacher and Friedli 2002; 

Bronstein and Barbosa 2002; Bronstein et al. 2003).  

The majority of plant species support complex faunas of herbivores and their 

natural enemies that interact as a complex system, but the relationships among 

parasitoids, single herbivore species, and plants are usually studied without considering 

additional herbivores. In this dissertation I conducted field and laboratory experiments to 

examine how a second herbivore on a shared host plant affects the dynamics of a plant-

herbivore-parasitoid system. I examined how the aphid herbivore (Myzus persicae) 

changed interactions between domestic tobacco (Nicotiana tabacum), the tobacco 

hornworm (Manduca sexta), and a specialist parasitoid (Cotesia congregata). Aphid-

feeding on tobacco reduced both the abundance of hornworms and the incidence of 

parasitism (Chapter 2). Subsequent research examined the specific mechanisms 

underlying these altered interactions. Chapter 2 examined the role of density-dependence 

and demonstrated that moth oviposition was not influenced hornworm egg density, but 

the proportion of caterpillars attacked by parasitoids was inversely density dependent 

with the number of caterpillars on a host plant. The mechanism that may best explain 
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changes in hornworm abundance and parasitism is host plant quality, as is demonstrated 

in Chapter 3. Aphid attack of host plants increased hornworm mortality, did not affect 

parasitoid performance, and increased parasitoid search time. These results suggest that 

aphids can mediate parasitoid-caterpillar interactions through changes in host plants that 

reduce hornworm survival and alter parasitoid behavior. Lastly, I examined how the 

outcomes of interactions that are altered by aphids change with spatial scale (Chapter 4). 

I found no effect of either on hornworm abundance and parasitism.  

In this system, aphids alter parasitoid-caterpillar interactions through changes in 

plant quality that reduce hornworm performance and abundance, and in turn, influence 

parasitoid attack. This work presents a novel approach in which to consider herbivores 

and their impacts on communities, and provides insight about parasitoid foraging 

strategies and host acceptance decisions in a multispecies context. Further, this work 

demonstrates that the outcome of multispecies interactions may not be predictable from 

pairwise interactions. Dissecting these interactions in a relatively simple agricultural 

system has provided a starting point in which to examine these effects before expanding 

into more complex natural systems and broadens our understanding of how community 

context alters the outcomes of tritrophic interactions.     
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