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ABSTRACT 

Predators are typically evaluated for their potential effectiveness as natural 

biological control agents by examining traits related to their consumptive relationship 

with an herbivore. For example, voracious predators with a high prey attack rate or 

predators that specialize in consuming a particular pest species are considered ideal for 

biological control. However, there is a growing body of research demonstrating that 

predators also influence herbivore population size through non-consumptive interactions. 

Non-consumptive interactions include changes in prey behavior, morphology, or life-

history traits in response to the presence of a predator that allow prey to survive a 

predator encounter but result in declines in prey fitness due to reduced availability of 

resources or expending energy that would have been otherwise used for growth or 

reproduction. The existence of non-consumptive effects is significant because it raises the 

possibility that a non-lethal organism (i.e. non-enemy) in the environment can also 

contribute to herbivore suppression if an herbivore inaccurately perceives an organism as 

a threat and engages in a defensive response.  

The goal of my dissertation research was to determine whether non-enemies 

contribute to natural biological control and enhance herbivore suppression beyond levels 

accomplished by consumptive natural enemies alone. Previous work in our lab 

demonstrated that pea aphids Acyrthosiphon pisum (Harris) respond to the non-enemy 

wasp Aphidius colemani Viereck by stopping feeding and dropping off of their host plant, 

resulting in a decline in pea aphid abundance even though pea aphids are not a host for A. 

colemani. My work evaluated whether this behavioral suppression of pea aphid 

populations by the non-enemy wasp is complementary with pea aphid suppression by the 
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consumptive enemy Aphidius ervi Haliday. I investigated 1) the mechanisms responsible 

for and the magnitude of the non-consumptive effects of A. colemani and A. ervi on pea 

aphid populations, 2) the contributions of non-consumptive interactions to short-term and 

long-term suppression of aphid populations in the presence of consumptive natural 

enemies, and 3) the feasibility of increasing plant diversity in the field to enhance pea 

aphid suppression by facilitating behavioral non-consumptive interactions.  

I found that pea aphids respond to interactions with both wasp species, but they 

more frequently engaged in defensive behaviors such as dropping in the presence of the 

enemy A. ervi than the non-enemy A. colemani. The behavioral response of the pea aphid 

to the presence of the non-enemy was strong enough for A. colemani to suppress pea 

aphid populations in the short term, but this suppression was not maintained over the long 

term. When the non-enemy A. colemani was combined with the consumptive enemy A. 

ervi, there was some evidence for antagonism between the wasps over the short term. 

However, the non-enemy and enemy were complementary in their suppression of pea 

aphid populations over the long term, with more consistent and stable suppression when 

both wasps were present. I also demonstrated that increasing plant diversity in a field 

setting enhances suppression of pea aphid populations by promoting interactions between 

pea aphids and non-enemies.  

My work demonstrates that non-lethal organisms, or non-enemies, in the 

environment have an important role to play in influencing herbivore abundance, and that 

the addition of non-enemies to a community of lethal predators and parasitoids can lead 

to greater and more consistent suppression of herbivores in the long term. 



1 
 

CHAPTER 1.  

LITERATURE REVIEW 

 

INTRODUCTION 

 Classic models predict the population dynamics of predators and their prey based 

on trophic, or consumptive, interactions (Lotka 1925, Volterra 1926, Nicholson and 

Bailey 1935, Hassell and Varley 1969). However, there is a growing realization that 

predators can also influence prey populations through non-consumptive effects (Preisser 

et al. 2005, Peckarsky et al. 2008). Non-consumptive effects arise when the presence of 

one organism stimulates another organism to invest in costly morphological, behavioral, 

or physiological defenses (Werner and Peacor 2003). Although often overlooked, non-

consumptive effects play a critical role in community dynamics. For example, Peckarsky 

et al. (2008) reevaluated four classic textbook examples of predator-prey interactions and 

found that the well-known coupled boom and bust cycles of lynx and snowshoe hare 

populations that were originally believed to be driven only by consumptive interactions 

also had significant non-consumptive interactions as well. Snowshoe hare populations 

were predicted to decline as lynx populations increased because energy and biomass were 

transferred from the hare population to the lynx population when lynx captured and 

consumed hares (Krebs et al. 2001). However, recent work demonstrates that non-

consumptive interactions also contribute to these cycles. When lynx density is high, 

snowshoe hares exhibit physiological stress responses that result in fewer offspring 

produced (Hik 1995, Sinclair et al. 2003). Therefore, the mere presence of lynx 
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contributes to declines in snowshoe hare populations; control of hare populations is not 

solely due to consumption. 

The magnitude of non-consumptive effects of predators on prey is not trivial. In a 

review of studies that investigated the consumptive and non-consumptive components 

that make up the total suppressive effect that predators have on prey populations, Preisser 

et al. (2005) found that non-consumptive effects were as strong as or stronger than 

consumptive effects, making up 63% of the total predator effect. Additionally, when 

evaluating the indirect impact that predators have on the resources of their prey (e.g. 

plants), they found that non-consumptive effects rose to 85% of the total predator effect 

(Preisser et al. 2005). Therefore, when determining the magnitude of prey suppression by 

predators and indirect effects on prey resources, it is important that both consumptive and 

non-consumptive effects of predators on prey are considered. 

 Understanding the contribution of non-consumptive effects to species interactions 

is integral to predicting community dynamics and functions. However, it is difficult to 

make broad generalizations about the non-consumptive impacts that predators have on 

prey because prey responses are often context-dependent. Predators within the same 

taxon can induce unique behavioral responses from the same prey species and an 

individual predator can induce unique responses from multiple species of prey (Relyea 

2001, Henry et al. 2010). Despite the fact that responses of predators and prey vary, 

quantifying the magnitude of species responses will allow predictions of the types of 

systems in which non-consumptive effects may be more or less important. 
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EXAMPLES OF NON-CONSUMPTIVE PREDATOR EFFECTS 

 Non-consumptive predator effects include behavioral, physiological, or 

morphological defensive responses by prey to the presence of a predators (Werner and 

Peacor 2003). Behavioral responses are the most-studied non-consumptive predator 

effect, but examples of all three exist.  

Behavioral. To defend themselves against predator attack, prey often alter their 

behavior to be less conspicuous to a consumer. A common behavioral response to the 

presence of a predator is to escape into a refuge habitat. This behavior occurs in large 

ocean-dwelling creatures such as dolphins, seals, and dugongs (Wirsing et al. 2008), as 

well as invertebrates. For example, spiders spin refuges in their webs made out of spider 

silk or leaf debris to hide from visually-hunting lizards (Manicom et al. 2008). While 

these defensive behaviors help prey to survive in the presence of a predator, they are not 

without their own costs. Orrock et al. (2013) found that prey suffer fitness costs due to 

limited access to resources while inhabiting the refuge habitat. Predator presence can also 

reduce the activity of prey as prey attempt to evade detection, resulting in fitness costs 

due to a reduction in the time that prey spend feeding (Hernandez and Peckarsky 2014). 

Physiological. Predators can cause physiological stress to individual prey 

organisms, which changes the metabolic processes of prey. In response to interactions 

with wolves, large prey organisms such as elk reduce their production of pregnancy 

hormone, which leads to a decline in their reproductive capacity (Creel et al. 2007). 

These type of responses have also been documented in invertebrate systems. For 

example, the presence of spiders causes an elevation in the metabolic rate of their 
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grasshopper prey, which increases the carbohydrate requirements of the grasshopper and 

ultimately changes their body nutrient composition (Hawlena and Schmitz 2010).  

Non-consumptive interactions between predators and prey can also lead to 

changes in the development time of prey. To limit the amount of time they are vulnerable 

to predation, prey may reduce their development time (McPeek and Peckarsky 1998, 

Peckarsky et al. 2002).  

Morphology. Non-consumptive interactions can induce changes in the 

morphology of prey. For example, snails produce a thicker shell to survive attack by 

belostomatid predators, which comes at a cost of delayed reproduction by the snails 

(Hoverman and Relyea 2007). Most studies examining morphological plasticity in 

response to predation risk have observed predator and prey interactions in aquatic 

communities (e.g., Rundle and Brönmark 2001, Kishida et al. 2009). 

NON-ENEMY NON-CONSUMPTIVE EFFECTS 

Typically, non-consumptive effects are evaluated as one component of the total 

effect of predators on their prey. From this perspective, non-consumptive effects arise 

because the cost of the defensive response for the prey is worth the benefit of evading a 

predator. However, non-consumptive interactions, and thus non-consumptive effects on 

population size, are not limited to predators and prey. They can occur between any two 

organisms in a community, regardless of whether they consume one another. For 

example, if an organism uses relatively general stimuli to detect risk and respond to 

potential attacks (Thomas 1950), it may incorrectly identify non-enemies as threats and 

engage in unnecessary and costly defensive responses. For example, Xi et al. (2013) 

demonstrated that when a grasshopper jumps onto a plant to consume it, a caterpillar 
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responds defensively as if the grasshopper was a predator by feigning death and dropping 

from its host plant. Although the grasshopper does not compete with or consume the 

caterpillar, it reduces caterpillar mass and survival by inducing the caterpillar defensive 

response (Xi et al. 2013). Pea aphids (Acyrthosiphon pisum (Harris)) have also been 

shown to respond defensively and drop off of their host plant in response to the presence 

of a non-enemy species of wasp that cannot parasitize them (Fill et al. 2012). This 

behavioral interaction leads to a reduction in pea aphid population size because pea aphid 

fecundity declines when aphids spend extended periods off of their host plants and not 

feeding (Nelson 2007). Therefore, herbivore population abundance can be altered by both 

enemies and non-enemies in their community.  

QUANTIFYING THE MAGNITUDE OF NON-CONSUMPTIVE 

PREDATOR EFFECTS 

 To study the relative contribution of consumptive and non-consumptive effects of 

predators on prey populations, it must be possible to first isolate them experimentally. 

However, differentiating the non-consumptive effects of a predator on prey population 

size from the consumptive effects is a challenge, since the consumptive effects result in 

prey death and removal from the experimental system. There are several commonly-used 

techniques to isolate the non-consumptive effects that predators have on their prey, but 

most come with significant limitations.  

Presenting prey with predator cues. Many prey use chemical cues associated with 

predators or predator products, such as frass, to recognize the presence of a predator. For 

example, Rypstra and Buddle (2013) demonstrated that the presence of spider silk deters 

herbivorous insects from feeding. Therefore, the non-consumptive defensive response of 
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prey can be examined in the absence of predators by presenting prey with predatory cues. 

This is also a common technique used in aquatic systems, where water containing 

predator odor is presented to potential prey (Peckarsky and McIntosh 1998, Fischer et al. 

2012). The drawback in this case is that direct behavioral interactions between predators 

and their prey are not possible, thus potentially underestimating the magnitude of the 

non-consumptive effect. 

Simulation of attack. Another method of inducing non-consumptive effects in the 

absence of a predator is to simulate a predator attack. This has been done by poking the 

posterior end of prey with a paintbrush (Hawlena et al. 2011) or by gently squeezing the 

abdomen of prey with forceps (Jones and Dornhaus 2011). Researchers have even gone 

so far as to thrust a plastic spider glued to the end of a stick at potential prey (Denno et al. 

2003). Although there is no actual predator present in these studies, prey may still engage 

in anti-predator responses and therefore potential fitness costs can be quantified. 

However, predators engage in many behaviors and emit a variety of chemicals that act as 

stimuli and influence the response of their prey (Lima 2002). By removing the predator 

altogether these studies may not capture the complete non-consumptive effect. 

Modifying mouthparts. The most common technique for isolating the non-

consumptive effects of predators in terrestrial invertebrate systems is to modify 

predators’ mouthparts so they cannot consume their prey. A section of the predator’s 

mouthparts may be cut off (Wissinger and McGrady 1993, Griffin and Thaler 2006) or 

the mouthparts may be glued shut (Peckarsky and McIntosh 1998, Schmitz 1998). 

Predators are still alive and mobile, and thus capable of eliciting defensive responses of 

prey, but they do not eat them. Although predators cannot consume their prey, studies 
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have shown that the predators behave normally and still cause declines in prey fitness by 

inducing prey defensive responses (e.g., Nelson et al. 2004). The limitation with this 

technique is that multi-generation studies are not possible since predators are not able to 

live long enough to reproduce. 

PLANT SPECIES DIVERSITY AND HERBIVORE SUPPRESSION 

 Typically increasing plant species diversity in an environment leads to declines in 

the herbivore population load. The mechanism responsible for the decline in herbivore 

populations is not well understood and there are many hypotheses to explain this 

phenomenon (Andow 1991). Herbivores may respond to vegetational composition, where 

pure stands of a plant species promote colonization and increased feeding time by 

herbivores and diverse stands are more difficult for herbivores to navigate and find a 

suitable feeding site. Or predator and parasitoid recruitment could be greater in diverse 

stands, promoting herbivore suppression. 

Resource Concentration Hypothesis. The highest abundance of specialist 

herbivores is predicted where plant diversity is lower because herbivores are more likely 

to locate and remain on plants in dense or nearly pure plant stands (Root 1973). For 

example, Straub et al. (2013) found that the abundance of leafhoppers and leafhopper 

damage was much higher in monoculture plantings of a host plant, alfalfa, than in 

polycultures that incorporated non-host plant species. In addition, diverse plantings can 

make it more difficult for females to find suitable oviposition sites, decreasing the rate of 

offspring produced that will feed on plants, ultimately resulting in decreased levels of 

herbivory (Severns 2008). 



8 
 

Enemies Hypothesis. Predators and parasites are predicted to be more effective in 

diverse systems than in simple ones (Root 1973). Increasing plant diversity can enhance 

the recruitment of natural enemies (Koh and Holland 2015) by providing alternative 

resources such as nectar and pollen that can improve the longevity and fecundity of 

natural enemies (Gurr et al. 2005, Blaauw and Isaacs 2012). Diverse plantings can also 

enhance the impact of natural enemies through apparent competition. Apparent 

competition occurs when an increase in the abundance of one herbivore results in a 

reduction in the abundance of another herbivore, not due to competition for resources, but 

due to an increase in natural enemy recruitment in the area (Holt 1977). This 

phenomenon has been demonstrated in multiple agricultural systems (Müller and Godfray 

1997, Langer and Hance 2004, Jaworski et al. 2015). 

Behavioral apparent competition. Although not considered previously, we 

hypothesize that behavioral apparent competition is an additional mechanism by which 

herbivore populations may be suppressed in diverse plantings. Behavioral apparent 

competition occurs when an increase in the abundance of one herbivore results in a 

reduction in the abundance of another herbivore due to enhanced non-enemy recruitment 

in the area, contributing to herbivore suppression through behavioral mechanisms (Fill et 

al. 2012). 

OVERALL STUDY GOAL 

 The goal of my study was to better understand the role of non-consumptive 

interactions in community dynamics. Research has shown that the magnitude of non-

consumptive effects of predators on prey are often as strong as or stronger than the 

consumptive effects and that non-lethal enemies can also interact with and cause declines 
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in herbivore populations through non-consumptive effects. However, there have been no 

studies that investigate whether non-enemies interfere with or enhance herbivore 

suppression by consumptive enemies. Placing non-enemy interactions within a 

community framework will provide critical information on the usefulness and generality 

of non-consumptive suppression for managing pests in agroecosystems. I explored how 

the incorporation of non-enemies influences herbivore suppression using parasitoid 

wasps and aphid herbivores. 

STUDY SYSTEM 

Aphids 

 Aphids (Hemiptera: Aphididae) are phloem-feeding herbivores that are serious 

crop pests. They directly damage crops by feeding, but also indirectly affect yield by 

promoting mold growth due to their sugary honeydew secretions and by transmitting a 

wide range of vector-borne pathogens (van Emden and Harrington 2007). 

Pea aphids, Acyrthosiphon pisum (Harris), have a relatively narrow diet, feeding 

on a variety of legumes in the family Fabaceae, including fava beans, Vicia faba L. They 

were accidentally introduced into the United States in the 19th century from Europe and 

are currently found throughout the country (Blackman and Eastop 1984, van Emden and 

Harrington 2007). Similar to other species of aphid, as a defensive response in the 

presence of natural enemies, pea aphids will cease feeding and abandon their host plants 

(Dixon 1958, Roitberg et al. 1979, Losey and Denno 1998a, b). 

Green peach aphids, Myzus persicae (Sulzer) are generalist herbivores that feed 

on plants in over 50 families, including collards, Brassica oleracea L. They are native to 

the United States and are found worldwide (Blackman and Eastop 1984, van Emden and 
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Harrington 2007). Green peach aphids do not utilize the dramatic escape response of 

dropping off of their host plant like pea aphids, but instead engage in more subtle 

defensive behaviors such as walking away from or kicking at a potential enemy 

(Hartbauer 2010).  

Parasitoids 

Parasitoids are organisms that are obligate parasites in their immature stage and 

eventually kill their host by the time they complete development (Godfray 1994). They 

are commonly used as agents of biological control for arthropod pests because they are 

particularly effective in simplified, exotic food webs, such as agricultural fields (Hawkins 

et al. 1999) and they are typically host-specific (Godfray 1994).  

 The aphid parasitoids Aphidius ervi Haliday and Aphidius colemani Viereck 

(Hymenoptera: Braconidae) were brought to the United States as biological control 

agents and have since become established (Starý 1975, Gonzalez et al. 1978). Although 

there is the possibility of intraguild predation by other natural enemies, such as lady 

beetles (Brodeur and Rosenheim 2000, Colfer and Rosenheim 2001), both parasitoids 

significantly reduce aphid populations and belong to the most effective group of aphid 

parasitoids, the subfamily Aphidiinae (Hagen and van den Bosch 1968). 

Like other parasitoids in the subfamily, A. ervi and A. colemani females deposit a 

single egg inside an aphid by inserting their ovipositor into the aphid body. The larva 

hatches and consumes the tissue of the aphid internally. After three larval instars, the 

immature parasitoid spins a silken cocoon within the aphid, at which time the aphid is 

killed and a golden “mummy” forms (O'Donnell 1987, Pennacchio and Digilio 1989). 

The mummy is glued to the substrate where the aphid was feeding and can be easily 
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identified from other living aphids. Hence, these aphid parasitoids are different from 

predators in that they leave behind evidence of consumed prey items that can be tracked 

and easily quantified. This provides a unique opportunity for studying the independent 

contributions of consumptive and non-consumptive effects of an enemy on a prey 

population without artificial manipulation of the enemy.  

 Despite being congeners, A. ervi and A. colemani differ in their host preferences. 

Aphidius ervi individuals tend to parasitize large aphid species, such as pea aphids (Du et 

al. 1998). However, they can still complete development inside smaller aphid species, 

such as green peach aphids (Hofsvang and Hågvar 1975, Colinet et al. 2005). Aphidius 

colemani can only successfully parasitize smaller aphid species like green peach aphids 

(Starý 1975).  

Non-consumptive parasitoid-aphid effects 

In addition to consumptive effects through parasitism, A. ervi and A. colemani 

may have non-consumptive effects on their aphid hosts as well. Aphids utilize a variety 

of defensive behaviors in response to the presence of parasitoids. Some of these 

responses are relatively subtle, with aphids walking away or remaining motionless to 

avoid detection (Dixon 2012). Other responses are much more dramatic including 

kicking, wiggling, and dropping off of their host plant to the ground (De Farias and 

Hopper 1999). Aphids also emit alarm pheromones to warn conspecifics of the presence 

of a threat, and produce sticky cornicle secretions that can trap parasitoids (Nault et al. 

1973, Butler and O'Neil 2006, Rasekh et al. 2010, Moayeri et al. 2014). These traits may 

enable aphids to survive attack, but they can be physiologically costly (Dixon 1958, 

Roitberg et al. 1979, Losey and Denno 1998a). For example, the presence of alarm 
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pheromones induces the production of winged aphid morphs, which exhibit lower 

fecundity (Hatano et al. 2010) and stimulates aphid dropping from host plants, which 

limits the time available for aphids to acquire critical resources (Nelson 2007). The 

consequences of these interactions can vary across species and even closely related 

aphids demonstrate profound differences in the intensity of their responses to enemies 

(Losey and Denno 1998b). Furthermore, different parasitoid species can induce unique 

escape responses from the same species of aphid prey (Henry et al. 2010). For aphids, 

cues that are important for eliciting defensive behaviors in the presence of parasitoids 

include aphid alarm pheromones, plant-borne vibrations caused by parasitoid movement, 

and physical contact (Roitberg and Myers 1978, Roitberg et al. 1979, Nelson and 

Rosenheim 2006, Francke et al. 2008, Gish et al. 2010, Kunert et al. 2010).  

Non-consumptive effects can also arise due to physical contact that occurs 

between parasitoids and aphids during the process of host evaluation and acceptance. For 

example, A. ervi and A. colemani determine the suitability of potential hosts for 

oviposition by assessing contact chemicals on the aphid cuticle through antennal 

palpation and evaluating the internal host environment through ovipositor probing 

(Vinson 1976, Hatano et al. 2008). Receptors on the ovipositor enable parasitoids to 

investigate the internal chemistry of the aphid before depositing an egg. Host acceptance 

by the parasitoid occurs when oviposition takes place and the female deposits an egg. If 

the host is deemed unfavorable, the female will not deposit an egg (Fisher 1961, Greany 

and Oatman 1972, Vinson 1976, Oliver et al. 2012, McDonald et al. 2015). However, the 

physical trauma of stinging without oviposition can still be lethal to the potential host 

organism, and even if not lethal, may cause overall declines in fitness (Barrett and 
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Brunner 1990, Vereijssen et al. 2011, Liu et al. 2015). In addition, if a female does 

oviposit an egg, the host can suffer a fitness cost due to encapsulating and preventing the 

parasitoid egg from hatching (Fellowes and Godfray 2000). 

 The non-consumptive effects of natural enemies on pea aphids have been 

particularly well studied. Because pea aphids possess the dramatic escape response of 

dropping off of their host plant to avoid predation (Dixon 1958, Roitberg et al. 1979, 

Losey and Denno 1998a), they have a high disturbed: consumed ratio relative to other 

aphid species (Nelson and Rosenheim 2006), which can lead to large non-consumptive 

effects. This defensive behavior enhances the likelihood that pea aphids survive an 

enemy encounter (Francke et al. 2008), but diminishes the lifetime fecundity of pea 

aphids due to a reduction in time spent feeding on host plants, limiting the acquisition of 

necessary resources like nitrogen (Nelson et al. 2004, Nelson 2007). This trade off may 

be evolutionarily advantageous when faced with natural enemies like A. ervi, an efficient 

consumer of pea aphids; however, pea aphids also exhibit this escape behavior in 

response to the presence of the non-enemy A. colemani, which is not capable of 

consuming pea aphids (Fill et al. 2012). While foraging for its green peach aphid host, A. 

colemani comes in contact with pea aphids and causes them to drop from their host plant. 

The aphids’ inaccurate assessment of A. colemani as a threat and their subsequent time 

spent off the host plant results in the suppression of pea aphid populations despite the 

absence of consumption by A. colemani (Fill et al. 2012). 

RESEARCH OBJECTIVES 

 The overall objective of my dissertation is to determine whether the incorporation 

of non-enemy species such as A. colemani results in greater levels of pea aphid 
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suppression than that accomplished by consumptive enemies alone, such as A. ervi. 

Further, I will determine whether the aphid host of A. colemani, the green peach aphid, is 

susceptible to non-consumptive suppression as well. Although green peach aphid 

defensive behaviors are not as extreme as those exhibited by pea aphids, these subtle 

behaviors may still be detrimental to aphid fitness in the long term. 

 My specific objectives are to:  

1. Elucidate the underlying mechanism(s) contributing to the impact of A. colemani and 

A. ervi on pea aphids and green peach aphids.  

2. Investigate the potential for interactions between A. colemani and A. ervi in their 

consumptive and non-consumptive effects on pea aphids and green peach aphids.  

3. Determine whether the incorporation of an intercrop benefits the naturally-occurring 

parasitoid and predator community and enhances pea aphid suppression.  



15 
 

CHAPTER 2.  

SPECIES-SPECIFIC NON-CONSUMPTIVE EFFECTS OF 

CONGENERIC PARASITOID WASPS ON TWO APHID 

HOSTS 

 

ABSTRACT 

Behavioral interactions between natural enemies and herbivores can adversely 

impact individual fitness, reducing herbivore population size. For example, the presence 

of natural enemies forces herbivores to trade off time spent foraging for vital resources 

with time spent in refuge habitats and failed enemy attacks may result in injury to the 

potential prey. The role of these non-consumptive effects in herbivore suppression will 

likely depend on the sensitivity of herbivores to natural enemy cues and the intensity of 

their defensive responses. We observed behavioral interactions between two parasitoid 

wasps, Aphidius ervi Haliday and Aphidius colemani Viereck, and two aphid species, pea 

aphids (Acyrthosiphon pisum (Harris)) and green peach aphids (Myzus persicae (Sulzer)), 

and quantified the impact of these behavioral interactions on aphid longevity and 

fecundity. We found that aphids respond differently to the two parasitoids, despite the 

fact that the parasitoids are congeners. The main defensive tactic of pea aphids was to 

drop from the host plant in response to either parasitoid. Green peach aphids kicked at or 

emitted cornicle secretions in response to A. colemani, but spent more time off the plant 

in the presence of A. ervi. The physical trauma associated with the insertion of the A. ervi 

ovipositor into the pea aphid body to assess suitability for oviposition reduced pea aphid 
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longevity, but green peach aphids were not affected. Our study demonstrates the 

complexity of behavioral interactions between parasitoids and their potential hosts and 

provides a mechanistic understanding of variation in the non-consumptive suppression of 

herbivore populations. 

INTRODUCTION 

When exploring interactions between natural enemies and their herbivore prey, 

the focus is often on prey death and population suppression due to the consumption of 

herbivores by the natural enemy (Hassell 1978, Arditi and Ginzburg 1989). However, 

there are also a variety of non-consumptive mechanisms by which natural enemies may 

cause herbivore populations to decline. For example, the presence of a natural enemy can 

reduce herbivore fecundity by reducing the time herbivores spend foraging for resources, 

causing herbivores to forage in less profitable habitats, inducing energetically costly 

defenses that constrain resources available to reproduction, and reducing the overall 

mating effort when risk of attack is high (Peckarsky and McIntosh 1998, Preisser and 

Bolnick 2008, Orrock et al. 2013). Natural enemies may also impact herbivore survival 

by stimulating herbivores to engage in risky enemy-avoidance behaviors that increase the 

exposure of herbivores to other abiotic or biotic mortality factors (Roitberg and Myers 

1979, Losey and Denno 1998c). Likewise, failed attacks by enemies may result in the 

injury and eventual death of potential prey (Barrett and Brunner 1990, Trekels et al. 

2013, Zuharah et al. 2013). In these cases, mortality results from enemies attempting to 

consume the herbivore, but the mechanism is considered non-consumptive because the 

enemy was unsuccessful and the death of the herbivore does not feed-back to increase 
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enemy abundance in the classic manner predicted by predator-prey population models 

(Lotka 1925, Volterra 1926). 

 The recognition and avoidance of natural enemies is a key survival strategy for 

prey (Lima and Dill 1990, Sih and Christensen 2001). However, tremendous variation 

exists in the sensitivity of prey to cues associated with natural enemies and in the type of 

the defensive response of the prey (Peckarsky 1996, Grostal and Dicke 2000, Castellanos 

and Barbosa 2006, Preisser et al. 2007, Hoverman and Relyea 2009, Schoeppner and 

Relyea 2009). This variation is important because the contribution of the non-

consumptive effects of natural enemies to herbivore population suppression may vary 

with respect to differing behavioral responses of prey (Luttbeg and Trussell 2013, Lagrue 

et al. 2015). 

Aphids utilize a variety of defensive behaviors in response to natural enemies. 

Some of these responses are relatively subtle, with aphids walking away or remaining 

motionless to avoid detection (Dixon 2012). Other responses are much more dramatic 

including kicking, wiggling, and dropping off of their host plant to the ground (De Farias 

and Hopper 1999). Aphids also emit alarm pheromones to warn conspecifics of the 

presence of a threat, and produce sticky cornicle secretions that can trap predators (Nault 

et al. 1973, Butler and O'Neil 2006, Rasekh et al. 2010, Moayeri et al. 2014). These traits 

may enable aphids to survive attack by natural enemies, but they can also be costly 

(Dixon 1958, Roitberg et al. 1979, Losey and Denno 1998a). For example, the presence 

of alarm pheromones induces the production of winged aphid morphs, which exhibit 

lower fecundity (Hatano et al. 2010) and stimulates aphid dropping from host plants, 

which limits the time available for aphids to acquire critical resources (Nelson 2007). 
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Furthermore, even closely related aphids can demonstrate profound differences in the 

intensity of their responses to enemies. For example, pea aphids and blue alfalfa aphids 

are congeneric species that are nearly identical morphologically; however, pea aphids are 

50% more likely to abandon their host plant and drop to the ground in the presence of a 

foliar-foraging predator (Losey and Denno 1998b). For aphids, cues that are important for 

eliciting defensive behaviors include aphid alarm pheromone, plant-borne vibrations 

caused by natural enemy movement, elevated heat and humidity (mammalian breath), 

and physical contact (Roitberg and Myers 1978, Roitberg et al. 1979, Nelson and 

Rosenheim 2006, Francke et al. 2008, Gish et al. 2010, Kunert et al. 2010). 

 Parasitoid wasps are particularly effective consumptive enemies of aphids and 

other herbivores due to their host specificity (Godfray 1994). However, the process of 

host evaluation and acceptance can have negative consequences for non-host organisms 

as well. For example, braconid parasitoids determine the suitability of potential hosts for 

oviposition by assessing contact chemicals on the aphid cuticle through antennal 

palpation and evaluating the internal host environment through ovipositor probing 

(Vinson 1976, Hatano et al. 2008). Receptors on the ovipositor enable parasitoids to 

investigate the internal chemistry of the aphid before depositing an egg. Host acceptance 

by the parasitoid occurs when oviposition takes place and the female deposits an egg. If 

the host is unfavorable, because of reasons such as previous parasitism, the presence of 

defensive bacterial symbionts, or its general unhealthiness, the female may not deposit an 

egg (Fisher 1961, Greany and Oatman 1972, Vinson 1976, Oliver et al. 2012, McDonald 

et al. 2015). However, the physical trauma of stinging without oviposition can still be 
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lethal to the potential host organism, and even if not lethal, may cause overall declines in 

fitness (Barrett and Brunner 1990, Vereijssen et al. 2011, Liu et al. 2015).   

 We have previously demonstrated that the parasitoid wasp Aphidius colemani 

Viereck (Hymenoptera: Braconidae) suppresses pea aphid, Acyrthosiphon pisum (Harris), 

(Hemiptera: Aphididae) populations through non-consumptive effects (Fill et al. 2012). 

Our current study investigates the mechanisms contributing to these non-consumptive 

effects. In addition, we determined how a lethal pea aphid enemy Aphidius ervi Haliday 

influences pea aphid behavior and how both species of parasitoid wasp influence the host 

of A. colemani, green peach aphids Myzus persicae (Sulzer). We quantified the sub-lethal 

effects of these interactions by finding how parasitoid interactions influence aphid 

fecundity and longevity. 

MATERIALS AND METHODS 

Study system  

Pea aphids feed on a variety of legumes, including fava beans Vicia faba L. 

(Blackman and Eastop 1984). Green peach aphids feed on a wide variety of host plants 

from over 40 plant families including collards Brassica oleracea L. (Heathcote 1962, 

Blackman and Eastop 1984). The parasitoid wasp A. ervi attacks both pea aphids and 

green peach aphids, but shows a preference for ovipositing in pea aphids (Hofsvang and 

Hågvar 1975, Colinet et al. 2005, Bilodeau et al. 2013, Almohamad and Hance 2014). A. 

colemani only attacks smaller aphid species, so it parasitizes green peach aphids, but not 

the larger pea aphids (Starý 1975). Although A. colemani does not oviposit in pea aphids, 

it may still cause a reduction in pea aphid fitness or survival by injuring aphids while 

probing with its ovipositor to assess host suitability (De Farias and Hopper 1999). 
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 Numerous studies have documented the behaviors that pea aphids utilize to 

defend themselves against their enemies. They readily abandon their host plant and drop 

to the ground to avoid predation (Dixon 1958, Roitberg et al. 1979, Losey and Denno 

1998a). They also harbor a variety of internal bacterial symbionts that defend against 

parasitoids and other invaders (Oliver et al. 2003, Parker et al. 2014). The defensive 

responses of the green peach aphid have only received anecdotal attention. 

 Aphids used in the following experiments were reared in cages in Ashland Road 

Greenhouse on the campus of the University of Missouri (Columbia, MO). Pea aphids 

were originally collected from an alfalfa Medicago sativa L. field and were reared on 

fava bean plants. Green peach aphids were collected from and reared on collard plants. 

Both species of parasitoid wasps were purchased from Rincon Vitova Insectaries 

(Ventura, California). 

Behavioral interactions  

Behavioral observations were conducted in the laboratory to determine the 

frequency and nature of interactions between aphids and parasitoids. Video recordings of 

five pea aphids on a fava bean plant or five green peach aphids on a collard plant were 

made in response to three treatments: (1) control with no parasitoids present, (2) three 

mated, female A. ervi, and (3) three mated, female A. colemani. The host plant, either a 

fava bean or collard depending on the aphid species, was a seedling approximately 8 cm 

tall, so that the entire plant could be captured in the video recording. The seedling was 

transplanted into a 10 cm diameter pot and enclosed in a plastic tube cage (20 cm tall, 6 

cm in diameter) that was sunk into the soil. The five released aphids were of mixed age 

with one second-instar nymph, one third-instar nymph, one fourth-instar nymph, and two 
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adult aphids that were determined using the proportion of the head width and body size. 

Aphids were placed onto the plant with a camel hair brush and left to settle for 15 min. 

After this time, parasitoids were added through a small hole in the top of the cage. Four 

digital video cameras (two Panasonic, model #WV-BP334 and two Everfocus, model 

#EQ700 with Computar 4.5-12.5 mm lenses) were arranged at 90° angles around the pot 

(Fig. 1) and recordings were made for 45 min. Each of the six treatments (two aphid 

species x three parasitoid treatments) was replicated 10 times with the order of replicate 

treatments randomized over time. Behaviors were later quantified using Observer event 

recording software (Noldus Information Technology, version 5.0, Wageningen, 

Netherlands). We measured two parasitoid behaviors: the frequency of antennation of 

aphids and the frequency of stinging (insertion of the ovipositor into an aphid). We also 

measured two aphid behaviors: the duration of time spent off of the host plant (due to 

either dropping or walking off the plant) and the frequency of defensive behaviors 

(including dropping, kicking, or emission of defensive secretions from their cornicles) 

(Nault et al. 1973, Butler and O'Neil 2006, Moayeri et al. 2014). 

 For pea aphids and green peach aphids separately, we determined the main effect 

of the parasitoid treatments on each parasitoid behavior and each aphid behavior using 

one-way analyses of variance (ANOVAs) (PROC MIXED, SAS v.9.3). Several variables 

were log-transformed to meet the assumptions of an ANOVA: the frequency of parasitoid 

antennation of green peach aphids, the frequency of parasitoid antennation of pea aphids, 

the frequency of defensive behaviors by green peach aphids, and the frequency of 

defensive behaviors by pea aphids. 
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Dropping behavior  

The defensive dropping response of pea aphids and green peach aphids due to 

parasitoid presence was measured by capturing aphids on sticky cards as they dropped 

from their host plant over 24 h. The experiment was conducted at the University of 

Missouri Ashland Road greenhouse facility (16:8 L:D, 26-38°C). Experimental units 

were 60 cm x 60 cm x 60 cm bug dorm insect cages (MegaView Science Co., Ltd., 

Taichung, Taiwan). Inside each cage was a 27 cm x 54 cm planting tray with one 10-day-

old fava bean plant with 50 pea aphids and one 25-day-old collard plant with 50 green 

peach aphids, spaced approximately 25 cm apart. Aphids were given 24 h to settle and 

then one sticky card was carefully placed under each of the two plants in each cage (Fig. 

2). A sticky card consisted of a clear plastic transparency sheet (Staples® write-on 

transparency film) sprayed with two coats of aerosol Tangle-Trap® insect trap coating 

(Great Lakes IPM, Vestaburg, Michigan). A narrow slit cut down the middle of the sheet 

allowed us to slide the sheet around the plant stem for placement under the plant. 

Immediately after the sticky cards were added to each cage, one of three treatments was 

randomly assigned: (1) control with no parasitoids present, (2) 10 adult Aphidius ervi, sex 

ratio 1:1, or (3) 10 adult A. colemani, sex ratio 1:1. There were seven replications of each 

treatment. After 24 h, all aphids on the sticky cards were counted to determine the 

cumulative number of pea aphids and green peach aphids that dropped off the plants in 

each treatment. 

 Only four out of the 1,050 released green peach aphids were found on sticky cards 

across the 21 experimental cages; therefore, the dropping response of green peach aphids 

to each treatment was not analyzed statistically. The effects of parasitoid treatment on the 
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number of pea aphids found on sticky cards were compared using a one-way ANOVA of 

log-transformed to adhere to the assumptions of our analysis (PROC MIXED, SAS 

v.9.3). Some parasitoid wasps were found stuck to the cards after 24 h. To confirm that 

the magnitude of the pea aphid response was not influenced by parasitoids becoming 

stuck on the cards, a linear regression was performed to determine if there was an effect 

of the number of parasitoid wasps found on sticky cards on the number of pea aphids 

found on sticky cards (PROC REG, SAS v.9.3).  

Longevity and fecundity in response to stinging  

This experiment determined whether the act of a parasitoid stinging an aphid to 

assess suitability, independent of successful oviposition, impacts the longevity and/or 

fecundity of the aphid. Pea aphid and green peach aphid fitness was measured in response 

to three treatments: (1) control with no parasitoids present, (2) stinging by A. ervi and (3) 

stinging by A. colemani. Five third-instar aphids were placed on an excised leaf in a 5 cm 

petri dish (either five pea aphids on a fava bean leaf or five green peach aphids on a 

collard leaf) and given 15 min to settle (Fig. 3). Three mated female parasitoids, either A. 

ervi or A. colemani, were added to the dish via a small plastic vial and the dish was 

observed with a naked eye until a parasitoid was seen inserting its ovipositor into an 

aphid. Once an aphid was stung, that individual was removed and placed on a host plant 

where the number of nymphs produced each day was recorded until the aphid died. The 

remaining aphids and parasitoids in the dish were disposed of and not used in later 

replications. If no aphids were stung after 20 min, aphids and parasitoids were disposed 

of. Stung pea aphid individuals were reared on 10-day-old potted fava bean plants with 

plastic tube cages (30 cm tall, 6 cm diameter) and were moved to a new fava bean plant 
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every 7 d (Fig. 4a). Stung green peach aphids were reared on 21-day-old potted collard 

plants in plastic cups (11 cm diameter, 14 cm height) with a large (14 cm diameter) petri 

dish for a cover and were moved to a new collard plant every 10 d (Fig. 4b). Each day 

until the aphid died, the number of nymphs produced was counted and the nymphs were 

manually removed.  

For all treatment combinations except when A. colemani was present with pea 

aphids, some of the stinging events resulted in successful oviposition by parasitoids and 

the development of stung aphids into mummies. Therefore, the parasitoid treatment 

groups were further broken down into replicates where aphids were stung and developed 

into mummies (successful oviposition) or stung and did not develop into mummies 

(unsuccessful oviposition). Ultimately, there were four treatments for pea aphids: (1) 

control where aphids never came in contact with parasitoids, (2) stinging and successful 

oviposition by A. ervi, (3) stinging but no successful oviposition by A. ervi, and (4) 

stinging but no successful oviposition by A. colemani; and five treatments for green 

peach aphids: (1) control where aphids never came in contact with parasitoids, (2) 

stinging and successful oviposition by A. ervi, (3) stinging but no successful oviposition 

by A. ervi, (4) stinging and successful oviposition by A. colemani, and (5) stinging but no 

successful oviposition by A. colemani. Each treatment was replicated 10 times. The 

effects of these treatments on aphid longevity (days until aphid death) and fecundity 

(total number of nymphs produced in a lifetime) were determined for pea aphids and 

green peach aphids separately using one-way ANOVAs.  
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RESULTS 

Behavioral interactions  

Pea aphid/parasitoid interaction  

The frequency with which pea aphids were antennated and stung was affected by 

the parasitoid treatment (F = 92.74, df = 1, 18; P < 0.0001 Fig. 5a; F = 23.05, df = 1, 18; 

P = 0.0001 Fig. 5b, respectively). A. ervi antennated and stung pea aphids more 

frequently than A. colemani (t = 9.63, df = 18; P < 0.0001 and t = 4.80, df = 18; P < 

0.0001, respectively). The frequency of A. colemani antennating and stinging pea aphids 

was not different than zero (t = 1.52, df =18; P = 0.1460 and t = 0.00, df = 18; P = 

1.0000, respectively).  

Pea aphid behavioral responses were affected by the parasitoid treatment 

(defending: F = 91.91, df = 2, 27; P < 0.0001 Fig. 5c; time spent off plant: F = 34.04, df 

= 2, 27; P < 0.0001 Fig. 5d). The presence of A. ervi caused pea aphids to engage in 

defensive behaviors and increase the time pea aphids spent off of their host plant relative 

to the control (t = 12.40, df = 27; P < 0.0001; t = 6.99, df = 27; P < 0.0001, respectively). 

Pea aphids did not respond to the presence of A. colemani by defending (t = 1.46, df = 27; 

P = 0.1560) or spending time off of their host plant (t = 0.29, df = 27; P = 0.7715). 

Green peach aphid/parasitoid interaction  

The frequency with which green peach aphids were antennated and stung was not 

different between parasitoid treatments (F = 3.21, df = 1, 18; P = 0.0898 Fig. 6a; F = 

2.75, df = 1, 18; P = 0.1145 Fig. 6b, respectively). Green peach aphid behavioral 

responses were different among treatments (defending: F = 3.64, df = 2, 27; P = 0.0399 

Fig. 6c; time spent off plant: F = 3.73, df = 2, 27; P = 0.0372 Fig. 6d). The presence of A. 
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colemani caused green peach aphids to engage in defensive behaviors, but did not 

influence the time that green peach aphids spent off of their host plant (t = 2.61, df =27; P 

= 0.0145; t = 0.23, df = 27; P = 0.8234, respectively). Alternatively, the presence of A. 

ervi caused green peach aphids to increase the time they spent off of their host plant 

relative to the control, but did not induce defensive behaviors by green peach aphids (t = 

2.24, df = 27; P = 0.0332; t = 1.89, df = 27; P = 0.0698, respectively). 

Dropping behavior  

There were differences in the number of pea aphids found on the sticky cards in 

response to the parasitoid treatments (F = 18.45, df = 2, 18; P < 0.0001 Fig. 7). Both A. 

ervi and A. colemani stimulated pea aphids to drop off of their host plant relative to the 

control where no parasitoids were present (t = 5.90, df =18; P < 0.0001, t = 4.20, df = 18; 

P = 0.0005, respectively) and there was a trend that A. ervi stimulated the dropping 

response from a greater number of pea aphids than A. colemani (t = 1.70, df =18; P = 

0.1068). There was no relationship between the number of parasitoids on sticky cards and 

number of pea aphids found on sticky cards (r2 = 0.0115, P = 0.7151, residual MSE: 

244.40, parameter variance: 8.22). On average, only 2.14 ± 0.57 out of 10 parasitoids that 

were released were found on a sticky card per cage. The abundance of green peach aphids 

found on the sticky cards was extremely low (four out of the 1,050 released green peach 

aphids). This was expected since this species does not possess the defensive dropping 

response like pea aphids. 
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Longevity and fecundity in response to stinging  

Pea aphid response  

Pea aphid longevity and fecundity was altered due to interactions with A. ervi, but 

not A. colemani (longevity: F = 18.17, df = 3, 45; P < 0.0001 Fig. 8a; fecundity: F = 

13.75, df = 3, 45; P < 0.0001 Fig. 8b). When A. ervi stung a pea aphid, whether or not the 

sting resulted in successful parasitism, there was a decline in longevity compared to the 

control (successful parasitism: t = 7.22, df = 45; P < 0.0001; unsuccessful parasitism: t = 

2.83, df = 45; P = 0.0069). There was a decline in lifetime nymph production when A. 

ervi successfully parasitized a pea aphid and a mummy formed, but not when A. ervi 

stung a pea aphid and a mummy did not form (t = 5.99, df = 45; P < 0.0001; t = 1.15, df = 

45; P = 0.2564, respectively). A. colemani never successfully parasitized pea aphids. Pea 

aphids that were stung by A. colemani without successful oviposition did not experience a 

reduction in longevity or lifetime fecundity relative to the control (t = 0.53, df = 45; P = 

0.5978, t = 0.14, df = 45; P = 0.8895, respectively). To better visualize the change in 

daily nymph production over time, the cumulative daily means were plotted (Fig. 8c). Pea 

aphid daily nymph production was relatively constant over time until production nearly 

stops after approximately 80 nymphs are born. Only successful oviposition by A. ervi 

resulted in a lower daily nymph production than any of the other treatments. 

Green peach aphid response  

Green peach aphids experienced reductions in longevity and fecundity from 

contact and successful parasitism by A. colemani and A. ervi (F = 14.29, df = 4, 47; P < 

0.0001 Fig. 9a; F = 14.37, df = 4, 47; P < 0.0001 Fig. 9b, respectively). Longevity and 

fecundity declined as a result of successful parasitism by both A. colemani (t = 4.98, df = 



28 
 

47; P < 0.0001; t = 4.86, df = 47; P < 0.0001, respectively) and A. ervi (t = 5.47, df = 47; 

P < 0.0001; t = 5.93, df = 47; P < 0.0001, respectively). There was no change in 

longevity or fecundity due to stinging without successful parasitism from either 

parasitoid species (A. colemani: longevity: t = 0.09, df = 47; P = 0.9302; fecundity: t = 

0.39, df = 47; P = 0.7004; A. ervi: longevity: t = 0.38, df = 47; P = 0.7044; fecundity: t = 

0.08, df = 47; P = 0.9374). Green peach aphid cumulative daily nymph production over 

time was relatively constant over time and successful parasitism of a green peach aphid 

by A. colemani or A. ervi resulted in lower daily nymph production than any of the other 

treatments (Fig. 9c). 

DISCUSSION 

 We found that pea aphids and green peach aphids exhibit very different defensive 

responses and the responses of the aphids are unique to the parasitoid species present, 

despite the fact that the parasitoids are closely-related congeners. Pea aphids responded to 

the presence of their consumptive natural enemy, A. ervi, both behaviorally and 

physiologically. A. ervi assessed pea aphid suitability for oviposition by antennating 

aphids and inserting their ovipositor. Pea aphids responded to this physical contact by 

walking away, kicking, and dropping off of their host plant to escape the parasitoid. The 

dropping escape response of pea aphids is a well-known defensive behavior that comes 

with a long-term cost to aphid fitness (Dixon 1958, Nelson 2007, Fill et al. 2012). 

However, we also found that pea aphids experienced a physiological cost from direct 

physical interactions with A. ervi. When A. ervi females probed pea aphids with their 

ovipositors, even in the absence of successful parasitism, pea aphids experienced a 

reduction in longevity. The reduction in longevity due to stinging without successful 
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parasitism is likely due to the physical trauma of being stung (Barrett and Brunner 1990, 

Day 1994). Thus, the previously-documented non-consumptive suppression of pea aphid 

populations by parasitoids, which was attributed to the dropping escape behavior (Fill et 

al. 2012), may have overlooked a potential role for non-consumptive physical 

interactions between parasitoids and aphids as well. 

Pea aphids also responded to the presence of A. colemani by dropping from their 

host plant, but only when green peach aphids were also present. In the short term 

observational study, where pea aphids were present with A. colemani in the absence of 

green peach aphids, we found no evidence of behavioral interactions. A. colemani did not 

antennate or sting the pea aphids, nor did the aphids respond to the presence of the 

parasitoid. However, we did find that pea aphids dropped from their host plant in 

response to A. colemani in the longer 24 h dropping experiment where green peach 

aphids were also present. Since A. colemani does not parasitize pea aphids, the lack of 

interaction between pea aphids and A. colemani in the behavioral experiment is likely due 

to the absence of A. colemani’s host, green peach aphids. Predators often rely on prey 

cues to find potential prey and thus stimulate their foraging behavior (Hislop and 

Prokopy 1981, Hattingh and Samways 1995, Rebach 1996). We have shown previously 

that the non-enemy A. colemani does interact with pea aphids and induces their defensive 

dropping response, but only when A. colemani’s host aphid is also present to stimulate 

the foraging behavior of the parasitoid (Fill et al. 2012). When A. colemani and pea 

aphids were confined within a very small cage, A. colemani did probe pea aphids to 

assess their suitability, but this stinging without oviposition was not physiologically 

costly to pea aphids. Therefore, our results suggest that the non-consumptive suppression 
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of pea aphids by A. colemani, which was documented previously (Fill et al. 2012), is 

likely due to costs associated with defensive behaviors such as dropping from the host 

plant, rather than physical damage to aphids due to stinging to assess host suitability. 

Green peach aphids responded defensively to the presence of parasitoids, but not 

as dramatically as pea aphids. Green peach aphids did not utilize the defensive dropping 

response; in fact, only four out of the 1,050 released aphids dropped in 24 hours, but 

green peach aphids did aggressively defend themselves or walk away to escape enemies. 

Both A. colemani and A. ervi interacted with green peach aphids through antennation and 

stinging, and they did so to the same degree, but green peach aphids responded to the 

parasitoids in different ways. Although A. colemani and A. ervi are congeners and both 

parasitize green peach aphids, they stimulated unique behavioral responses (Miller et al. 

2014). The presence of A. ervi caused green peach aphids to spend more time off of the 

plant, likely because green peach aphids walked away to avoid parasitism by A. ervi. 

When A. colemani was present, green peach aphids engaged in defensive behaviors such 

as kicking at the parasitoids and emitting cornicle secretions. These differences in the 

behavioral responses of green peach aphids may be due to the different foraging 

strategies of the two parasitoids. A. ervi were much more active foragers than A. 

colemani, which may have stimulated green peach aphids to engage in the more drastic 

behavior of stopping feeding and moving off of the host plant to avoid interacting with A. 

ervi. Therefore, generalizations of prey response to the presence of a natural enemy must 

be made with care, even when natural enemies are closely related (Henry et al. 2010, 

Royauté and Pruitt 2015). 
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This study documents that the non-consumptive effects of enemies on herbivores 

can result from a variety of different mechanisms and the intensity and type of interaction 

will vary based on the identity of the species involved. These non-consumptive 

interactions can result in declines in herbivore fecundity and longevity, which ultimately 

reduce herbivore population size (Preisser et al. 2005, Orrock et al. 2013, Rypstra and 

Buddle 2013). As such, studies that attempt to predict the value of conservation 

biological pest control based merely on assessments of enemies that directly consume 

prey may underestimate the ultimate impact of natural-enemy communities on pest 

populations and crop yield (Barrett and Brunner 1990, van Lenteren et al. 2006, Montoya 

et al. 2009).  
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Figure 1. Arrangement of the cameras, plant, and cage used to evaluate behavioral 
interactions between the parasitoid wasps Aphidius colemani Viereck and Aphidius ervi 

Haliday and the aphids Myzus persicae (Sulzer) and Acyrthosiphon pisum (Harris). 
Cameras were arranged at 90° angles. A collard plant, Brassica oleracea L., is shown. 
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Figure 2. Experimental set-up used to quantify the frequency of both pea aphids, 
Acyrthosiphon pisum (Harris), and green peach aphids, Myzus persicae (Sulzer), 
dropping off of their host plant in response to the presence of the parasitoid wasps 
Aphidius colemani Viereck and Aphidius ervi Haliday. Inside each bug dorm cage was 
one fava bean plant, Vicia faba L., and one collard plant, Brassica oleracea L. A sticky 
card was added under each plant. 

 

  



34 
 

 

Figure 3. Small petri dishes used to assess pea aphid, Acyrthosiphon pisum (Harris), and 
green peach aphid, Myzus persicae (Sulzer), longevity and fecundity in response to 
stinging by the parasitoid wasps Aphidius colemani Viereck and Aphidius ervi Haliday. 
Pieces of collard plant, Brassica oleracea L., are shown.  
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a) 

 

 

b) 

 

Figure 4. Cages used to house pea aphids, Acyrthosiphon pisum (Harris), on fava bean 
plants, Vicia faba L., (a) and green peach aphids, Myzus persicae (Sulzer), on collard 
plants, Brassica oleracea L., (b) to determine aphid longevity and fecundity in response 
to stinging by the parasitoid wasps Aphidius colemani Viereck and Aphidius ervi Haliday.  
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Figure 5. Behavioral interactions between the parasitoid wasps Aphidius colemani 

Viereck and Aphidius ervi Haliday and pea aphids, Acyrthosiphon pisum (Harris). 
Number of times a parasitoid antennated (a) or stung (b) a pea aphid in a 45-min 
observational period. The frequency of defensive behaviors exhibited by pea aphids in 
response to parasitoid presence (including dropping, kicking, or emission of defensive 
secretions) (c) and the duration of time pea aphids spent off of the fava bean host plant, 
Vicia faba L. (due to either dropping or walking off the plant) (d). LS means ±1 SEM of 
untransformed data are shown. Means with different letters are significantly different at 
the α < 0.05 level.   
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Figure 6. Behavioral interactions between the parasitoid wasps Aphidius colemani 

Viereck and Aphidius ervi Haliday and green peach aphids, Myzus persicae (Sulzer). 
Number of times a parasitoid antennated (a) or stung (b) a green peach aphid in a 45-min 
observational period. The frequency of defensive behaviors exhibited by green peach 
aphids in response to parasitoid presence (including kicking or emission of defensive 
secretions) (c) and the duration of time green peach aphids spent off of the collard host 
plant, Brassica oleracae L. (due to walking off the plant) (d). LS means ±1 SEM of 
untransformed data are shown. Means with different letters are significantly different at 
the α < 0.05 level. 
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Figure 7. Effect of the parasitoids Aphidius colemani Viereck and Aphidius ervi Haliday 
on the number of pea aphids, Acyrthosiphon pisum (Harris) (out of 50) that dropped onto 
sticky cards after 24 h. LS means ±1 SEM of back-transformed data are shown. Means 
with different letters are significantly different at the α < 0.05 level. 
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Figure 8. Pea aphid, Acyrthosiphon pisum (Harris), response to stinging by the parasitoid 
wasps Aphidius colemani Viereck and Aphidius ervi Haliday. Longevity (number of days 
until death) (a), lifetime fecundity (b), and cumulative daily nymph production (c). LS 
means ± 1 SEM with different letters are significantly different at the α < 0.05 level.  
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Figure 9. Green peach aphid, Myzus persicae (Sulzer), response to stinging by the 
parasitoid wasps Aphidius colemani Viereck and Aphidius ervi Haliday. Longevity 
(number of days until death) (a), lifetime fecundity (b), and cumulative daily nymph 
production (c). LS means ± 1 SEM with different letters are significantly different at the 
α < 0.05 level.   
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CHAPTER 3. 

SHORT-TERM EFFECTS OF NON-CONSUMPTIVE 

INTERACTIONS ON APHID SUPPRESSION BY NATURAL 

ENEMIES 

 

ABSTRACT 

The traditional view is that predators impact prey populations through 

consumption. However, the mere threat of predation can be sufficient to reduce prey 

abundance if prey respond by engaging in costly defensive traits (i.e. non-consumptive 

effects). Non-consumptive effects provide the opportunity for non-enemy species that do 

not consume herbivores to contribute to herbivore suppression, particularly when 

herbivores inaccurately perceive them as a threat and respond defensively. For example, 

the wasp Aphidius colemani does not consume pea aphids, but reduces their abundance 

when pea aphids abandon their host plant in an attempt to escape. While non-

consumptive effects of non-enemies on herbivore populations have been documented, 

their contribution to the population dynamics of herbivores in the presence of consumers 

is unknown. We investigated whether the addition of a non-enemy, A. colemani, to a 

community containing a consumptive enemy, Aphidius ervi, alters pea aphid suppression 

in a series of greenhouse and field studies using both additive and substitutive 

manipulations of wasp presence. The addition of the non-enemy A. colemani did not 

enhance or disrupt pea aphid suppression. The addition of A. colemani did decrease A. 

ervi reproduction (parasitism rate) when an additive treatment design was used and the 
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inclusion of the non-enemy was confounded with an increase in the overall abundance of 

wasps. However, A. ervi reproduction did not decline in the presence of A. colemani 

when total wasp density was held constant, suggesting that the negative response was due 

to crowded conditions rather than interspecific interactions. We simultaneously examined 

the non-consumptive effects of the wasps on green peach aphids, the prey resource for A. 

colemani. Despite the fact that green peach aphids have more subtle and potentially less-

costly defensive behaviors than pea aphids, the effects of the wasps on green peach aphid 

population size was consistent with those found with pea aphids. We found that non-

enemy organisms can significantly reduce herbivore populations when acting alone, and 

do not disrupt herbivore suppression when part of a broader community including 

consumptive enemies. Over the long term, we predict that non-enemy organisms provide 

insurance against declines in consumptive enemy populations and buffer against 

herbivore outbreaks. 

INTRODUCTION 

 Classic models predict the population dynamics of predators and their prey based 

on trophic, or consumptive, interactions (Lotka 1925, Volterra 1926, Nicholson and 

Bailey 1935, Hassell and Varley 1969). However, there is a growing realization that 

predators can also influence prey populations through non-consumptive interactions 

(Preisser et al. 2005, Peckarsky et al. 2008). Non-consumptive effects arise when prey 

alter their behavior, morphology or life-history in response to the presence of a predator 

(Werner and Peacor 2003). These trait changes may increase prey survival in the near-

term, but can also lead to long-term declines in prey fitness (Orrock et al. 2013, 

Davenport et al. 2014, Hernandez and Peckarsky 2014, Sitvarin et al. 2015). Examples of 
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the occurrence of non-consumptive interactions between predators and their prey are 

becoming common (Peckarsky et al. 2008, Romero et al. 2011) and reviews of the 

literature document that these effects are often as strong as or stronger than the 

consumptive effects of predators (Werner and Peacor 2003, Křivan and Schmitz 2004, 

Peacor and Werner 2004, Preisser et al. 2005). Furthermore, there has been some attempt 

to incorporate non-consumptive effects into the theoretical predator-prey framework 

(Bolker et al. 2003, Preisser and Bolnick 2008). However, most studies investigating the 

importance of non-consumptive effects of predators on prey populations focus narrowly 

on the interaction between a single predator species and a single prey species (However, 

see Kishida et al. 2009). To gain a comprehensive understanding of the role of non-

consumptive effects in herbivore suppression, we must also consider how these effects 

influence the direct and indirect interactions among community members (Polis 1994). 

To date, studies exploring the importance of non-consumptive interactions for 

herbivore suppression have focused on the individual and population-level consequences 

for prey of employing defensive traits in the presence of a consumptive enemy (Nelson et 

al. 2004, Thaler and Griffin 2008, Steffan and Snyder 2010). However, non-enemy 

organisms that do not consume a particular herbivore nor compete directly with the 

herbivore for shared resources can have non-consumptive effects as well (Fig. 10, 

Eubanks and Finke 2014). These non-enemy species can reduce herbivore populations in 

the absence of predation by triggering physiologically-costly defensive behaviors (Fill et 

al. 2012, Xi et al. 2013), particularly when the cues that prey rely on to detect and 

respond to enemy presence are relatively general stimuli (Thomas 1950). For example, 

pea aphids (Acyrthosiphon pisum (Harris)) drop from their host plant to avoid predator 
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attack (Dixon 1958, Roitberg et al. 1979, Losey and Denno 1998a). This defensive 

behavior enhances the likelihood that pea aphids survive an enemy encounter (Francke et 

al. 2008), but diminishes the lifetime fecundity of pea aphids due to a reduction in time 

spent feeding on host plants, limiting the acquisition of necessary resources like nitrogen 

(Nelson et al. 2004, Nelson 2007). This trade off may be evolutionarily advantageous 

when faced with natural enemies like the parasitoid wasp Aphidius ervi Haliday 

(Hymenoptera: Braconidae), an efficient consumer of pea aphids; however, pea aphids 

also exhibit this escape behavior in response to the presence of Aphidius colemani 

Viereck, a species of parasitoid wasp not capable of consuming pea aphids (Fill et al. 

2012). We documented previously that during the time when A. colemani is foraging for 

its suitable host, green peach aphids (Myzus persicae (Sulzer)), it also comes in contact 

with pea aphids and causes them to drop from their host plant. The pea aphids’ inaccurate 

assessment of A. colemani as a threat and their subsequent time spent off the host plant 

results in the suppression of pea aphid populations despite the absence of consumption by 

A. colemani (Fill et al. 2012).  

Our goal is to determine whether a diverse community of arthropods, including 

both enemies and non-enemies, results in levels of herbivore suppression greater than that 

accomplished by consumers alone. We have shown previously that non-consumptive 

suppression of herbivores by non-enemies is possible when this interaction is examined 

in isolation. Whether non-enemies play a significant role in natural herbivore suppression 

will ultimately depend on the relative importance of these interactions when placed 

within the context of the full community, including consumers. Here we ask: (1) Is non-

consumptive suppression of pea aphids by A. colemani complementary to the suppression 
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of pea aphid populations by the consumptive enemy, A. ervi? And (2) Is the aphid host of 

A. colemani, the green peach aphid, susceptible to non-consumptive suppression as well? 

Green peach aphids do not utilize the dramatic escape response of dropping off of their 

host plant, but instead engage in more subtle defensive behaviors such as walking away 

from or kicking at a potential enemy (Hartbauer 2010). Although not as extreme as the 

pea aphid behavior, these behaviors may also be detrimental to aphid fitness in the long 

term. Placing non-enemy interactions within a community framework will provide 

insight into the generality of non-consumptive suppression of herbivores in natural 

systems and its potential usefulness for managing herbivore pests in agroecosystems. 

MATERIALS AND METHODS 

Parasitoid biology and manipulation 

We evaluated the contribution of non-consumptive effects to herbivore 

suppression in the presence of consumptive enemies by studying interactions between the 

congeneric parasitoid wasps A. ervi and A. colemani. A. ervi prefers to parasitize larger 

aphid species like pea aphids (Du et al. 1998) and is the main parasitoid of pea aphids in 

natural settings (Bilodeau et al. 2013). However, A. ervi is also capable of parasitizing 

smaller aphid species such as green peach aphids under greenhouse or laboratory 

conditions (Hofsvang and Hågvar 1975, Almohamad and Hance 2014). Therefore, A. ervi 

suppresses populations of both aphid species through a combination of consumptive and 

non-consumptive effects. Alternatively, A. colemani specializes on smaller hosts, so it 

does not parasitize pea aphids, but readily parasitizes green peach aphids (Starý 1975). 

Therefore, A. colemani may suppress green peach aphids through a combination of 

consumptive and non-consumptive effects, but influences pea aphid abundance solely 
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through non-consumptive interactions (Fill et al. 2012). Our expectation is that the 

parasitoids A. ervi and A. colemani will additively suppress pea aphid and green peach 

aphid populations through a combination of consumptive and non-consumptive effects.  

We manipulated the presence of A. ervi and A. colemani using both additive and 

substitutive/replacement designs. An additive design holds the density of conspecifics 

constant across all predator treatments, but confounds the addition of predator species 

with an increase in overall predator density (Jolliffe 2000). A substitutive/replacement 

design maintains a constant overall predator density across predator treatments, but 

confounds the presence of interspecific interactions with a decrease in conspecific density 

(Snaydon 1991). We used both treatment designs to understand more completely how the 

consumptive and non-consumptive effects of the two parasitoid wasps combine to impact 

pea aphid and green peach aphid populations.  

Additive design 

Greenhouse study 

 The study was conducted at the University of Missouri Ashland Road Greenhouse 

facility (Columbia, MO, 16:8 L:D, 26-38°C). Experimental units were 60 cm x 60 cm x 

60 cm bug dorm insect cages (MegaView Science Co., Ltd., Taichung, Taiwan, Fig. 11). 

Inside each cage we placed a 27 cm x 54 cm planting tray containing one row of five 10-

day-old fava bean plants (Vicia faba L.) and one row of five 19-day-old collard plants 

(Brassica oleracea L.) that were spaced approximately 7 cm apart (Fig. 12). Fifty pea 

aphids were sprinkled across the row of fava bean plants and 50 green peach aphids were 

haphazardly added to the row of collard plants, for an average of 10 aphids per plant. 

After a 24-h settling period for the aphids, one of four parasitoid treatments was 
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randomly assigned: (1) control with no parasitoids present, (2) 25 adult A. ervi, (3) 25 

adult A. colemani, or (4) a mixture of 25 adult A. ervi and 25 adult A. colemani. 

Parasitoids were drawn from a population with a 1:1 sex ratio. Treatments were 

replicated seven times. This additive manipulation of parasitoid presence doubled the 

overall abundance of parasitoids when both species were present. 

After 7 d, we counted the number of pea aphids and green peach aphids that were 

present and verified that no living adult parasitoids were present. Aphid population size 

after 7 d was our estimate of the non-consumptive effect of parasitoids on the aphid 

populations because it reflects only the reduction in aphid population growth due to 

behavioral interactions; after 7 d parasitized aphids are still alive and reproducing with 

the same daily nymph production as unparasitized aphids (Chapter 2). We estimated the 

consumptive effect of parasitoid wasps on aphid populations as the number of mummies 

(parasitoid pupae) formed 14 d after treatment establishment. Fourteen days is ample 

time to allow for formation of both A. ervi and A. colemani mummies (Zamani et al. 

2007, Härri et al. 2009). All mummies were collected for parasitoid species identification 

after emergence. The total effect (consumptive + non-consumptive) that parasitoid wasps 

had on aphid populations was estimated as the aphid population after 7 d (the non-

consumptive effect) minus the number of aphids that eventually became mummies (the 

consumptive effect).  

Field study 

A parallel field experiment was conducted from 29 July 2013 until 12 August 

2013 at the University of Missouri South Farm Research Center (Columbia, MO). 

Experimental units were identical to those described above, except that the cages were 
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open at the bottom and buried approximately 20 cm into the soil (Fig. 13). We placed a 

tray containing one row of five 11-day-old fava bean plants and one row of five 39-day-

old collard plants directly into the soil in each cage. One-hundred pea aphids were 

haphazardly added to the row of fava bean plants and 100 green peach aphids were 

haphazardly added to the row of collard plants, for an average of 20 aphids per plant. 

Older plants and higher aphid densities were used in the field experiment than in the 

greenhouse due to harsher conditions in the field. Despite higher initial aphid densities, 

the aphid populations in the control field cages at 7 d were approximately half the size of 

that in the control greenhouse cages.  

After a 24-h settling period for the aphids, one of four parasitoid treatments was 

randomly assigned to each cage: (1) control with no parasitoids present, (2) 25 A. ervi, 

sex ratio 1:1, (3) 25 A. colemani, sex ratio 1:1 or (4) a mixture of 25 A. ervi and 25 A. 

colemani, sex ratio 1:1. Each treatment was replicated seven times. After 7 d we counted 

the number of pea aphids and green peach aphids that were present (the non-consumptive 

effect) and verified that no living adult parasitoids were present. After 11 d, the number 

of green peach aphids that developed into mummies was counted (the consumptive 

effect). An epizootic of a common entomopathogenic fungus attacking pea aphids in 

humid environmental conditions, Erynia neoaphidis Remaudière & Hennebert, emerged 

in all experimental cages by day 11 (e.g., Fig. 14), so we were unable to assess pea aphid 

mummy formation (the consumptive effect) or the total effect (non-consumptive + 

consumptive) of parasitoids on pea aphid populations in the field study. 

 

 



49 
 

Statistical analyses 

 For both the greenhouse and field studies, the main and interactive effects of A. 

ervi and A. colemani on the reduction in pea aphid and green peach aphid abundance due 

to the total effects of the parasitoids (i.e., aphid abundance on day seven minus the 

number of mummies that formed) and their non-consumptive effects only (i.e., aphid 

abundance on day seven) were analyzed in four separate two-way analyses of variance 

(ANOVA) (PROC MIXED, SAS v.9.3, SAS Institute, Cary, NC). The consumptive 

effect (i.e., the number of mummies that formed) was compared with one-way ANOVAs, 

using ‘parasitoid treatment’ as the predictive variable. Pea aphids are only parasitized by 

A. ervi, therefore ‘parasitoid treatment’ for the pea aphid analysis compared mummy 

abundance when only A. ervi was present to that when a mix of both A. ervi and A. 

colemani were present. Green peach aphids are parasitized by both parasitoids, so 

‘parasitoid treatment’ compared mummy abundance across the three treatments where 

parasitoids were present (A. colemani alone, A. ervi alone and a mix of A. colemani and 

A. ervi). To meet the assumptions of ANOVA, the total effect and non-consumptive 

effect of parasitoids on the green peach aphid population in the greenhouse study and the 

consumptive effect of parasitoids on green peach aphids in the field study were log-

transformed. A cluster of four cages in the greenhouse study experienced nearly complete 

aphid mortality due to abiotic environmental conditions and were not included in the 

analyses.  

Substitutive design 

 We manipulated the presence of A. ervi and A. colemani in a 

substitutive/replacement design using an identical experimental set-up to the greenhouse 
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study above; but in this case, we maintained a constant total density of parasitoids across 

all treatments by reducing the abundance of each species when present together. 

Parasitoid treatments were as follows: (1) control with no parasitoids present, (2) 20 A. 

ervi, sex ratio 1:1, (3) 20 A. colemani, sex ratio 1:1 or (4) a mixture of 10 A. ervi and 10 

A. colemani, sex ratio 1:1. Each treatment was replicated six times.  

The total, consumptive and non-consumptive effects of parasitoids were 

determined as described above. In addition, the per capita mummy production of each 

species (number of mummies/number of parasitoids) was determined to facilitate a direct 

comparison of the consumptive effects of each individual parasitoid species when present 

alone (20 conspecifics) versus when present in the mixture with the other parasitoid 

species (10 conspecifics). 

Statistical analyses 

The total and non-consumptive effects of A. ervi and A. colemani on the pea aphid 

and green peach aphid populations were compared across the four parasitoid treatments 

in four separate one-way ANOVAs using ‘treatment’ as the predictive variable. To 

determine whether the effects of the parasitoids in combination were different than 

expected based on the strength of the effects when each parasitoid was present alone, an 

orthogonal contrast was used to compare the pooled effect of A. ervi and A. colemani 

treatments to that of the mixed treatment (CONTRAST, PROC MIXED, SAS v.9.3, SAS 

Institute, Cary, NC). The consumptive effects of A. ervi and A. colemani (per capita 

mummy formation) were compared when each was alone versus present with its 

congener using two one-way ANOVAs, with the two aphid species analyzed separately. 

We also analyzed green peach aphid mummy formation across treatments where 
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parasitoids were present using a one-way ANOVA. Green peach aphid abundance on day 

seven minus the number of mummies (total effect) and green peach aphid abundance on 

day seven (non-consumptive effect) were log-transformed to meet the assumptions of 

ANOVA. 

RESULTS 

Pea aphid population response 

Additive manipulation of parasitoids 

 There was a significant interaction between A. ervi and A. colemani in their total 

effects (consumptive + non-consumptive) on pea aphid abundance in the greenhouse 

(F1,21 = 7.88, P = 0.011, Fig. 15a gray bars). Both A. ervi and A. colemani suppressed pea 

aphid populations relative to the control with no parasitoids present (t21 = 8.31, P < 0.001 

and t21 = 3.74, P = 0.001, respectively) and A. ervi suppressed pea aphids more than A. 

colemani (t21 = 4.79, P < 0.001). However, there was no difference in the size of the pea 

aphid population when A. ervi was alone or in the mixed treatment with A. colemani (t21 = 

0.57, P = 0.576). We were unable to determine the total effect of the parasitoids on pea 

aphid abundance in the field due to the fungal epizootic. 

 There was a significant interaction between A. ervi and A. colemani in their non-

consumptive effects on the pea aphid population in the greenhouse (F1,21 = 4.46, P = 

0.047, Fig. 15a gray bars + hatched bars) and in the field (F1,24 = 51.27, P < 0.001, Fig. 

15b gray bars). Both A. ervi and A. colemani reduced pea aphid populations relative to 

the control in the greenhouse (t21 = 6.92, P < 0.001 and t21 = 3.68, P = 0.001, respectively) 

and in the field (t24 = 10.87, P < 0.001 and t24 = 9.27, P = 0.001, respectively). In the 

greenhouse study, when both parasitoid species were present, suppression was greater 
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than A. colemani alone (t21 = 3.79, P = 0.001), but not different from A. ervi alone (t21 = 

0.28, P = 0.780). In the field study, A. ervi and A. colemani suppressed pea aphid 

populations to the same magnitude (t24 = 1.60, P = 0.123), but there was no further 

suppression when both parasitoid species were present together (A. ervi: t24 = 0.85, P = 

0.402; A. colemani: t24 = 0.75, P = 0.463).  

The consumptive effect of A. ervi on pea aphid populations, as measured by the 

formation of mummies, was influenced by the presence of the non-enemy A. colemani in 

the greenhouse (t8 = 2.77, P = 0.024, Fig. 15a hatched bars). Adult parasitoids were 

identified after emergence, confirming that 100% of pea aphid mummies were A. ervi. 

The presence of A. colemani caused greater than a 75% decline in parasitism of pea 

aphids by A. ervi. It was not possible to quantify pea aphid mummy formation in the field 

study because of the development of the epizootic fungus.  

Substitutive manipulation of parasitoids 

 The total effect of parasitoids on pea aphid populations varied across treatments 

(F3, 20 = 13.82, P < 0.001, Fig. 16 gray bars). Individually, both A. colemani and A. ervi 

reduced the size of the pea aphid population relative the control (t20 = 3.71, P = 0.001 and 

t20 = 5.99, P < 0.001, respectively), but the total effect of A. ervi was greater than A. 

colemani (t20 = 2.27, P = 0.034). Additionally, the pooled average of the total effects of 

both species alone was not different from the total effect on the pea aphid population 

when both species were together in the mixed treatment (F1, 20 = 0.05, P = 0.820).  

 Similarly, the non-consumptive effects of parasitoids on the pea aphid populations 

varied across treatments (F3,20 = 12.53, P < 0.001, Fig. 16 gray bars + hatched bars). Both 

A. colemani and A. ervi suppressed the pea aphid population relative to the control (t20 = 
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3.63, P = 0.002 and t20 = 5.72, P < 0.001, respectively), but A. ervi had a larger effect 

than A. colemani (t20 = 2.09, P = 0.050). Furthermore, the pooled average of both species 

alone was not different from when both species were present in the mixed treatment (F1,20 

= 0.01, P = 0.914).  

 There was no difference in the consumptive effect of A. ervi (i.e. per capita 

mummy production) when A. ervi was alone as compared to when it was present in the 

mixed treatment with A. colemani (1.01 ± 0.73 versus 2.38 ± 0.73 mummies per adult A. 

ervi, respectively; t10 = 1.33, P = 0.214).  

Green peach aphid population response 

Additive manipulation of parasitoids 

There was a significant interaction between A. ervi and A. colemani in their total 

effects (consumptive + non-consumptive) on green peach aphid abundance in the 

greenhouse (F1,21 = 4.24, P = 0.052, Fig. 17a gray bars) and in the field (F1,24 = 53.45, P < 

0.001, Fig. 17b gray bars). Both A. ervi and A. colemani suppressed green peach aphids 

relative to the control with no parasitoids present in the greenhouse (t21 = 4.07, P = 0.001 

and t21 = 5.89, P < 0.001; respectively) and in the field (t24 = 10.00, P < 0.001 and t24 = 

9.74, P < 0.001, respectively) and they did so to the same degree (greenhouse: t21 = 1.24, 

P = 0.228, field: t24 = 0.27, P = 0.791). When both parasitoid species were present 

together, their total effects on the green peach aphid population were greater than when 

A. ervi was present alone in the greenhouse (t21 = 2.16, P = 0.042), but not different from 

suppression by A. ervi alone in the field (t24 = 0.60, P = 0.552). Despite doubling the 

overall parasitoid abundance in the mixed treatment, this did not result in an even greater 
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level of suppression relative to when A. colemani was present alone in either experiment 

(greenhouse: t21 = 1.02, P = 0.287, field: t24 = 0.33, P = 0.741). 

There was not a significant interaction between A. ervi and A. colemani in their 

non-consumptive effect on the green peach aphid population in the greenhouse (F1,21 = 

1.89, P = 0.184, Fig. 17a gray bars + hatched bars). However, there was a significant 

interaction in the field (F1,24 = 37.67, P < 0.001, Fig. 17b gray bars + hatched bars). In the 

greenhouse and field experiments, both A. ervi and A. colemani reduced green peach 

aphid populations through non-consumptive effects relative to the control (greenhouse: 

t21 = 3.50, P = 0.002 and t21 = 4.34, P < 0.001, respectively; field: t24 = 8.71, P < 0.001 

and t24 = 7.92, P < 0.001, respectively). However, compared to when either species of 

parasitoid was present alone, we did not see a greater level of suppression when both 

species of parasitoid were present in either experiment.  

The consumptive effect of parasitoids on the green peach aphid population was 

different among parasitoid treatments in the greenhouse (F2,14 = 3.49, P = 0.059, Fig. 17a 

hatched bars). Mummy abundance in the mixed treatment when both parasitoid species 

were present was lower than when A. colemani was present alone (t14 = 2.40, P = 0.031) 

and the same as when A. ervi was present alone (t14 = 0.36, P = 0.724). A. colemani 

emerged from 84% and A. ervi emerged from 16% of the green peach aphid mummies 

collected from the mixed treatment. We did not find evidence of differences among the 

consumptive effects of parasitoids on green peach aphids in the field (F2,18 = 0.36, P = 

0.705, Fig. 17b hatched bars).  
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Substitutive manipulation of parasitoids 

The total effect of parasitoids on green peach aphid populations varied across 

treatments (F3, 20 = 12.53, P < 0.001, Fig. 18 gray bars). A. colemani and A. ervi 

suppressed the green peach aphid population relative to the control (t20 = 6.11, P < 0.001 

and t20 = 3.05, P = 0.006, respectively). The total effect of A. colemani was greater than 

A. ervi (t20 = 3.06, P = 0.006). Additionally, the pooled average of the total effects of both 

species alone was not different from the total effect when both species were present in the 

mixed treatment (F1, 20 = 1.51, P = 0.234).  

The non-consumptive effects of parasitoids on the green peach aphid populations 

varied across treatments (F3,20 = 19.59, P < 0.001, Fig. 18 gray bars + hatched bars). Both 

A. colemani and A. ervi suppressed green peach aphids compared to the control (t20 = 

7.29, P < 0.001 and t20 = 4.99, P < 0.001, respectively), but did so to differing degrees 

(t20 = 2.30, P = 0.033). Furthermore, the pooled average of both species alone was not 

different from when both species were present in the mixed treatment (F1,20 = 0.46, P = 

0.504).  

Total green peach aphid mummy formation (consumptive effect) was not different 

across treatments containing parasitoids (F2, 15 = 1.89, P = 0.186, Fig. 18 hatched bars). 

Additionally, we saw no difference in per capita mummy production by A. colemani 

when alone as compared to when present with A. ervi (2.50 ± 0.62 versus 2.93 ± 0.62 

mummies per adult A. colemani, respectively; t10 = 0.49, P = 0.633). There was also no 

difference in per capita mummy production by A. ervi when alone versus in the mixed 

treatment (1.83 ± 0.27 versus 1.34 ± 0.27 mummies per adult A. ervi, respectively; t10 = 

1.32, P = 0.217).  
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DISCUSSION 

Our goal was to determine whether non-enemies enhance herbivore suppression 

beyond the level accomplished by consumers alone. We corroborated our previous 

finding that the non-enemy wasp A. colemani, which does not consume pea aphids, is 

capable of substantially reducing pea aphid abundance on its own by provoking costly 

defensive behaviors (but not to the same magnitude as the actual enemy A. ervi). 

However, the addition of the non-enemy to a system already containing the consumptive 

enemy A. ervi did not further augment pea aphid suppression; rather, the size of the pea 

aphid population was unchanged. This indicates that while the non-enemy did not 

enhance aphid suppression in the presence of the enemy, it also did not disrupt it 

(Rosenheim and Harmon 2006). Therefore, we predict that the non-enemy species may 

benefit herbivore suppression, not because of facilitation or complementarity in the 

effects of the enemy and non-enemy on the herbivore population, but because 

redundancy in their impacts provides insurance against fluctuations in the size and 

occurrence of the enemy population (Naeem and Li 1997, Yachi and Loreau 1999, 

Snyder et al. 2006). 

There is evidence to suggest that the consumptive parasitoid-host dynamics 

between A. ervi and pea aphids may be influenced by the presence of the non-enemy over 

a longer timescale than that explored here. When we manipulated wasp presence in an 

additive treatment design, the addition of the non-enemy A. colemani reduced the rate of 

pea aphid parasitism by A. ervi, and thus the absolute number of adult A. ervi to emerge 

in the next generation. A. colemani does not consume pea aphids, thus any apparent 

reduction in parasitism by A. ervi due to the presence of A. colemani is likely the result of 
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behavioral interference rather than resource competition. For example, visual and/or 

chemical cues associated with A. colemani may impede the searching and oviposition 

behavior of A. ervi (Almohamad and Hance 2014). However, because wasp presence was 

manipulated using an additive treatment design, the addition of the non-enemy was 

confounded with an overall increase in total wasp abundance. The reduction in the rate of 

parasitism by A. ervi when both wasps were present may also be due to the intensification 

of negative intraspecific interactions such as superparasitism among A. ervi individuals as 

a result of the overall increase in wasp density (Bai and Mackauer 1992, Cronin and 

Strong 1993). This potential mechanism is supported by the fact that there was no change 

in the per capita rate of pea aphid parasitism by A. ervi in the presence of the non-enemy 

when a substitutive treatment design was used and the total abundance of wasps did not 

change. These results suggest that the overall increase in wasp density, rather than the 

addition of the non-enemy per se, resulted in the lower abundance of pea aphid 

mummies. Therefore, we infer that our experimental arenas may have intensified 

interactions among wasps and that interference among individuals is less likely to emerge 

over a more extensive spatial scale (Luttbeg et al. 2003). 

A second goal of this study was to determine whether suppression of herbivore 

populations through non-consumptive effects is a general phenomenon, or whether it is 

specific to herbivores like the pea aphid that are easily disturbed and frequently engage in 

dramatic (and costly) enemy-avoidance behaviors. Prey exhibit a wide variety of 

defensive behaviors when predation risk is perceived (Orrock et al. 2013, Hernandez and 

Peckarsky 2014) and the magnitude of the non-consumptive effects will likely be a 

function of the degree to which prey traits are altered in response to levels of risk 
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(Luttbeg and Trussell 2013, Lagrue et al. 2015). The defensive response of the green 

peach aphid, the host for A. colemani, is relatively subtle compared to that of the pea 

aphid and includes behaviors such as walking away. Nonetheless, we still found large 

non-consumptive effects of parasitoid wasps on green peach aphid populations that were 

more than twice the magnitude of the consumptive effects of parasitoids. Therefore, 

suppression through non-consumptive effects was not limited to herbivores with dramatic 

escape responses, and has the potential to be a relatively widespread phenomenon. 

 It is becoming increasingly clear that studies based solely on who eats whom may 

not adequately describe the complex population and community dynamics contributing to 

herbivore suppression (e. g., Preisser and Bolnick 2008, Utsumi et al. 2010, Eubanks and 

Finke 2014). Non-consumptive effects provide the opportunity for natural enemies to 

expand their ‘zone of influence’ within the community by directly affecting the 

abundance of herbivore species that they do not consume (Fill et al. 2012). The 

consequence is that studies that attempt to predict the community impacts of predator 

introductions or extinctions based only on estimates of direct prey consumption may 

underestimate the true breadth of cascading predator impacts (van Lenteren et al. 2006, 

Montoya et al. 2009).  

  



59 
 

 

Figure 10. Consumptive (solid arrows) and non-consumptive (dashed arrows) 
interactions among community members. The enemy suppresses the herbivore population 
through a combination of feeding on prey (solid arrow) and inducing defensive behaviors 
with associated fitness costs (dashed arrow). The non-enemy does not consume the 
herbivore, but can still contribute to the suppression of the herbivore population if the 
herbivore incorrectly perceives the non-enemy as a threat and responds by engaging in 
costly defensive behaviors (dashed arrow). 
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Figure 11. Bug dorms in the Ashland Road Greenhouse that were used for the 
greenhouse studies. 
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Figure 12. Plant arrangement inside a bug dorm that was used for all of the studies in 
Chapter 3. Five collard plants, Brassica oleracea L., (front row in this photo) and five 
fava bean plants, Vicia faba L., were randomly assigned to the front or back of the cage. 
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Figure 13. Cages used for the field study of parasitoid wasp and aphid interactions at the 
South Farm Research Center. Bug dorm cages were 60 cm x 60 cm x 60 cm and were 
buried approximately 20 cm into the soil. 
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Figure 14. Example of the formation of the entomopathogenic fungus Erynia neoaphidis 
Remaudière & Hennebert that appeared during the field study.  

 

  



64 
 

 

 
 

Figure 15. The effect of the presence of the parasitoids Aphidius colemani Viereck and 
Aphidius ervi Haliday on pea aphid, Acyrthosiphon pisum (Harris), abundance in the (a) 
greenhouse and (b) field studies using an additive treatment design. In Fig. 15a, gray bars 
represent the total effect of parasitoid treatment on pea aphid abundance (i.e., the number 
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of pea aphids alive after 7 d minus the number of pea aphids that eventually developed 
into mummies). The absolute height of the bars (gray + hatched) represents the non-
consumptive effect (i.e. the number of pea aphids alive after 7 d). Hatched bars represent 
the consumptive effect (i.e., the number of pea aphids that eventually turned into 
mummies). In Fig. 15b, bars represent the non-consumptive effect (i.e., the number of 
pea aphids alive after 7 d). A fungal epizootic, Erynia neoaphidis Remaudière & 
Hennebert, precluded an estimate of the consumptive effect. LS means ± 1 SEM are 
shown. Inset: Feeding relationships among insects in the study. The response aphids for 
these analyses are highlighted with an oval. 
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Figure 16. The effect of the presence of the parasitoids Aphidius colemani Viereck and 
Aphidius ervi Haliday on pea aphid, Acyrthosiphon pisum (Harris), abundance in the 
greenhouse study that utilized a substitutive design. Gray bars represent the total effect of 
parasitoid treatment on the pea aphid abundance (i.e., the number of pea aphids alive 
after 7 d minus the number of pea aphids that eventually developed into mummies). The 
absolute height of the bars (gray + hatched) represents the non-consumptive effect (i.e., 
the number of pea aphids alive after 7 d). Hatched bars represent the consumptive effect 
(i.e., the number of pea aphids that eventually turned into mummies). LS means ± 1 SEM 
are shown.  
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Figure 17. The effect of the presence of the parasitoids Aphidius colemani Viereck and 
Aphidius ervi Haliday on green peach aphid, Myzus persicae (Sulzer), abundance in the 
(a) greenhouse and (b) field studies using an additive treatment design. Gray bars 
represent the total effect of parasitoid treatment on the green peach aphid abundance (i.e., 
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the number of green peach aphids alive after 7 d minus the number of green peach aphids 
that eventually developed into mummies). The absolute height of the bars (gray + 
hatched) represents the non-consumptive effect (i.e. the number of pea aphids alive after 
7 d). Hatched bars represent the consumptive effect (i.e., the number of green peach 
aphids that eventually turned into mummies). LS means ± 1 SEM are shown. Inset: 
Feeding relationships among insects in the study. The response aphids for these analyses 
are highlighted with an oval. 

  



69 
 

 

 

Figure 18. The effect of the presence of the parasitoids Aphidius colemani Viereck and 
Aphidius ervi Haliday on green peach aphid, Myzus persicae (Sulzer), populations in the 
greenhouse study that utilized a substitutive design. Gray bars represent the total effect of 
parasitoid treatment on the green peach aphid abundance (i.e., the number of green peach 
aphids alive after 7 d minus the number of green peach aphids that eventually developed 
into mummies). The absolute height of the bars (gray + hatched) represents the non-
consumptive effect (i.e., the number of green peach aphids alive after 7 d). Hatched bars 
represent the consumptive effect (i.e., the number of green peach aphids that eventually 
turned into mummies).  LS means ± 1 SEM are shown.  
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CHAPTER 4. 

LONG-TERM EFFECTS OF NON-CONSUMPTIVE 

INTERACTIONS ON APHID SUPPRESSION BY NATURAL 

ENEMIES 

 

INTRODUCTION 

 The relationship between a predator and its prey is defined by consumption. 

However, recent studies have demonstrated that to fully understand the impact of 

predators on their prey, non-consumptive interactions must also be considered (Preisser et 

al. 2005, Peckarsky et al. 2008). Non-consumptive suppression of prey populations 

occurs when the long-term cost of energy expended to avoid predation through changes 

in prey behavior, morphology, or life-history traits outweighs the immediate benefit of 

surviving an encounter with a predator (Peckarsky et al. 2002, Werner and Peacor 2003, 

Hoverman and Relyea 2007, Preisser et al. 2009). Declines in prey population size due to 

non-consumptive interactions are oftentimes greater than the reduction in prey population 

size due to consumption by predators (Preisser et al. 2005), yet non-consumptive effects 

are rarely incorporated into studies of predator-prey dynamics (Polis 1994). 

Population-level studies examining the non-consumptive interactions between 

predators and prey usually span one prey generation at most and typically less than one 

predator generation (e.g., Rypstra and Buddle 2013, Bucher et al. 2014, Jandricic et al. 

2016). These short-term studies may not provide a complete understanding of the role of 

non-consumptive interactions in community dynamics for several reasons. First of all, the 
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individual-level consequences of non-consumptive interactions often carryover to impact 

offspring performance (Mukherjee et al. 2014, Xiong et al. 2015). For example, 

grasshoppers reared under chronic risk of predation altered their jumping mechanics to 

more quickly escape from spider predators (Hawlena et al. 2011). When these 

grasshoppers mated, they produced smaller offspring that could not jump as far and could 

not evade predators as effectively as grasshoppers reared under no predation risk 

(Hawlena et al. 2011). Short-term population studies cannot capture this trans-

generational response. Secondly, non-consumptive suppression of prey populations by 

predators may not feedback to enhance predator population size in the expected manner. 

Models of predator and prey dynamics that focus solely on consumption predict coupled 

oscillations in predator and prey population size (Lotka 1925, Volterra 1926, Nicholson 

and Bailey 1935, Hassell and Varley 1969). As prey populations grow, predators 

consume prey and the predator population increases as well. Eventually, the predator 

population gets so large that the prey population begins to decline due to intense prey 

consumption. Ultimately, the prey population is driven to levels so low that prey are 

scarce and the predator population also declines. Non-consumptive interactions are 

unique because they do not involve feedback to predator population size, making it 

difficult to determine whether non-consumptive interactions between predators and their 

prey will result in the same oscillating population sizes (Preisser and Bolnick 2008). 

Multi-generational studies that document the changes in predator and prey population 

size due to non-consumptive effects are needed to understand how non-consumptive 

interactions influence long-term suppression. 
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 One of the constraints to conducting multi-generational studies of non-

consumptive effects is the difficulty in isolating the non-consumptive effects of predators 

from their consumptive effects. Researchers typically use strategies such as gluing or 

clipping predator mouthparts so that they are physically unable to consume prey, 

exposing prey to the odors produced by predators or associated with the act of predation, 

or simulating predator attack by poking or disturbing prey without the predator being 

present (Peckarsky et al. 2002, Thaler and Griffin 2008, Jones and Dornhaus 2011, 

Rypstra and Buddle 2013). These kinds of manipulations work well for short-term 

studies, but do not allow the opportunity for predator reproduction and feedback in 

predator-prey population responses. Parasitoid wasps provide a unique opportunity for 

studying long-term non-consumptive interactions because the reproductive strategy of the 

wasps allows researchers to easily distinguish the consumptive effect versus the non-

consumptive effect of the wasps on their host populations without artificially 

manipulating them. The consumptive effect of the parasitoid is equivalent to female wasp 

reproduction, which is quantified as the number of hosts that are killed when parasitoid 

progeny pupate and form a mummy (Vinson and Iwantsch 1980). The non-consumptive 

effect of the wasp on the host population is estimated as any additional decline in 

population size that is not accounted for by death due to mummy formation. Therefore, 

the non-consumptive versus consumptive effects of parasitoid wasps on their hosts can 

easily be identified without artificial manipulation of the interaction, allowing for multi-

generational studies that can contribute to our understanding of the impacts of non-

consumptive interactions on community dynamics. 
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Recent research has shown that, in addition to predators, organisms in the 

environment that are not capable of consuming a particular herbivore can also cause 

declines in the herbivore populations by inducing physiologically costly defense 

behaviors (Xi et al. 2013, Chapters 2, 3). This happens when the cues that an herbivore 

uses to detect the presence of a threat are relatively general stimuli, causing the herbivore 

to respond inappropriately to non-threat organisms. For example, the parasitoid wasp 

Aphidius colemani Viereck is not capable of parasitizing pea aphids, Acyrthosiphon 

pisum (Harris), but comes in contact with pea aphids while foraging for their suitable host 

green peach aphids, Myzus persicae (Sulzer). A. colemani assesses pea aphids through 

antennation, causing pea aphids to cease feeding and drop from their host plant in an 

unnecessary attempt to escape (Roitberg and Myers 1979, Losey and Denno 1998a, Fill 

et al. 2012). Dropping from their host plant decreases pea aphid survival due to increased 

exposure to harsh biotic and abiotic factors on the ground such as ground-dwelling 

predators and high heat, and decreases pea aphid reproduction due to a lack of access to 

food resources (Roitberg and Myers 1979, Losey and Denno 1998c, Nelson et al. 2004, 

Nelson 2007).  

We are interested in understanding how the behavioral effects of non-enemy 

organisms combine with the consumptive and non-consumptive effects of lethal enemies 

to influence herbivore suppression. In a previous short-term study encompassing a single 

parasitoid generation, we demonstrated that pea aphid suppression by the lethal parasitoid 

Aphidius ervi Haliday was not enhanced by the addition of the non-enemy A. colemani. 

Rather, there was evidence to suggest that the non-enemy A. colemani may interfere with 

reproduction by A. ervi (Chapter 3). The interference might be due to crowded conditions 
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in the relatively small cages. Therefore, to better understand the influence of the non-

enemy A. colemani on pea aphid suppression by A. ervi, we need to increase the spatial 

and temporal scale of our study (Huston 1999, Schmitz 2005, Beresford and Jones 2010).  

MATERIALS AND METHODS 

Insect biology and culture 

 In large field cages, we manipulated the presence of the two congeneric wasps A. 

ervi and A. colemani and assessed their long-term impacts on pea aphid and green peach 

aphid populations. A. ervi prefers to parasitize larger aphid species like pea aphids (Du et 

al. 1998) and is the main parasitoid of pea aphids in natural settings (Bilodeau et al. 

2013). However, A. ervi is also capable of parasitizing smaller aphid species such as 

green peach aphids under greenhouse or laboratory conditions (Hofsvang and Hågvar 

1975, Almohamad and Hance 2014). Therefore, A. ervi suppresses populations of both 

aphid species through a combination of consumptive and non-consumptive effects. 

Alternatively, A. colemani specializes on smaller hosts, so it does not parasitize pea 

aphids, but readily parasitizes green peach aphids (Starý 1975). Therefore, A. colemani 

may suppress green peach aphids through a combination of consumptive and non-

consumptive effects, but influences pea aphid abundance solely through non-consumptive 

interactions (Fill et al. 2012). 

Aphids used in this study were reared in cages in the Ashland Road Greenhouse 

facility on the campus of the University of Missouri (Columbia, MO, 16:8 L:D, 26-

38°C). Pea aphids were originally collected from an alfalfa (Medicago sativa L.) field 

and were reared on fava bean (Vicia faba L.) plants. Green peach aphids were collected 
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from and reared on collard (Brassica oleracea L.) plants. A. ervi and A. colemani were 

purchased from Rincon-Vitova Insectaries (Ventura, California). 

Experimental protocol 

 We factorially manipulated the presence of A. colemani and A. ervi in large field 

cages and monitored aphid populations over four weeks, approximately two parasitoid 

generations. The study was conducted at Bradford Research Center (Columbia, MO) 

from 17-June-2014 until 24-July-2014. Experimental units were 2 m x 2 m x 2 m field 

cages that were buried approximately 30 cm into the soil to deter any organisms from 

entering the cages (Fig. 19). Inside each cage we transplanted three rows of four 40-day-

old collards and three rows of four eight-day-old fava beans in alternating rows for a total 

of 24 total plants in each cage (Fig. 20). After 7 d, 10 pea aphids were released on each 

fava bean plant and 10 green peach aphids were released on each collard plant. After a 

24-h settling period for aphids, one of four treatments was randomly assigned to each 

cage. Treatments were as follows: (1) control with no parasitoids present, (2) the pea 

aphid lethal enemy alone (30 adult A. ervi, sex ratio 1: 1) (3) the pea aphid non-enemy 

alone (30 adult A. colemani, sex ratio 1:1), and (4) a mixed treatment of the pea aphid 

enemy and non-enemy (30 adult A. ervi and 30 adult A. colemani, sex ratio 1:1). 

Treatments were replicated seven times. Pea aphid and green peach aphid abundance and 

the number of pea aphid and green peach aphid mummies were counted in each cage 

every 7 d over 4 wk for a total of four sampling periods. During the final count, the 

aboveground biomass of the fava bean and collard plants was harvested, dried, and 

weighed. 
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Statistical analysis 

 The main and interactive effects of the presence of A. ervi and A. colemani on the 

size of each aphid population over time were analyzed with two separate repeated-

measures analyses of variance (ANOVA) (Proc Mixed, SAS v.9.3, SAS Institute, Cary, 

NC). For each analysis, the most appropriate variance-covariance structure was chosen 

according to the lowest AIC value. The variance-covariance structures that were tested 

were: compound symmetry, heterogeneous compound symmetry, first-order 

autoregressive, heterogeneous first-order autoregressive, Toeplitz, and unstructured. 

First-order autoregressive variance-covariance structure was determined as the best fit for 

both the pea aphid and the green peach aphid populations. For the green peach aphid 

population, the repeated measures analysis was followed-up by an orthogonal contrast 

comparing green peach aphid abundance in the presence of parasitoids (the average effect 

of all three parasitoid treatments) to green peach aphid abundance in the absence of 

parasitoids (the control treatment) on the last sampling date (CONTRAST, PROC 

MIXED, SAS v.9.3, SAS Institute, Cary, NC).  

The variability in aphid abundance over time (i.e., temporal stability) was 

calculated using the coefficient of variation (standard deviation / mean) of aphid 

population size in each experimental unit over time. The main and interactive effects of 

the presence of A. ervi and A. colemani on temporal stability was analyzed using a two-

way ANOVA for each aphid species individually. Pea aphid populations grew to such a 

large size that they overwhelmed the fava bean plants, which began to die in the control 

treatment and the non-enemy treatment where A. colemani was present alone (e.g., Fig. 

21). Plant death led to a decline in pea aphid populations in subsequent sampling dates in 
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these two treatments. To account for this, we also compared the coefficient of variation in 

pea aphid abundance between the two treatments where pea aphid populations did not 

overexploit the fava bean plants: the lethal-enemy only treatment where A. ervi was 

present alone and the mixed treatment where both the lethal enemy A. ervi and the non-

enemy A. colemani were present. 

The cumulative number of pea aphid and green peach aphid mummies that 

formed over the duration of the experiment were compared with one-way ANOVAs, 

using ‘parasitoid treatment’ as the predictive variable. Pea aphid mummies only formed 

in those treatments where A. ervi was present because A. colemani cannot parasitize pea 

aphids (Blackman and Eastop 1984); therefore, pea aphid mummy formation was 

compared between the lethal-enemy treatment where A. ervi was alone and the mixed 

treatment with both A. ervi and A. colemani present. Green peach aphids are susceptible 

to parasitism by both wasps, so cumulative green peach aphid mummy formation was 

compared across all three treatments where parasitoids were present (A. colemani alone, 

A. ervi alone, and the mixed treatment of A. colemani and A. ervi).  

The main and interactive effects of A. colemani and A. ervi presence on dried 

aboveground biomass of fava bean plants and collard plants at the conclusion of the 

experiment were analyzed using two separate two-way ANOVAs.  

The following variables were log-transformed to adhere to the assumptions of an 

ANOVA: pea aphid abundance, green peach aphid abundance, coefficient of variation for 

pea aphids, total pea aphid mummy abundance, and fava bean dry weight. Due to a 

difference in sampling technique across experimental units on the second count day (July 
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10), three values for pea aphid abundance were not included in the analyses. One sample 

of aboveground collard biomass mysteriously disappeared. 

RESULTS 

Impact of parasitoids on pea aphid population 

 There was a significant three-way interaction between the presence of A. 

colemani, A. ervi, and the day of observation on pea aphid abundance (F3,68.5 = 4.31, P = 

0.0076, Fig. 22), indicating that there was an interaction in the effects of the two 

parasitoids on pea aphid abundance, but that this interaction was not consistent over time 

(Table 1). In the first two weeks, the non-enemy A. colemani suppressed pea aphid 

populations relative to the control. However, behavioral suppression was not effective 

long-term. The pea aphids eventually escaped control by July 17 and the population 

crashed the following week as their host plants were over-exploited. The lethal enemy A. 

ervi was more effective at suppressing pea aphid abundance than the non-enemy and 

suppression was consistent over time, with the exception of a spike in pea aphid 

abundance on July 17. When both parasitoids were present together, the spike in 

abundance was avoided and pea aphid suppression was at a consistently high level across 

time. 

 There was a main effect of the presence of the non-enemy A. colemani on the 

coefficient of variation in pea aphid abundance when all four treatments were included in 

the analysis (F1,21 = 9.64, P = 0.0054). The presence of A. colemani reduced the 

variability in the abundance of pea aphids over time, i.e. A. colemani led to a more stable 

pea aphid population size. When we removed from the analysis the two treatments where 

the aphid populations grew to such a large level that they killed their host plants, we 



79 
 

found that variation in pea aphid abundance was lower in the mixed treatment where both 

species of parasitoid were present than in the enemy-only treatment when A. ervi was 

present alone (t12 = 2.50, P = 0.0278). 

 There was no difference in the total pea aphid mummy formation by A. ervi when 

A. ervi was alone or in the mixed treatment with A. colemani (t12 = 0.44, P = 0.6700, Fig. 

23). 

 There were main effects of the presence of A. colemani and A. ervi on dried 

aboveground fava bean plant biomass (F1, 24 = 4.34, P = 0.0480, F1, 24 = 55.90, P < 

0.0001, Fig. 24). Both treatments where A. ervi was present led to an increase in dried 

aboveground fava bean plant biomass relative to the control (A. ervi alone: t24 = 5.31, P < 

0.0001 and the mixed treatment: t24 = 6.76, P < 0.0001, respectively). However, when A. 

colemani was present alone, it did not lead to a change in dried aboveground plant 

biomass relative to the control (t24 = 1.49, P = 0.1486). 

Impact of parasitoids on green peach aphid populations 

 The only significant effect of any predictive variable in the repeated-measures 

ANOVA on green peach aphid abundance was a main effect of date of observation (F3, 

61.7 = 251.43, P < 0.0001, Fig. 25), indicating that green peach aphid abundance increased 

steadily over time in all treatments. However, the green peach aphid population on the 

final sampling date of the study was suppressed by the presence of parasitoids 

(comparison of control versus average of three treatments with parasitoids present: F1, 24 

= 6.63, P = 0.0166). There was no interaction between A. colemani and A. ervi and no 

main effects of either parasitoid species on the stability of green peach aphid populations 
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over time (F1,24 = 1.19, P = 0.2864; F1,24 = 0.50, P = 0.4878; F1,24 = 0.02, P = 0.8908, 

respectively). 

 Total green peach aphid mummies that formed over time varied among parasitoid 

treatments (F2, 18 = 6.60, P = 0.0071, Fig. 26). More green peach aphid mummies formed 

when A. colemani was alone and when both parasitoids were present than when A. ervi 

was present alone (t18 = 3.06, P = 0.0068 and t18 = 3.23, P = 0.0047, respectively). Green 

peach aphid mummy formation was equally high when A. colemani was alone or when 

both parasitoid species were present in the mixed treatment (t18 = 0.17, P = 0.8641). 

 There were no interactive or main effects of A. colemani and A. ervi on the dried 

aboveground plant biomass of the collard plants (F1, 23 = 2.19, P = 0.1528, F1, 23 = 1.48, P 

= 0.2363, and F1, 23 = 0.01, P = 0.9113, Fig. 27). 

DISCUSSION 

 Previous studies have shown that A. colemani wasps cannot consume pea aphids, 

but are still capable of causing declines in pea aphid populations by stimulating 

physiologically costly defensive behaviors (Fill et al. 2012, Chapters 2, 3). We have also 

shown that although the non-enemy A. colemani can suppress pea aphids when alone, it 

does not contribute to suppression when the lethal parasitoid A. ervi is already present 

(Chapter 3). However, these studies were of relatively short duration and encompassed 

less than one parasitoid generation. The current study demonstrated that when we 

increase the spatial and temporal scale of interaction, the addition of the non-enemy 

parasitoid wasp A. colemani to a community containing the lethal wasp A. ervi stabilized 

the pea aphid abundance and led to the most consistent pea aphid suppression over time. 
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The lethal enemy A. ervi on its own maintained pea aphid populations at a 

relatively low level, except for the third sampling period of the study when pea aphid 

abundance spiked temporarily. We hypothesize that this spike in abundance was due to 

the timing of A. ervi development, with the majority of parasitoids being in the pupal 

stage at this time. The addition of the non-enemy A. colemani to the system prevented 

this population peak and resulted in more reliable suppression of the pea aphid population 

over time. One mechanism contributing to the more reliable level of control when both 

the enemy and non-enemy are present may be temporal niche partitioning due to 

differences in development time of the two parasitoid species. A. colemani develops, on 

average, two days faster than A. ervi (Sequeira and Mackauer 1992, Zamani et al. 2007). 

As a result, adults of the non-enemy A. colemani would be active and foraging in the 

environment during times when A. ervi is inactive and in the pupal stage. Therefore, the 

presence of the non-enemy A. colemani may provide insurance against pea aphid 

outbreaks at times when the consumptive enemy, A. ervi, is inactive or present at low 

densities. Many mechanisms have been explored to explain the stability of parasitoid and 

host interactions (Briggs and Hoopes 2004). These include the presence of overlapping 

generations of hosts when the host possesses an age class that is invulnerable to 

parasitoid attack (Murdoch et al. 1987), manipulation of parasitoid and host diversity to 

regulate parasitism rates over time (Tylianakis et al. 2006), and mutual interference 

between parasitoids (Hassell and May 1973). Our study demonstrates that 

complementary consumptive and non-consumptive suppression by parasitoid wasps may 

also enhance stability of host populations over time. 
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We also found that the non-consumptive effects of the non-enemy species A. 

colemani alone were not strong enough to maintain control of the pea aphid population 

over the long-term. Although there was initial suppression of pea aphids by behavioral 

interactions with A. colemani, the pea aphids eventually escaped control and populations 

increased to the point that the plants were over-exploited and died. The inability of A. 

colemani to control pea aphids over multiple parasitoid generations may be due to the 

fact that A. colemani does not consume pea aphids and so its population dynamics are not 

coupled with that of pea aphids as predicted by consumptive predator-prey models (Lotka 

1925, Volterra 1926, Nicholson and Bailey 1935, Hassell and Varley 1969). However, A. 

colemani did reproduce during the 4-wk study, as its green peach aphid host was also 

present, allowing for the A. colemani population to persist over the duration of the study. 

Therefore, it appears that non-enemies are capable of suppressing herbivore populations 

via non-consumptive effects over the short term, but these effects are not strong enough 

to be effective at controlling pea aphid populations in the long-term. 

 In our previous short-term study, we found that green peach aphid populations 

were suppressed to the same magnitude as pea aphid populations in the field and 

greenhouse (Chapter 3). In our current study we found that parasitoid presence reduced 

green peach aphid populations, but this suppression was not apparent until the fourth 

week of the study. Because the offspring of parasitoid wasps are the significant mortality 

factor, there is oftentimes a lag in the control of host populations by parasitoid wasps 

(Snyder and Ives 2003). This lag in the response of aphid populations could be 

contributing to the weak control of green peach aphids by parasitoids over the time frame 

of this study.  
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 Previous studies have shown that non-consumptive interactions between predators 

and their prey can cascade down the trophic levels to indirectly impact prey resources as 

much as or even more than consumptive interactions (Schmitz et al. 1997, Preisser et al. 

2005), although the magnitude of the effect may vary depending on predator hunting 

mode and prey response (Schmitz et al. 2004). In our study, the pea aphid natural enemy 

A. ervi controlled pea aphid populations, which resulted in increased aboveground plant 

biomass of the fava bean plants. The addition of the non-enemy A. colemani led to more 

consistent suppression of pea aphid populations and prevented the increase in pea aphid 

populations when A. ervi was alone in week three of our study. However, the greater 

control of the pea aphid population was not reflected in an increase in fava bean plant 

biomass, although there was a trend for the highest plant biomass to be achieved when 

both species of parasitoid were present. There was no difference in the aboveground plant 

biomass of collard plants among the parasitoid treatments. However, in addition to 

causing direct damage to plants via feeding, aphids are also responsible for declines in 

plant biomass due to their ability to act as a vector for a wide variety of plant pathogens 

(Kennedy et al. 1962, Harris and Maramorosch 2014). Thus, the influence of parasitoids 

on plant biomass may have been more apparent had we also considered the role of 

disease dynamics in our system (Hodge and Powell 2008, Finke 2012). 

Our study demonstrates the importance of spatial and temporal scale in 

influencing the outcome of ecological interactions (Huston 1999, Schmitz 2005, 

Beresford and Jones 2010). In addition, we document a novel role for non-enemy species 

in an environment: to prevent outbreaks of herbivore populations at times when consumer 

densities are low (Yachi and Loreau 1999, Snyder et al. 2006). When implementing a 
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biological control program, it could be beneficial to consider the potential role that non-

enemies might have in controlling a pest of interest. The incorporation of non-enemies 

may lead to more consistent suppression of herbivore populations over time. 
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Table 1. Pairwise comparisons of pea aphid, Acyrthosiphon pisum (Harris), abundance 
due to the presence of the parasitoid wasps Aphidius colemani Viereck and Aphidius ervi 

Haliday across all treatments within each sampling date. Data were log-transformed to 
adhere to the assumptions of an analysis of variance (ANOVA). All comparisons had 
82.1 degrees of freedom, except for control comparisons on the July 10 sampling date 
that had 87.9 degrees of freedom because of missing data points. * Indicates statistical 
significance at the α < 0.05 level. ** Indicates statistical significance at the α < 0.01 level. 
 

Date Treatments t-value P-value 

July 3 

Control vs. A. colemani 0.89 0.3736 

Control vs. A. ervi** 3.00 0.0036 

Control vs. Mixed** 4.50 < 0.0001 

A. colemani vs. A. ervi* 2.10 0.0386 

A. colemani vs. Mixed** 3.60 0.0005 

A. ervi vs. Mixed 1.50 0.1371 

July 
10 

Control vs. A. colemani 1.64 0.1056 

Control vs. A. ervi** 4.66 < 0.0001 

Control vs. Mixed** 6.10 < 0.0001 

A. colemani vs. A. ervi** 3.50 0.0007 

A. colemani vs. Mixed** 5.16 < 0.0001 

A. ervi vs. Mixed 1.66 0.1005 

July 
17 

Control vs. A. colemani 1.19 0.2389 

Control vs. A. ervi* 2.44 0.0167 

Control vs. Mixed** 5.72 < 0.0001 

A. colemani vs. A. ervi** 3.63 0.0005 

A. colemani vs. Mixed** 6.90 < 0.0001 

A. ervi vs. Mixed** 3.27 0.0016 

July 
24 

Control vs. A. colemani** 4.11 < 0.0001 

Control vs. A. ervi 1.54 0.1271 

Control vs. Mixed 0.68 0.4988 

A. colemani vs. A. ervi* 2.57 0.0120 

A. colemani vs. Mixed** 3.43 0.0009 

A. ervi vs. Mixed 0.86 0.3913 
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Figure 19. Experimental units at Bradford Research Center in Columbia, MO. Cages 
were 2 m x 2 m x 2 m and were buried approximately 30 cm into the soil to deter 
colonization by any organisms.  
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Figure 20. Plant composition of collards, Brassica oleracea L., and fava beans, Vicia 

faba L., inside experimental cages. There are four plants in each row. From the left, the 
rows are made up of: collards, fava beans, collards, fava beans, collards, and fava beans, 
for a total of six rows made up of 24 individual plants.  
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Figure 21. Example of the abundant pea aphid, Acyrthosiphon pisum (Harris), population 
that resulted in fava bean plants, Vicia faba L., dying, leading to the subsequent decline 
of pea aphid population size. This photo was taken on the second sampling date (July 10) 
in a non-enemy treatment cage where Aphidius colemani Viereck was present alone. 
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Figure 22. Pea aphid, Acyrthosiphon pisum (Harris), abundance due to interactions with 
the parasitoid wasps Aphidius ervi Haliday and Aphidius colemani Viereck over the four 
weeks of the study, which is approximately two parasitoid generations. LS means ± 1 
SEM are shown.  
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Figure 23. Cumulative pea aphid, Acyrthosiphon pisum (Harris), mummy formation over 
the course of the experiment in response to the presence of the pea aphid enemy Aphidius 

ervi Haliday and pea aphid non-enemy Aphidius colemani Viereck. A. ervi is the only 
parasitoid that consumes pea aphids and forms mummies, so only treatments where A. 

ervi was present are shown. LS means ± 1 SEM are shown. 
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Figure 24. Impact of the presence of the pea aphid, Acyrthosiphon pisum (Harris), enemy 
Aphidius ervi Haliday and pea aphid non-enemy Aphidius colemani Viereck on dried 
aboveground fava bean plant, Vicia faba L., biomass at the completion of the experiment. 
LS means ± 1 SEM are shown. Means with different letters are significantly different at 
the α < 0.05 level. 
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Figure 25. Impact of the presence of the parasitoid wasps Aphidius ervi Haliday and 
Aphidius colemani Viereck on green peach aphid, Myzus persicae (Sulzer), abundance 
over four weeks, which is approximately two parasitoid generations. LS means ± 1 SEM 
are shown. 
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Figure 26. Cumulative green peach aphid, Myzus persicae (Sulzer), mummy formation 
over the course of the experiment in response to the presence of Aphidius ervi Haliday 
and Aphidius colemani Viereck. Both A. colemani and A. ervi consume green peach 
aphids, so all treatments where parasitoids were present are shown. LS means ± 1 SEM 
are shown. Means with different letters are significantly different at the α < 0.05 level. 
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Figure 27. Impact of the presence of the parasitoid wasps Aphidius ervi Haliday and 
Aphidius colemani Viereck on dried aboveground collard plant, Brassica oleracea L., 
biomass at the completion of the experiment. LS means ± 1 SEM are shown.  
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CHAPTER 5. 

MANIPULATING PLANT DIVERSITY TO PROMOTE 

NON-CONSUMPTIVE SUPPRESSION OF APHIDS IN THE 

FIELD 

 

INTRODUCTION 

 The rise in agricultural production has led to an expansion of simplified 

agroecosystems across the globe (Tilman et al. 2001). These simplified ecosystems are 

often less stable and more vulnerable to herbivore outbreaks than more complex, natural 

environments (Frank and McNaughton 1991, Tilman et al. 1996). However, increasing 

plant species richness in simplified agroecosystems by intercropping and incorporating 

flowering plants oftentimes promotes herbivore suppression and prevents outbreaks 

(Letourneau et al. 2011). 

 Plant diversity may reduce herbivore abundance through a variety of mechanisms. 

The Enemies Hypothesis predicts that predators and parasitoids will be more effective at 

controlling herbivores in diverse plant stands (Root 1973). This may due to the fact that 

the incorporation of wildflowers and intercrops provides alternative resources that 

facilitate natural enemy recruitment (Gurr et al. 2005, Wei et al. 2010, Blaauw and Isaacs 

2012, Gontijo et al. 2013, Koh and Holland 2015). Resources such as nectar and pollen 

provided by wildflower plantings increase the longevity and reproductive capacity of 

some predators and parasitoid wasps (Baggen and Gurr 1998, Cottrell and Yeargan 1998, 

van Rijn and Tanigoshi 1999). This can lead to a more diverse and abundant community 
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of natural enemies where plant diversity is higher (Perner et al. 2005, Koh and Holland 

2015). However, an increase in the diversity or abundance of natural enemies does not 

always result in enhanced herbivore suppression or increased crop yield (Chaplin‐Kramer 

et al. 2011). 

 Diverse agricultural plantings can also promote herbivore suppression by 

reducing the apparency of host plants to herbivores. The Resource Concentration 

Hypothesis predicts that the highest abundance of specialist herbivores occurs where 

plant diversity is lower because herbivores are more likely to locate and remain on plants 

in pure plant stands (Root 1973). The presence of non-host plants in diverse communities 

interferes with the ability of herbivores to find a suitable host plant for feeding or 

oviposition (Severns 2008, Straub et al. 2013), making herbivores more vulnerable to 

predation and further reducing their population (Straub et al. 2014).  

 Finally, while increasing plant diversity may reduce the abundance of specialist 

herbivores feeding on a single host plant species, it can also attract a more diverse 

community of generalist herbivores feeding across plant species. Greater herbivore 

diversity may enhance resource competition, which can have adverse effects on herbivore 

fitness, oviposition, and population size (Denno et al. 1995, Kaplan and Denno 2007). 

Greater herbivore diversity may also promote apparent competition where the presence of 

one herbivore enhances consumption of a second herbivore by increasing natural enemy 

recruitment to the area (Holt 1977, Müller and Godfray 1997, Langer and Hance 2004, 

Jaworski et al. 2015). 

 While many hypotheses exist to explain the relationship between plant diversity 

and herbivore suppression, no general consensus has emerged on the underlying 
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mechanism (Chaplin‐Kramer et al. 2011, Letourneau et al. 2011). We propose a 

completely novel mechanism: that greater plant diversity promotes a diverse community 

of herbivores and natural enemies that contribute to pest suppression through non-

consumptive interactions. Our goal is to determine whether we can exploit this 

mechanism to enhance suppression of pea aphids Acyrthosiphon pisum (Harris) in an 

agroecosystem by intercropping the pea aphid host, fava beans (Vicia faba L.) with a 

non-host plant, collards (Brassica oleracea L.). Pea aphids possess a dramatic escape 

behavior of dropping off of their host plant to avoid predation (Dixon 1958, Roitberg et 

al. 1979, Losey and Denno 1998a). Although this behavior enables pea aphids to survive 

a predator attack (Francke et al. 2008), it reduces pea aphid fitness due to a reduction in 

feeding time and acquisition of resources (Nelson et al. 2004, Nelson 2007). Pea aphids 

typically engage in this behavior in the presence of natural enemies, such as the 

parasitoid wasp Aphidius ervi Haliday. However, this defensive dropping behavior can 

also be induced by parasitoid wasps that are not capable of parasitizing pea aphids (Fill et 

al. 2012, Chapter 2). Hence, non-enemies can suppress pea aphid populations through 

behavioral interactions, despite the fact that they cannot consume pea aphids. Enhancing 

community diversity may enhance the likelihood of these non-consumptive interactions 

between pea aphids and non-enemies, resulting in greater suppression of the pea aphid 

population. 

MATERIALS AND METHODS 

Community response to intercrop 

 To determine how the incorporation of a collard intercrop alters pea aphid 

suppression by the naturally-occurring community of natural enemies, we conducted a 
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field study from 19 May 2015 until 2 July 2015 at the University of Missouri Bradford 

Research Center (Columbia, MO). Eight 1.8 m x 1.6 m plots representing either a 

monocrop of fava bean plants or an intercrop consisting of fava bean plants and collard 

plants were established. Each plot had five rows of plants. The plants within the rows 

were 25 cm apart and each row was 25 cm apart from each other. In every plot, two rows 

were designated as response rows and consisted of six fava bean plants each. The three 

remaining rows were designated as treatment rows and varied in their plant composition 

depending on the treatment. In the monocrop, the treatment rows consisted of five fava 

bean plants each (Fig. 28a). In the intercrop, the treatments rows consisted of five collard 

plants each (Fig. 28b). The five rows alternated between treatment and response rows and 

the placement of plants along the rows was staggered from row to row to increase the 

distance from one plant to another. The treatments were replicated four times and 

randomly assigned to plots.  

Fava bean seeds were planted directly into the soil in the field on 19 May 2015. 

Three days later, 29-day-old collard plants were transplanted from the greenhouse (Fig. 

29). On the same day, cages were installed to deter vertebrate herbivores from entering 

the plots. Cages measured 1.8 m x 2.4 m x 1.2 m and consisted of a PVC-pipe frame 

covered with a mesh fabric (3 mm diameter mesh) cover with sleeves along the bottom to 

attach the mesh to the PVC-pipe frame (Fig. 30). The cages were tied down in the field 

by installing four t-posts around the perimeter of the cage and securing the cages to the 

posts with rope. The cages were not buried into the soil and the mesh holes were large 

enough to allow colonization by invertebrate predators, parasitoids, and herbivores. Our 

intention was for the plots to be naturally colonized by pea aphids and other herbivores, 
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but we also added aphids to the plots 20 d after planting collards to ensure the presence of 

aphids. Every fava bean plant in the response rows was infested with 20 pea aphids. 

Every fava bean plant and collard plant in the treatment rows was infested with 20 pea 

aphids or 20 green peach aphids, respectively.  

After releasing the aphids, aphid and mummy abundance on every plant was 

counted weekly for three weeks. Some plots were naturally colonized by aphids, which 

were identified to species and monitored over time. We also identified and counted any 

invertebrate organism found on the plants to determine whether competition with other 

herbivores and/or interactions with predators and parasitoids contributed to pea aphid 

population suppression. To identify the parasitoids present in the immediate area that 

were likely to be parasitizing aphids in our plots without having to disturb the 

experimental communities, we collected green peach aphid and pea aphid mummies from 

vegetation in the adjacent fields.  

Statistical analysis 

 To determine how the treatment and day of observation impacted pea aphid 

abundance in the response rows, we conducted a repeated measures analysis of variance 

(ANOVA) (Proc Mixed, SAS v.9.3, SAS Institute, Cary, NC). We also explored the 

mechanism responsible for any difference in pea aphid abundance between treatments by 

performing repeated measures ANOVAs with the following response variables: the 

abundance of pea aphid mummies, the abundance of all species of aphid mummies, the 

abundance and taxon richness of all non-aphid herbivores, and the abundance and taxon 

richness of predators. For each analysis, the most appropriate variance-covariance 

structure was chosen according to the lowest AIC value (Table 2). The variance-
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covariance structures that were tested were: compound symmetry, heterogeneous 

compound symmetry, first-order autoregressive, heterogeneous first-order autoregressive, 

Toeplitz, and unstructured. The following variables were log-transformed to adhere to the 

assumptions of an ANOVA: pea aphid abundance in the response rows, all species of 

aphid mummy abundance, and predator abundance. 

Response of aphid colonization to intercrop 

 We were unable to assess pea aphid colonization in the previous study because 

the abundance of pea aphids released in each type of plot varied; therefore, we 

determined whether the incorporation of a collard intercrop influenced the colonization of 

host plants by pea aphids in a separate concurrent experiment. The experimental setup 

was identical to the protocol outlined above, with the exception that aphids were not 

added to the treatment rows. Treatments were replicated four times. After one week, on 

June 18, pea aphid abundance on all plants was counted to determine the rate of pea 

aphid colonization in the monocrop versus intercrop planting. 

Statistical analysis 

 We performed a one-way ANOVA to determine the effect of monocrop versus 

intercrop treatment on the abundance of pea aphids colonizing the plots. The pea aphid 

population size was log-transformed to adhere to the assumptions of an ANOVA. 

RESULTS 

Community response to intercrop 

 There was a main effect of treatment on the pea aphid population in the response 

rows (F1,5.85 = 17.21, P = 0.0064, Fig. 31). On average, pea aphid abundance was lower in 
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the intercrop treatment where collard plants and green peach aphids were also present. 

This effect was consistent across dates (F2,9.66 = 2.32, P = 0.1501). 

 There was a trend for higher pea aphid mummy abundance in the monocrop as 

compared to the intercrop treatment (F1,10.9 = 4.41, P = 0.0599, Fig. 32), and this effect 

was consistent across dates (F2,8.38 = 0.95, P = 0.4251). A. ervi was the only parasitoid 

species found to emerge from pea aphid mummies found in adjacent fields, so these 

mummies are assumed to be A. ervi. We also measured the formation of mummies on all 

species of aphids found in the plots. There was a main effect of the day of observation on 

mummy formation when all species of aphid were included (F2,8.38 = 7.47, P = 0.0137), 

with mummy formation increasing over time regardless of plot type. There was also a 

trend for higher overall aphid mummy abundance in the intercrop as compared to the 

monocrop treatment (F1,6.15 = 4.73, P = 0.0714). There was no interaction between 

treatment and day of observation (F2,8.38 = 1.74, P = 0.2336). Parasitism of the aphids in 

the plots that were not pea aphids is assumed to be due to the parasitoids Diaeretiella 

rapea (M’Intosh) and Syrphophagus aphidivorus (Mayr), which were the only species to 

emerge from non-pea aphid mummies found in adjacent fields. 

A diverse and abundant community of non-aphid herbivores was observed in both 

the monocrop and intercrop (Table 3). There was a main effect of day of observation on 

the abundance of non-aphid herbivores in the environment (F2,6 = 4.31, P = 0.0691, Fig. 

33a), but no main effect of treatment (F1,6 = 2.84, P = 0.1430) or interaction between the 

treatment and day of observation (F2,6 = 0.69, P = 0.5356). There was a main effect of 

treatment on the diversity of non-aphid herbivores in the plots (F1,9.12 = 5.98, P = 0.0367, 

Fig. 33b). There was, on average, a more diverse non-aphid herbivore community present 
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in the intercrop as compared to the monocrop treatment, and this effect was consistent 

across dates (F2,6.51 = 0.02, P = 0.9843). 

A diverse and abundant community of predators was observed in both the 

monocrop and intercrop (Table 3). There was a main effect of day of observation on 

predator abundance (F2,12 = 15.54, P = 0.0005, Fig. 34a) and this effect was consistent 

between treatments (F2,12 = 2.08, P = 0.1680). There was an interaction between the day 

of observation and treatment on the predator diversity in the plots (F2,12 = 5.38, P = 

0.0215, Fig. 34b). There was a more diverse predator community present in the intercrop 

than the monocrop treatment on June 25 (t15.3 = 2.57, P = 0.0209), but predator diversity 

did not differ across plot types on any other date. 

Response of aphid colonization to intercrop 

 There was no evidence that pea aphid colonization rate changed between the 

monocrop and intercrop treatments (t6 = 0.00, P = 0.9977). In fact, the pea aphid 

colonization rates in the monocrop and intercrop treatments before the log-transformation 

were almost identical (monocrop: 171 ± 46.6 aphids/week; intercrop: 168 ± 46.6 

aphids/week). 

DISCUSSION 

 We found a lower abundance of pea aphids when fava bean plants were grown in 

association with collards as an intercrop than when grown alone as a monocrop. Based on 

our previous findings, we hypothesize that this response is due to a greater frequency of 

interactions with non-enemies in the more diverse intercrop environment. However, 

many mechanisms have been proposed previously to explain the relationship between 

plant diversity and herbivore abundance.  
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We found no evidence to support the two most commonly-cited mechanisms 

contributing to lower herbivore abundance in diverse plant communities. First, the 

presence of non-host plants in diverse communities is predicted to decrease the apparency 

of host plants and interfere with the ability of herbivores to find a suitable site for feeding 

or oviposition (Root 1973, Severns 2008, Straub et al. 2013). However, we found no 

difference in the ability of pea aphids to colonize fava bean plants that were grown in 

monoculture or grown in association with collard plants. In fact, the number of pea 

aphids colonizing the monocrop and the intercrop were nearly identical (monocrop: 171 ± 

46.6 aphids/week; intercrop: 168 ± 46.6 aphids/week). Second, plant diversity is 

predicted to enhance herbivore suppression by increasing natural enemy recruitment and 

effectiveness (Root 1973, Perner et al. 2005, Koh and Holland 2015). However, we found 

no evidence that the collard intercrop influenced the abundance or diversity of the 

generalist predator community (Table 3). We also found that pea aphid parasitism was 

higher in the monocrop than the intercrop (Fig. 32), which is the opposite response than 

we would expect to see if parasitism was contributing to suppression. Therefore, we 

found no evidence in support of the Resource Concentration Hypothesis or Enemies 

Hypothesis, which are commonly-cited mechanisms used to explain the relationship 

between herbivore suppression and plant diversity. 

We did find evidence to support the hypothesis that a greater frequency of 

interactions with non-enemies due to a more diverse arthropod community in the 

intercrop enhanced pea aphid suppression through behavioral mechanisms. The large 

mesh cage design did not deter the natural colonization of the plots by arthropods, and 

colonization differed across planting types. There was a greater diversity of herbivores in 
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the intercrop (Table 3), and the more diverse herbivore community attracted a more 

abundant and diverse community of parasitoids, specifically parasitoids that do not 

consume pea aphids. 

The non-aphid herbivores that colonized the experimental plots included flea 

beetles (Coleoptera: Chrysomelidae), leafhoppers (Hemiptera: Cicadellidae), and a 

variety of immature Lepidoptera (Table 3). Flea beetles and diamondback moth larvae, 

Plutella xylostella L., were only found in intercrop plantings containing collard plants 

and were never observed in the monocrop. It is not surprising that flea beetles and 

diamondback moth larvae were not found in the monocrop fava bean plantings because 

both herbivores feed on cruciferous plants, such as collards, and do not feed on legumes 

(Lamb 1989, Palaniswamy and Lamb 1992, Talekar and Shelton 1993). It is unlikely that 

the lower abundance of pea aphids in the intercrop resulted from direct resource 

competition with other herbivores, since there was no difference in the absolute 

abundance of the non-aphid herbivore community between the monocrop and intercrop 

treatments. Instead it appears that these herbivores affected pea aphids due to the 

numerical response of their own enemies.  

The non-aphid herbivores that colonized the intercrop plantings, in combination 

with the green peach aphids that were released on the collards, attracted a more diverse 

and abundant parasitoid community to the intercrop than what was found in the 

monocrop. Of the pea aphid mummies that were collected in the field, A. ervi was the 

only parasitoid species to emerge. This was to be expected since A. ervi is the only 

primary parasitoid known to attack pea aphids in the field in our region (B. Putler, 

personal communication). Two parasitoid species were found to emerge from green 
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peach aphids, the primary parasitoid D. rapae and the hyperparasitoid S. aphidivorus, 

which resulted in the overall higher number of mummies developing in the intercrop than 

monocrop when all aphid species were included in the analysis. D. rapae attacks green 

peach aphids and not pea aphids (Pike et al. 1999). Presumably, the hyperparasitoid that 

emerged from green peach aphids was using D. rapae as a host since we did not observe 

any individuals of S. aphidivorus emerging from pea aphid mummies, although they do 

have the capability of utilizing A. ervi as a host as well (Thompson 1954, Herting et al. 

1971, Fry 1989, Men and Kandalkar 1997). The presence of diamondback moth larvae 

had the potential to attract yet another parasitoid species, with more than 70% of the 

larvae that we sampled in the area being parasitized by the braconid wasp Diadegma 

insulare (Cresson). Therefore, in the monocrop plantings pea aphids primarily interact 

with their lethal natural enemy, A. ervi. However, in the intercrop plantings where green 

peach aphids and other herbivores are present, pea aphids also have the opportunity to 

interact with other non-enemy parasitoids including D. rapae, S. aphidivorus, and D. 

insulare. 

Our previous studies demonstrate that when non-enemies are present in 

combination with the lethal enemy A. ervi, suppression of pea aphid populations is 

stronger and more stable over time (Chapter 4). By intercropping collard plants with the 

pea aphid host plant, we attracted a more diverse community of herbivores which resulted 

in a more diverse community of parasitoids. Although most of these parasitoids were not 

capable of consuming pea aphids, they likely contributed to pea aphid suppression 

through behavioral interactions. These parasitoids have the opportunity to interact with 

pea aphids as they forage in the intercrop environment in search of their appropriate host 
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species and potentially trigger the costly defensive dropping behavior of pea aphids. This 

scenario could be considered a type of apparent competition, where an increase in the 

diversity or abundance of one group of herbivores causes increased suppression of 

another herbivore due to enhanced recruitment of a shared enemy into the area (Holt 

1977). However, unlike traditional apparent competition which is based on predation or 

parasitism, in this case the interaction was entirely non-consumptive (Fill et al. 2012). 

 Pest suppression by non-enemies is an emerging field, but our studies have shown 

that it is possible in a field setting. Specifically, we demonstrated that plant diversity can 

be manipulated to enhance the likelihood of non-consumptive suppression of herbivores 

by non-enemies. Plant diversity did not influence the composition of the consumptive 

enemy community. The lethal pea aphid parasitoid A. ervi was present in both the 

monocrop and the intercrop and there was no change in the generalist predator 

community made up of enemies such as spiders and lacewings. However, specialist 

parasitoids were attracted to the intercrop due to the presence of green peach aphids and 

diamondback moth larvae. Therefore, even when the full community of lethal generalist 

predators and specialist parasitoids have been exploited for pea aphid suppression, there 

is still a diverse community of non-enemies that can enhance herbivore suppression.  
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Table 2. Variance-covariance structures used in the repeated measures analysis of 
variance for each response variable, chosen by the lowest AIC (Akaike Information 
Criterion) value. 
 

Response variable Variance-covariance structure 

Pea aphids in response rows heterogeneous compound symmetry 

Pea aphid mummy abundance heterogeneous first-order autoregressive 

Overall aphid mummy abundance Toeplitz 

Non-aphid herbivore abundance  unstructured 

Non-aphid herbivore diversity  Toeplitz 

Predator abundance compound symmetry 

Predator diversity compound symmetry 
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Table 3. Cumulative non-aphid herbivore and predator abundance in monocrop and 
intercrop plantings. Non-aphid herbivore and predator taxa that did not have more than 
three observations in a treatment were summed together under their respective categories 
and labeled “other.” Non-aphid herbivores that were summed together include katydids 
(Orthoptera: Tettigoniidae), snails (Stylommatophora), and tarnished plant bugs 
(Hemiptera: Miridae). Predators that were summed together include minute pirate bugs 
(Hemiptera: Anthocoridae) and ladybeetles (Coleoptera: Coccinellidae). Mean ± standard 
deviation shown. 
 

    Monocrop Intercrop 

Herbivores 

Slugs 
(Stylommatophora) 

1.3 ± 0.8 2.8 ± 2 

Leafhoppers 
(Hemiptera: Cicadellidae) 

4 ± 2.4 3.25 ± 1.5 

Flea beetles 
(Coleoptera: Chrysomelidae) 

0 3.75 ± 3.1 

Grasshoppers 
(Orthoptera: Acrididae) 

2 ± 0.7 0.25 ± 0.4 

Caterpillars 
(Lepidoptera) 

1.5 ± 1.1 5 ± 2.8 

Herbivores, other 1 ± 1.2 0.5 ± 0.9 

Predators 

Lacewings 
(Neuroptera: Chrysopidae) 

1.5 ± 1.1 1.75 ± 1.8 

Spiders 
(Araneae) 

3 ± 1.2 4.75 ± 4.9 

Predators, other 0.5 ± 0.5 0.75 ± 0.4 
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Figure 28. Plant arrangements in the monocrop (a) and intercrop (b) treatments. “R” 
indicates a response row. “T” indicates a treatment row. The monocrop treatment had 
fava bean plants, Vicia faba L., in the response and treatment rows. The intercrop 
treatment had six fava bean plants in the response rows and five collard plants, Brassica 

oleracea L., in the treatment rows, which is indicated by the different plant shape. Pea 
aphids, Acyrthosiphon pisum (Harris), were added to all of the response row plants. In the 
first experiment, pea aphids were added to the treatment row plants in the monocrop 
treatment and green peach aphids, Myzus persicae (Sulzer), were added to the treatment 
row plants in the intercrop treatment.  
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a) 

 

b) 

 

Figure 29. Actual plant arrangements in the monocrop (a) and intercrop (b) treatments at 
the Bradford Research Center. The monocrop treatment had fava bean plants, Vicia faba 

L., in the response and treatment rows. The intercrop treatment had fava bean plants in 
the response rows and collard plants, Brassica oleracea L., in the treatment rows. 
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Figure 30. Large mesh field cages at Bradford Research Center that covered plots to 
deter vertebrate herbivory. Cages were not buried into the soil and there were large holes 
in the mesh to allow for parasitoid and predator colonization. Cloth sleeves around the 
bottom anchored the mesh cage to the PVC-pipe frame. Each cage was secured with rope 
strung around four t-posts.   
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Figure 31. Pea aphid, Acyrthosiphon pisum (Harris) abundance in the response rows of 
the monocrop (○) and intercrop (●) treatments over the three-week study. Initial pea 
aphid abundance and fava bean plant, Vicia faba L., arrangements in the response rows 
are identical in both the monocrop and intercrop treatments. Data were log-transformed 
to adhere to the assumptions of our analysis and transformed data are shown on a log 
scale. LS means ± 1 SEM are shown. 
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Figure 32. Abundance of the pea aphid, Acyrthosiphon pisum (Harris), mummies that 
formed in the monocrop (○) and intercrop (●) treatments over the three-week study. LS 
means ± 1 SEM are shown. 
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Figure 33. The abundance (a) and taxonomic richness (b) of non-aphid herbivores found 
in the monocrop (○) and intercrop (●) treatments over the three-week study. LS means ± 
1 SEM are shown.  
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Figure 34. The abundance (a) and taxonomic richness (b) of the generalist predator 
community found in the monocrop (○) and intercrop (●) treatments over the three-week 
study. The predator abundance was log-transformed to adhere to the assumptions of our 
analysis and the transformed data are shown on a log-scale. LS means ± 1 SEM are 
shown. 
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CHAPTER 6. 

CONCLUSIONS 

 

 My research demonstrates the important contribution of behavioral non-

consumptive interactions to predator and prey dynamics (Preisser et al. 2005, Peckarsky 

et al. 2008). I found that the strongest and most consistent level of herbivore suppression 

results from a combination of consumptive and non-consumptive effects of lethal and 

non-lethal enemies. Therefore, I conclude that conserving and promoting diversity within 

agroecosystems will likely maximize control of herbivore populations. 

I first investigated the mechanisms responsible for the non-consumptive effects of 

Aphidius ervi Haliday and Aphidius colemani Viereck on pea aphids Acyrthosiphon 

pisum (Harris) and green peach aphids Myzus persicae (Sulzer). Although the parasitoid 

wasps are congeners, they induced unique behavioral and physiological responses from 

their aphid hosts. It may be tempting to make generalizations about the non-consumptive 

effects that a closely-related group of enemies has on prey populations, but my results 

show that the outcomes of non-consumptive interactions are species specific. This may 

be due to a number of mechanisms such as unique semiochemical composition among 

species or differing foraging or defensive behaviors of natural enemy or herbivore 

species. 

My study is the first to investigate whether non-enemies complement herbivore 

suppression by consumptive enemies. I found that the non-enemy A. colemani does 

suppress pea aphid populations in the short term through non-consumptive interactions 

when it is present alone, but appears to antagonize the lethal enemy A. ervi when they are 
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present together. When we incorporated the non-enemy A. colemani into the system of 

pea aphids and the lethal enemy A. ervi, the reproduction by A. ervi declined. However, 

antagonism only occurred when the addition of the non-enemy into the system of A. ervi 

and pea aphids was confounded with an increase in the absolute density of parasitoid 

wasps. When the spatial and temporal scale of the study was increased, antagonism 

disappeared and the addition of A. colemani resulted in the strongest and most consistent 

suppression of pea aphids over the long term. Hence, it is vital that ecological studies are 

performed over multiple generations and at a large spatial scale to accurately predict 

relationship dynamics in a natural habitat (Huston 1999).  

Over the duration of the long-term study, the strength of suppression differed for 

the two aphid species. Green peach aphid populations were not controlled to the same 

degree as pea aphids when A. ervi or A. colemani were alone or when both species of 

parasitoid wasp were present. Green peach aphid populations may not be suppressed 

through behavioral mechanisms to the same degree as pea aphids because green peach 

aphids do not possess a dramatic escape response like pea aphids do. Hence, the intensity 

of the behavioral response of herbivores to the presence of a natural enemy may be 

indicative of the magnitude of the non-consumptive effect on herbivore population size. 

An herbivore with dramatic behavioral responses to natural enemies may be more 

susceptible to suppression through non-consumptive interactions. 

 Lastly, I tested the feasibility of increasing plant diversity in a field setting to 

enhance pea aphid suppression by attracting a diverse community of arthropods, 

including non-enemies. When plant and herbivore diversity was higher, I did find greater 

suppression of pea aphid populations. However, there was no evidence to support the two 
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most commonly-cited mechanisms contributing to lower herbivore abundance in diverse 

plant communities, the Enemies Hypothesis and Resource Concentration Hypothesis 

(Root 1973). Instead, I found evidence of a novel mechanism, behavioral apparent 

competition where an increase in the diversity or abundance of one group of herbivores 

caused increased suppression of another herbivore due to enhanced recruitment of non-

enemies into the area.  

 My research documents the potential for non-lethal organisms in an environment 

to contribute to herbivore suppression through behavioral interactions. Non-consumptive 

interactions can be detrimental to prey fitness (Preisser et al. 2005, Peckarsky et al. 

2008), but it is evolutionarily advantageous for prey to engage in costly defensive 

behaviors when the alternative is death due to predator attack. There is a growing body of 

research that documents that when the cues that prey rely on to detect predator presence 

are relatively general stimuli, prey inaccurately perceive a non-lethal organism as a 

threat, engage in a defensive behavior, and suffer a reduction in fitness (Fill et al. 2012, 

Xi et al. 2013). My research has shown that we can utilize these types of interactions to 

complement herbivore suppression by lethal enemies. Therefore, when all of the species 

of predators and parasitoids in a community have been exploited to suppress a particular 

herbivore population, non-enemies may further enhance and stabilize herbivore 

suppression through behavioral interactions.  
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