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ABSTRACT 

 

Foraging is an essential component of an animal's fitness, and learning plays an important 

role in foraging for many animals. A deeper understanding of complex behaviors such as 

foraging and learning requires an interdisciplinary approach, examining both the behavior 

and the neurobiological underpinnings of the behaviors. Insects serve as model organisms 

to explore the mechanisms of foraging, learning, and memory, as they share fundamental 

neurobiological mechanisms with vertebrates, but have simpler nervous systems that are 

easier to access than vertebrate models. Drosophila, the most common insect model 

organism, undergoes complete metamorphosis, with a larval and adult stage that are very 

different in morphology and behavior. Hemimetabolous insects are emerging as new 

model organisms, as they undergo incomplete metamorphosis, with larval and adult 

stages similar in morphology and behavior. Using two hemimetabolous insects, I have 

examined brain plasticity, learning, and foraging using a cross-discipline approach.  

 Since the discovery that the brain of an adult animal can generate new neurons, 

studies aimed at understanding the mechanisms, stimuli, and consequences of adult brain 
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plasticity have proliferated; however, the role that early experiences play in adult 

plasticity remains relatively unexplored. Using the cricket as a model organism, I show 

that early adulthood may be a period of particular sensitivity in insects.       

   I also examined foraging and learning in another hemimetabolous insect, the 

praying mantis. Through laboratory choice tests and a survey of an organic farm, I found 

that regardless of experience, flowers were not an attractant for mantises, despite the fact 

that mantises are often found on flowers and that fitness benefits for mantises found on 

flowers have been reported. Rather than an attractant, mantises may have an increased 

residence time at foraging sites with flowers over foraging sites without flowers, after 

encountering flowers through random search.  

 My studies add to our understanding of foraging, learning, and brain plasticity in 

hemimetabolous insects, leading to a greater understanding of the underlying 

mechanisms that can shape an animal's behavior within a lifetime and across evolutionary 

time scales.
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INTRODUCTION 

 

An interdisciplinary approach to studying insect behavior 

 

 The familiar sight of a butterfly feeding on a flower may seem simple at first 

glance, but many complex physiological, neurobiological, hormonal, and genetic factors 

acted together to bring the butterfly to that flower to feed. To begin with, internal signals 

were sent from the butterfly's gut to its brain, causing the butterfly to search for nectar 

rather than mates, or, if the butterfly is a female, host plants (Chapman 1998). Floral cues 

generated by the plant to lure in potential pollinators, including visual and volatile cues, 

were intermixed with all the other   visual, olfactory, tactile, magnetic, electric, and 

vibrational cues in the environment. The butterfly's sensory systems filtered the 

information, detecting only a subset of the more relevant cues and sending information to 

the brain for further processing. Once visual and olfactory cues led the butterfly to a 

patch of flowers, which required the coordination of thousands of muscle movements to 

orient and propel the butterfly towards the cues, the butterfly had to select one flower or 

inflorescence out of the patch. Responses to any of the cues were either innate and 

genetically pre-programmed, or learned after experience feeding on the same type of or 

similar flowers in the past.  

 After it alighted on the flower, nectar guides led the butterfly's proboscis to the 

nectar source, and it began to feed. Another set of muscles controls the uptake of nectar, 

and feedback loops between the gut and brain send the signal when to stop drinking 

nectar, roll up the proboscis, and either head to another neighboring flower, move to a 
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different patch of flowers, or switch to a different behavioral context such as mating or 

oviposition (Chapman 1998).  All of these complex mechanisms of a butterfly feeding on 

a flower happen in a matter of seconds or minutes and occur countless times in a day. 

Each part of the process is important and must be understood in the context of the 

ultimate outcome - the butterfly feeding on nectar. It is only through the work of many 

scientists over decades that we have an in depth understanding of this behavior. It was a 

combination of specialized biologists focused on one particular part of the behavior, such 

as the physiology of feeding, and collaborations that brought the separate pieces together, 

leading to an understanding of the behavior as a whole. 

  In an attempt to uncover the patterns and mechanisms of life, larger questions are 

divided into smaller component parts, variables are carefully controlled, and contributing 

factors are isolated. Due to the amount of detailed knowledge necessary to properly run 

experiments and interpret results, the field of biology is broken into many disciplines and 

sub-disciplines, and as a consequence any given biologist becomes highly specialized in 

one small aspect of his or her larger question. With advances in computing power and 

ease of connection with other scientists around the word, the last decade has seen an 

increasing emphasis on interdisciplinary studies and collaborative work, resulting in a 

deeper understanding of systems as diverse as a network of proteins, a neurological 

circuit, an organism, or a community of organisms.  

 Below is a brief overview of two complex behaviors, foraging and learning, 

which are essential components of an insect's fitness. As in the example of a butterfly 

feeding on a flower, foraging may seem to be a simple behavior, but there are many 

components that act together in the search for food. The ability to learn cues in 
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association with foraging behaviors directly increases an individual's fitness (Dukas and 

Bernays 2000, Dukas and Duan 2000). The complex behaviors of foraging and learning 

can only be fully understood by taking an interdisciplinary approach, examining both the 

external cues guiding the behaviors and the neuronal mechanisms controlling them.  

 

Foraging in predatory insects 

 

 Generalist insect predators can have strong effects on community structure, and 

the negative impacts of invasive generalist predators are well documented (Fagan et al. 

2002, Snyder and Evans 2006). Foraging is an essential part of any animal's behavior, 

and is  complex with many internal and external factors involved. Many variables 

determine the foraging behavior of an insect, including hunger status, prey availability 

and distribution, and time of day (Bell 1990).  Some insect predators are cursorial, 

changing foraging sites frequently and actively hunting prey, whereas others are sit-and-

wait ambush predators, changing foraging sites infrequently and waiting for prey to come 

across their path. Interestingly, indirect top-down effects on a community are dependent 

on the hunting mode of the predator, with active hunters increasing aboveground net 

primary production (ANPP) and nitrogen mineralization and sit-and-wait predators 

decreasing ANPP and nitrogen mineralization (Schmitz 2008). Understanding how 

predators make foraging decisions is a key component of understanding their effects on 

the community. 

 Predators rely on a variety of cues at different spatial scales to locate and identify 

prey (Bell 1990). For example, visual cues can attract a predator from a distance to a 



 

4 

patch of prey habitat, then olfactory cues may guide the predator closer to the prey, and 

tactile or contact chemoreception allow the predator to make decisions about prey 

acceptability. In addition to using direct prey cues such as color, shape, odor, and texture, 

indirect cues indicating the presence of prey, such as fecal matter or herbivore-induced 

plant volatiles (HIPVs), can be very useful to predators (Weiss 2006, Pare and Tumlinson 

1999, Kessler and Baldwin 2001). Furthermore, predators may 'eavesdrop' on cues such 

as floral colors and volatiles directed at potential pollinators to find patches of abundant 

prey (Heiling et al. 2004).  

 Both direct and indirect prey cues are transmitted through multiple channels, with 

different predators tuning in to different sensory modalities. For example, some ant-

mimicking jumping spiders both visually and chemically mimic ants, with the visual 

mimicry apparently directed at other jumping spiders that rely on vision for hunting and 

the chemical mimicry directed at mud-dauber wasps that rely on contact chemoreception 

to recognize spider prey (Uma and Weiss 2010, Uma unpublished data). Understanding 

which cues are important for a particular predator requires an understanding of the 

sensory capabilities of the predator. For example, the red warning coloration on a noxious 

milkweed bug will not be effective against a predator that cannot perceive the color red. 

Detailed physiological and neuronal studies of the sensory systems are essential partners 

of behavioral studies, with the physiological and neuronal studies determining which cues 

are detectable and the behavioral studies determining if that detectable cue is important to 

the predator. 

 The behavioral response to a cue, whether they are direct prey cues or indirect 

cues such as HIPVs, may either be innate or learned. Parasitoids are a well-established 
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model of olfactory learning in insects, and recently researchers have turned their attention 

to how predators could be using and learning HIPVs similarly (de Boer and Dicke 2006). 

Many predators have an innate aversion to ants and refuse to feed on them, even without 

any prior negative experiences with ants (Nelson et al. 2006, Nelson and Jackson 2006). 

In fact, many invertebrates are visual mimics of ants, likely taking advantage of this 

innate response in predators (Prete et al. 1999, Nelson and Jackson 2006). Invertebrate 

predators are also able to learn cues associated with foraging. For example, praying 

mantises learn to more quickly reject chemically protected prey items (Berenbaum and 

Miliczky 1984), and wasps can learn to more quickly reject stinging caterpillars (Murphy 

et al. 2010) or to remember locations of abundant prey and return to these locations on 

subsequent foraging trips (Richter 2000). Learning of cues can include tuning of sensory 

receptors (Bernays and Chapman 1998) as well storage of memories in 'high-order' brain 

structures.  

 

Learning in insects 

 Historically, insect behavior was considered a series of pre-programmed, 

automated tasks that were unchanged with experience. Although the plethora of literature 

on insect learning contradicts this belief, it is still present, as evidenced by Hammer and 

Menzel’s words in a 1994 review of honeybee leaning: 

 

“…insect behavior is often regarded as highly stereotyped and under tight control 

of genetically programmed neural circuits. This view, however, does not do justice to the 

insect order of Hymenoptera (bees, wasps, ants).” 
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An exception is given by the authors to Hymenoptera, but I would argue this exception 

should be expanded to Lepidoptera (Weiss 1997, Daly and Smith 2000, Weiss and Papaj 

2003, Cunningham et al. 2004, Blackiston et al. 2011), Blattodea (Durier and Rivault 

2000, Kwon et al. 2004, Brown and Strausfeld 2009), Mantodea (Gelperin 1968, 

Berenbaum and Miliczky 1983, Prudic et al. 2007), Diptera (Reviewed in Davis 1993), 

Orthoptera (Bernays and Wrubel 1985, Lee and Bernays 1990, Dukas and Bernays 2000, 

Matsumoto and Mizunami 2000, 2002), and Coleoptera (Visser and Theiry 1986). 

Whether or not learning is a trait shared among all insects has yet to be determined, but it 

is clear that many insects behave beyond hard-wired genetic commands and are 

influenced by their experiences. A thorough review of insect learning is beyond the scope 

of this introduction, but excellent reviews of studies of learning and memory on multiple 

levels exist (Papaj and Prokopy 1989, Papaj and Lewis 1993, Hammer and Menzel 1995). 

 Insects can learn visual, olfactory, gustatory, and tactile cues associated with 

finding mates, hosts, prey, and nest sites (Papaj and Lewis 1993). The majority of 

learning studies examine the use of a single clue, for example color, in a single context, 

such as feeding (but see Weiss and Papaj 2003, Raguso and Willis 2005). Although a 

single sensory modality may be sufficient for learning, in the wild insects receive 

information across multiple channels and may not rely on a single sensory modality when 

making decisions, but few studies examine learning across multiple sensory modalities 

(but see Omura and Honda 2005, Raguso and Willis 2005, Goyret et al. 2007).  

Additionally, insects can associate background environmental cues with the learned task, 

resulting in context-dependent learning (Matsumoto and Mizunami 2004, Snell-Rood and 
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Papaj 2006). For example, crickets can learn to associate the smell of vanilla with a 

positive stimulus when a light is on and an aversive stimulus when the light is off 

(Matsumoto and Mizunami 2004). Future studies that consider how multiple sensory 

modalities and background environmental cues work together to provide information will 

give a more realistic understanding of how learning shapes behavior in natural setttings.  

 How are learning and memory, which include information from multiple sensory 

systems and several contexts, stored in the brain? Interdisciplinary studies are necessary 

to revealing the answers. Behavioral studies, together with genetic manipulations and 

advancements in microscopy, have allowed researchers to start building a map of the 

genes, hormones, and neurons involved in learning and memory. Invertebrate models, 

particularly the fruit fly, Drosophila melanogaster, have played a prominent role in 

understanding the physical components of memory, and have helped reveal that in 

insects, the mushroom bodies (MB), paired structures in the brain that receive input from 

multiple sensory systems, are important for learning and memory (Strausfeld et al. 1998, 

Fahrbach, 2006).  

 When Dujardin first described the mushroom bodies in 1850, he did not attribute 

their function directly to learning and memory but referred to them as ‘intelligence 

centers’ (Strausfeld et al. 1998). The idea that learning and memory were coded in the 

mushroom bodies was not directly investigated until Menzel et al. (1974) cooled the 

vertical lobes of the mushroom body in the honeybee and showed a concomitant loss of 

olfactory memory. Through screens of Drosophila mutants Heisenberg (1980) found two 

strains, mushroom bodies deranged and mushroom bodies reduced, that had 

malformations of the mushroom bodies and correlated defects in olfactory learning 
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(Strausfeld et al. 1998). Because of the relative ease in creating and maintaining genetic 

mutants, Drosophila has been a key model organism in understanding the role of 

mushroom bodies in learning and memory (Davis 1993). 

 Although the insights gained by the studies in Drosophila are invaluable, as a 

holometabolous insect Drosophila has a life cycle completely different from that of 

vertebrates, with a larval and adult stage that are very different in morphology and 

behavior. While it has been shown that an adult moth can remember what it learned as a 

larva (Blackiston et al. 2008), the ecological relevance of the memory remains unclear, 

and the dramatic neurological remodeling that the brain of a holometabolous insect 

undergoes is considerably different than the growth of a vertebrate brain. This difference 

in life history limits the usefulness of holometabolus insects as a model organism in 

studies examining learning and memory across the lifetime of an organism. In contrast, 

hemimetabolous insects undergo incomplete metamorphosis, with nymphal and adult 

stages similar in morphology and behavior, and the absence of a pupal stage and the 

associated dramatic remodeling. Two hemimetabolous insects are emerging as models 

with which to study behavior and neural development; the American cockroach, 

Periplaneta amerciana (Blattodea), and two species of cricket, Acheta domesticus and 

Gryllus bimaculatus (Orthoptera). For both the roach and cricket, mushroom body 

development and learning and memory are well studied (Durier and Rivault 2000; Farris 

and Strausfeld 2000; Malaterre et al. 2002; Kwon et al. 2004; Matsumoto and Mizunami 

2000, 2002, 2004; Unoki et al. 2006; Brown and Strausfeld 2009). As new techniques 

make genome sequencing faster and more affordable, allowing for the development of 

genetic tools in more organisms, cockroaches and crickets are poised to become an even 
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more valuable tool for biologists studying learning, memory, and neuronal development  

across the lifetime of an animal. 

 Another important feature of mushroom bodies is that they are known to increase 

in volume in response to increased amounts of sensory stimulation, as shown by studies 

of adult Drosophila, honeybees, ants, and crickets, providing evidence that experience 

has a direct effect on the structure of the adult brain (Technau 1984, Farris et al. 2001, 

Gronenberg et al. 1996, Scotto-Lomassase et al. 2000). Increases in mushroom body size 

in Drosophila and honeybees are due to increases in dendritic branching of existing 

neurons, and not neurogenesis (Technau 1984, Farris et al. 2001). In contrast, mushroom 

body growth in adult crickets is attributable to neurogenesis, although concurrent 

increases in branching of existing cells has not been examined (Scotto-Lomassase et al. 

2000). In rats, both adult neurogenesis and increases in dendritic branching of existing 

cells occur in the hippocampus, the area of the vertebrate brain implicated in learning and 

memory, in response to sensory stimulation (Greenough and Volkmar 1973, van Praag et 

al. 2000). Clearly changes in the size of the adult brain are achieved differently in 

different animals, but the reasons and any possible patterns behind these differences 

remain virtually unexplored. Furthermore, the consequences of these changes to 

mushroom body size for learning and memory are still being investigated.   

   

Conclusion  

 In the preceding sections, I have briefly described the complex behaviors of 

foraging and learning, both of which are essential components of an insect's overall 

fitness. My research interests lie in taking a broad approach, looking at questions from 
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both the behavioral and neurobiological perspective, with a focus on how information 

from multiple sensory modalities together shape the behavior of the organism. The 

following chapters have taken this approach to examine learning, brain plasticity, and 

foraging in hemimetabolous insects.  

 In chapter one, I develop training methods to examine olfactory learning in the 

context of foraging in the house cricket Acheta domesticus. Mushroom body development 

and brain plasticity in response to sensory stimulation has been studied in A. domesticus, 

but behavioral studies of learning and memory have focused on a different genus of 

cricket, Gryllus bimaculatus (Malaterre et al. 2002; Scotto-Lomassese et al. 2000, 2002; 

Matsumoto and Mizunami 2000, 2002; Unoki et al. 2006; Matsumoto and Mizunami 

2004). A. domesticus are often sold as fishing bait or feeder insects for the pet trade, and 

are therefore cheap and more readily available than Gryllus bimaculatus. Several 

different olfactory training methodologies are explored, and a working protocol that 

allows for testing and training of many crickets at once is described.  

 Chapter two utilizes the methodology developed in chapter one to examine how 

previous experiences affect adult plasticity, specifically learning and relative mushroom 

body size. To my knowledge, this is the only study in insects that tests how 

environmental enrichment  or isolation at different developmental stages affects plasticity 

in adults. I use an interdisciplinary, fully crossed design, including an intermediate, 

nutritional control condition that is often lacking in other studies. My unique design leads 

to insights that may otherwise have been overlooked.  

 Chapter three follows the main themes of chapters one and two, looking at 

foraging and the possible role of learning during foraging, in a diffferent hemimetabolous 
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insect, the praying mantis. Chapter three departs from the previous chapters, moving 

away from the mechanistic approach and uses wild-caught animals or animals hatched 

from wild-laid egg cases to explore the cues that an opportunistic sit-and-wait predator 

may use to find high densities of prey, with notes on the underlying sensory and neuronal 

mechanisms necessary to support this behavior.  

 Finally, chapter four is a description of a hands-on activity developed for 

outreach. One of the important roles of a scientist is to reach out to the community, 

sharing the principles learned in the laboratory with the public, as well as inspiring the 

next generation of scientists. The hands-on activity takes advantage of locally abundant 

organisms, and is applicable to students as young as third grade and all the way up 

through college. By examining diet breadth of caterpillars, students practice the scientific 

method and learn to consider the behavior of plant choice by the individual caterpillar 

and across evolutionary time scales.  

 Understanding foraging, learning, and brain plasticity in hemimetabolous insects 

will lead to not only a greater understanding of insects, but of the underlying mechanisms 

that can shape an animal's behavior within a lifetime and across evolutionary time scales.  
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Chapter 1 

Olfactory learning in the house cricket, Acheta domesticus 

 

Abstract 

 

 Understanding how the nervous system controls complex behaviors like learning and memory 

requires an interdisciplinary approach melding neurobiology and behavior. Model organisms play an 

important role in this research, and crickets are emerging as a powerful research tool. Here I describe 

several methodologies for testing and training the house cricket, Acheta domesticus, with the goal of 

designing an optimal protocol for use in future studies.  

 

Introduction 

 

 Animals can learn a variety of cues, such as odor, color, shape, and location, across different 

behavioral and environmental contexts (Shettleworth 2010, Dukas 1998). Understanding the neural 

underpinnings of learning and memory is a goal shared by ethologists and neurobiologists alike. As an 

inherently cross-disciplinary question, the study of the neurological basis of learning and memory 

requires model organisms for which we have a solid understanding of both behavior and 

neuroanatomy. Mice and rats are excellent model organisms that have been used extensively for studies 

of learning, memory, and neural development; however, the vertebrate nervous system is relatively 

large and complex, making it challenging to elucidate individual circuits. Insects are also powerful 

model organisms, as they share fundamental neurobiological mechanisms with vertebrates, but have 

smaller, relatively simpler, and more tractable nervous systems (Burns et al. 2011). Studies of insect 
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learning and memory have led not only to insights about insects, but have revealed fundamental 

principles about the underlying processes. For example, studies in the fruit fly Drosophila have added 

to basic knowledge about the genes, neural pathways, and behaviors involved in learning and as a 

consequensce Drosophila is currently recognized as a model organism for many disciplines of biology 

(reviewed by Dubnau and Tully, 1998).  

 Because they are holometabolous insects, Drosophila undergo dramatic structural and 

behavioral changes between the juvenile and adult stages; an egg hatches into a worm-like larva, 

followed by a quiescent pupal stage,from which emerges a sexually mature, flying adult. This 

developmental process differs considerably from the continuous, determinate growth  characteristic of 

vertebrate development. Not all insects go through holometabolous development, however. In 

hemimetablolous insects, the juvenile resembles the adult in structure and behavior, and development 

progresses through a sequence of progressively larger stages until adulthood, a pattern much more 

similar to that of vertebrate development than is seen in Drosophila. This similarity in development 

makes hemimetabolous insects better models for examining learning and memory across the lifetime of 

an animal. The cricket is a hemimetabolous insect that is emerging as a model organism. 

 In the last decade many behavioral and neurobiological studies using crickets have highlighted 

their strengths as a research organism. Gryllus bimaculatus (the field cricket), can learn olfactory 

(Matsumoto and Mizunami 2000, 2002a, 2002b, 2005; Unoki et al.2005) and visual cues (Unoki et al. 

2006), and can do so in a context-dependent setting (Matsumoto and Muzunami 2004). Developmental 

studies in Acheta domesticus, the common house cricket, reveal that the mushroom bodies – paired 

structures in the insect brain important for olfactory learning and memory – undergo continuous 

neurogenesis throughout the life of the animal, including the adult stage, and adult neurogenesis can be 

stimulated by sensory input (Malaterre et al. 2002, Scotto-Lomassese 2002). Furthermore, suppression 
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of neurogenesis in adult A. domesticus impairs learning and memory (Scotto-Lomassese et al. 2003). 

Although the function of adult neurogenesis is unclear, it may play an important role in learning and 

memory in both invertebrates and vertebrates (Cayre et al. 2002).  

Given the extent of studies on adult neurogenesis in A. domesticus, I set out to develop an 

olfactory learning task using A. domesticus that would be amenable to large scale experiments, with the 

goal of using the developed methodology in future, cross-discipline studies of learning and memory. 

Innate odor preferences, as well as a several different training and testing methodologies were 

examined for a range of odors in pairwise sets. Therefore the goal of this project was to establish a 

working methodology for training and testing A. domesticus, and not to specifically test the range of 

olfactory learning abilities of this species of cricket.  

 

Materials and Methods 

 

Animals 

 

 Crickets were ordered from a commercial source, then maintained in a 20 gallon glass terrarium 

and provided with water and Fluker’s cricket diet. Lights were kept on a 14hr daylight schedule and 

temperature was maintained at 24ºC. A humidifier provided extra moisture during the winter months. 

Only adults were used, and no cricket was used more than once. Twenty-four hours prior to training, 

adult females were randomly select from the terrarium and placed individually in 8 cm x 8cm x 10 cm 

tall transparent plastic boxes. Commercially available essential oils were used as odor sources. Within 

each experiment innate odor preferences were assessed prior to training. Therefore, innate odor 
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preferences will be discussed in the context of each experiment. Vanilla has been used in experiments 

in G. bimaculatus; all other odors were arbitrarily selected. 

  In experiment 1, I tested and trained each cricket individually, and assessed the crickets’ ability 

to associate an aversive stimulus with either vanilla or almond. In experiment 2, I trained crickets 

individually, but tested them either as individuals or in a group, while assessing their ability to 

associate an appetitive stimulus with lemon. In experiment 3, I trained crickets as individuals using a 

new method and tested them in a group, while assessing their ability to associate rosemary with an 

appetitive stimulus.  

 

Experiment 1  

 In experiment 1 innate preference for almond versus vanilla was examined, as well as the ability 

to learn to associate an odor with punishment. Three separate groups of crickets were trained. Group 

one was given aversive conditioning against vanilla; group two was given aversive conditioning against 

almond; group three was given differential conditioning, with aversive conditioning against almond 

and appetitive conditioning to vanilla. Twenty-four hours prior to training, crickets were deprived of 

water. Crickets were trained by gently inserting individuals head-first  into 1ml pipette tips with the top 

cut off, such that their bodies were immobilized but their heads were free to move. Olfactory stimuli 

were then presented by placing a 1mm square of filter paper impregnated with 5µl of essential oil into a 

capillary tube, which was then attached to an aquarium pump, providing a steady flow of scented air. 

Odor was presented 1cm in front of the cricket, with air flowing across the antennae for 2 seconds, 

followed by reward or punishment for 2 seconds while the odor was still present, for a total of 4 

seconds of odor presentation. Water was used as the reward for appetitive conditioning, and 20% salt 

solution was used for aversive conditioning. Reward or punishment was presented to the mandibles 
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through a 5µl microcapillary tube. Groups one and two each received 6 pairings of their respective 

odors with salt solution, with 2 minutes in between each pairing. For group 3 (differential 

conditioning), pairings of almond odor with salt and vanilla odor with water were alternated, for a total 

of 3 pairings of almond with salt and 3 pairings of vanilla with water, with 2 minutes in between each 

pairing. 

   Odor preference was tested 24 hours prior to training (innate preference) and again 24 hours 

after training. Crickets were tested one at a time in an arena similar to that described in Matsumoto and 

Mizunami (2000). Briefly, a rectangular arena with two 2cm holes covered in netting, set 3 cm apart on 

the short end of the arena, provided the odor source. Underneath each hole sat a 1cm square piece of 

filter paper soaked in 5µl of essential oil, resting on a rotating disc that allowed for the position of the 

odors to be switched during testing without disturbing the animal. Crickets were released individually 

on the far end of the arena away from the odor source, and allowed to explore for 5 minutes, with odor 

locations switched at 2 ½ minutes. Number of visits, defined as the cricket placing its front legs on the 

netting and probing at the netting with its mouth, and time spent at each odor source were recorded.  

 

Experiment 2 

 In experiment 2 innate preference for lemon versus yarrow was tested, as well as the ability to 

associate an odor with a reward. Furthermore, in order to increase the amount of testing time for each 

individual cricket without sacrificing sample size, a new 'group' method of odor preference assessment 

using groups was used and compared with odor preference assessment as individuals. Two groups of 

crickets were appetitively trained to lemon, using the same methods described in Experiment 1, with 

the exception that crickets were provided with eight pairings of odor with reward, rather than six. For 

group 1, innate and test odor preferences were assessed individually, for 5 minutes, as in experiment 
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one. For group 2,  group testing, individually marked crickets were placed, ten at a time, in a testing 

arena, a 17.5 cm x 31 cm x 18.5 cm (l x w x h) terrarium. The testing arena was lit from above and the 

sides wrapped in gray paper to block out interfering visual stimuli. Two odor sources were placed in 

the testing arena, one on each end 6 cm from the wall. Odor sources consisted of a 6mm diameter petri 

dish with holes in the lid, containing filter paper soaked in 10µl of essential oil of either lemon or 

yarrow. A piece of egg carton in the center of the testing arena provided a resting place for the crickets. 

Halfway through the 1 hour trial the positions of the odor sources were switched to control for position 

effects. Trials were video recorded and scored later for number of visits and time spent visiting each 

odor source. I established an unambiguous criterion to count visits. A visit began when a cricket placed 

its front legs on the top of the Petri dish, and ended when the front legs of the cricket touched the floor 

of the testing arena. For both groups of crickets initial testing for an innate odor preference took place 

24 hours prior to training, and then again 24 hours after training for a test odor preference.  

 

Experiment 3 

 In experiment 3, innate preference for rosemary versus eucalyptus was tested, as well as a new 

methodology for appetitive conditioning. To increase the number of crickets that could be trained at 

one time, crickets were trained using food dishes in their cages instead of immobilizing them as in 

experiments 1 and 2. Crickets were exposed to the training odor, rosemary, in association with food by 

placing a 2mm plastic lid containing 5µl essential oil of the odor of interest under another 2mm plastic 

lid containing food; the upper lid was perforated with holes to allow the smell to permeate the food 

without coming into contact with it. Training dishes were kept in the individual cages for 24 hours. 

Odor preference was assessed using the group method from experiment 2.  
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 Data analysis  

 

 Because data were non-normal, non-parametric statistics were used. Innate odor preference was 

examined by comparing the number of visits and total time spent at each odor source using Wilcoxon 

signed-ranks test. Learning was assessed by comparing time spent at each odor during innate testing 

with time spent at each odor after training using a Wilcoxon signed-ranks test.  

 

Results 

Experiment 1 

 There was no innate preference for vanilla versus almond, as measured by either number of 

visits to (n = 52, z = -0.690 p=0.490) or time spent (z=-0.388p=0.698) on each odor. Group 1 crickets 

(n=10), which were trained against vanilla, decreased the time spent on vanilla by 64% (figure 1A, z=-

2.253, p=0.024) but did not change their time spent on almond (z = -1.364, p= 0.173). Group 2 crickets, 

which received aversive conditioning to almond (n=8) did not show a change in time spent on either 

almond (Figure 1B, z= -0.998, p=0.318) or vanilla (z=-1.503, p=0.133). Group 3 crickets (n=18), 

which received aversive conditioning to almond and appetitive conditioning to vanilla, did not show in 

a change in time spent on either almond (z=-0.931, p=0.352) or vanilla (z=-0.339, p=0.735, figure 1C).  

 

Experiment 2 

 There was no innate preference for either lemon or yarrow, as measured by either number of 

visits (n= 61; z=-0.114, p=0.909) or time spent on each odor ( z=-0.25, p=0.980). When crickets were 

appetitively conditioned to lemon and tested individually (n=10), time spent on lemon did not change 

(Figure 2A, z=-0.846, p=0.397). When crickets were conditioned to lemon and tested in groups (n=19), 
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time spent on lemon doubled (Figure 2B, z=-2.696, p = 0.007) but time spent on yarrow did not change 

(z = -1.087, p=0.277). 

 

Experiment 3 

 There was no innate preference for either rosemary or eucalyptus, as measure by either number 

of visits (n=65, z=-0.625, p=0.532) or time spent (z=-1.873, p=0.06). When appetitively conditioned to 

rosemary, crickets doubled their time spent on rosemary (n=58, z=-4.007, p=0.0001); time spent on 

eucalyptus, however, did not change (z=-0.298, p=0.766). 

 

Discussion 

   

 Crickets that were trained as immobilized individuals and tested for odor preference in five 

minute individual trials (experiment 1) learned to avoid vanilla (group 1), but not almond (group 2). 

Studies have shown that differential conditioning can result in stronger learning (Matsumoto and 

Mizunami, 2002), but even with differential conditioning crickets did not learn to avoid almond (group 

3). The ability to learn one stimulus but not another is often thought to relate to innate preference 

(Kelber 2002). Innate preference can not explain the asymmetrical learning in my experiment, as 

crickets did not show an innate preference for either vanilla or almond. Sample size was small for these 

studies, due to the fact that individuals had to make visits to the odor sources in both the innate 

preference trial and post-training preference trial, and it was difficult to get participation in both trials. 

Therefore, it could be more an issue with methodology than an actual inability of crickets to learn 

almond. Therefore, in experiment 2, I not only examined appetitive conditioning, I also tested a group 

odor preference testing method.  
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 Appetitive training to lemon did not yield an increased preference for lemon when odor 

preferences were tested individually in 5 minute trials (Figure 2A), but crickets did double the time 

spent at lemon when preference was tested using the group arena (Figure 2B). By providing crickets 

with 1 hour instead of only 5 minutes to make visits to odor sources, the number of visits and number 

of crickets participating in both innate and test preference testing increased, and this increase in sample 

size may explain the difference in results. Furthermore, over the hour-long trial individuals made 

several foraging bouts, which may be more similar to how a cricket naturally forages. Group odor 

preference testing allowed for more crickets to be tested, and therefore resulted in an increase in sample 

size. However, the training method of immobilizing individuals was time consuming. Therefore, for 

experiment 3 I tested a different method of appetitive conditioning, where crickets were provided with 

a food dish overnight scented with rosemary. 

 Crickets did not show an innate preference for either rosemary or eucalyptus, and doubled their 

time spend on rosemary after training using the food dish method (Figure 3). Time spent on eucalyptus 

did not change between testing and training, indicating that crickets were increasing their foraging 

effort on the trained odor, but not abandoning the non-trained odor. The methodology used in 

experiment 3, with group odor preference testing and food dish training, allowed for many crickets to 

be tested and trained in a day, and resulted in a large sample size. This protocol is especially useful 

when large-scale experiments with multiple treatments will be used.  

 Overall, crickets did not show an innate preference for one odor over another for the odors I 

examined. As scavengers, crickets are likely to forage over a wide range of possible food sources, and 

therefore may not have strong innate preferences, but a strong ability to learn. Rats forage in a similar 

way, taking small bites of any new food source and then later avoiding any food that made them ill; rats 

are also excellent learners. In addition, the odors used in my experiments were arbitrary, and mostly 
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plant compounds, and more ecologically relevant odors may have indicated stronger innate preferences. 

  

 This series of experiments shows that A. domesticus can learn to associate some odors with 

either aversive (experiment 1) or appetitive (experiments 2 and 3) conditioning. I have developed a new 

training and testing method that allows for large numbers of crickets to be trained and tested at once 

(experiment 3). Given that A. domesticus are inexpensive, easy to maintain, and trainable in large 

numbers, it is going to continue to be an important organism in the study of the neural underpinnings of 

learning and memory. As a hemimetabolous model insect, crickets can be used to study learning and 

learning across the lifetime of an individual with relative ease. 
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Figure 1. Experiment 1: Aversive conditioning. Median time spent on each odor before and after 

training, with median absolute deviations shown. A) Group 1, aversively conditioned to vanilla B) 

Group 2, aversively conditioned to almond C) Group 3, aversively conditioned to almond and 

appetitively conditioned to vanilla. Asterisk indicates significant difference at p<0.05 level.  
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Figure 2. Experiment 2: Appetitive conditioning. Median time spent at each odor before and after 

appetitive conditioning to lemon, median absolute deviations shown. A) Group 1, individually tested B) 

Group 2,  group tested. Asterisk indicates significant difference at p<0.05 level.  
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Figure 3. Experiment 3: Group training and testing. Median time spent on each odor before and after 

appetitive conditioning to rosemary, median absolute deviations shown. Asterisk indicates significant 

difference at p<0.001 level.  
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Chapter 2 
 

Timing of environmental enrichment in an insect model, Acheta domesticus, affects learning 

performance and mushroom body size 

 

 

Abstract 

 Since the discovery that the brain of an adult animal can generate new neurons, studies aimed at 

understanding the mechanisms, stimuli, and consequences of adult brain plasticity have proliferated. 

The role that early experiences play in adult plasticity remains relatively unexplored. Using the cricket 

as a model organism, I examined how enrichment or isolation at either the last nymphal instar or young 

adult stage affected learning and relative brain size of adults exposed to either enrichment or isolation. 

Timing of enrichment affected learning and relative brain size, with only young adults showing 

behavioral and brain responses to enrichment. Early adulthood may be a period of particular sensitivity 

in insects.     

 

Introduction 

 The concept that the adult brain is a fixed, finished product after development has until recently 

been a central dogma in biology. Starting in the 1960's, however, studies of rats showed that 

neurogenesis does in fact occur in the adult brain (Altman 1962). Further studies have demonstrated 

that the brain of an adult animal is not immutable but can be plastic in response to a range of sensory 

information (Kempermann et al. 1997, Clayton and Krebs 1994, Rosenzweig and Bennett 1996). A 

common method used to explore questions of adult brain plasticity is to expose animals to different 

sensory conditions for a fixed period of time and subsequently examine brain morphology or behavior. 
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For example, adult rats kept in enriched living conditions consisting of extra space, toys, hidden food, 

and other rats, exhibit increased growth in the hippocampus, the region of the vertebrate brain 

important for learning and memory, relative to rats maintained in impoverished conditions 

(Kempermann et al. 1997). Furthermore, changes in hippocampal size correlate with changes in 

behavior. Adult rats raised under enriched conditions learn to run a maze more quickly than do those 

raised in isolation (Williams et al. 2001).  

Adult plasticity is not limited to vertebrates, but has also been documented in a range of adult 

invertebrates. In insects, the mushroom bodies, paired sensory integrative structures in the brain 

important for learning and memory (Strausfeld et al.1998, Fahrbach, 2006), increase in size in response 

to sensory experiences (Technau 1984, Durst et al. 1994, Gronenberg et al. 1996, Fahrbach et al. 1998, 

Scotto-Lomassese et al. 2000). As with vertebrates, enrichment of the rearing environment of adults is 

correlated with behavioral changes, including increased mating success in male fruit flies (Dukas and 

Mooers 2003), improved memory in cuttlefish (Dickel 1999), and reduced aggression in crickets 

(Adamo and Hoy 1995). In both vertebrates and invertebrates differences in the brain correlate to 

differences in behavior, but it is not possible to distinguish cause and effect. However, it is clear that 

enrichment at the adult stage can have both neuronal and behavioral consequences.  

  Since the discovery of adult plasticity, studies in a wide range of vertebrate and invertebrate 

organisms have examined the mechanisms, stimuli, and consequences of adult brain growth. Despite 

the amount of attention the topic has received, it is unknown the extent to which plasticity in the adult 

is affected by events earlier in the life of an organism. Studies in mice and cuttlefish  suggest that early 

experiences are not important, as early impoverishment of the rearing environment did not affect the 

response to later environmental enrichment in the adult (Iso et al. 2007, Dickel et al. 2000). In contrast, 

other studies show that the duration of early enrichment determines how long the effects will persist 
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after switching to an isolated condition, suggesting early experiences are important (Bennet et al. 1974, 

Amaral et al. 2008). In this study I investigate the effect of successive rearing environments on adult 

plasticity, using a fully crossed design, to determine the role of earlier experiences on later adult 

plasticity.    

Using the cricket as a model organism I ask two questions: 1) does prior enrichment or 

impoverishment affect learning ability and/or brain structure in the adult, and 2) does the timing of the 

prior experience matter? I adopted an interdisciplinary approach, examining both relative mushroom 

body size and learning, and a fully crossed design at two developmental stages, last instar nymphs and 

young adults, to determine if the timing of the condition was important. Crickets were first maintained 

in enriched, isolated, or nutritional control conditions as either last instar nymphs or young adults, then 

were randomly assigned to one of the conditions as a second condition, for an additional 5 days as 

adults, after which learning and relative mushroom body size were assessed. 

Invertebrates are powerful model organisms as they share fundamental neurobiological 

mechanisms with vertebrates, but have simpler nervous systems that are easier to access than vertebrate 

models. The cricket, a familiar household insect, is emerging as a new model organism due to its life 

cycle, documented adult plasticity, and learning ability. Unlike Drosophila and honeybees, the most 

common insect model organisms, the cricket is hemimetabolous, meaning that the nymph and adult are 

similar in morphology and behavior, making it a better model for studies across developmental stages. 

Cricket brain development has been well studied, and importantly, the adult cricket brain undergoes 

neurogenesis, a trait not present in other model insect organisms like the honeybee or Drosophila 

(Cayre and Strambi 1994, Malaterre et al. 2002). Additionally, it has been shown that sensory 

experiences can influence the rate of neurogenesis in the adult cricket brain (Scotto-Lomassese et al. 

2000, Scotto-Lomassese et al. 2002). Crickets can learn olfactory and visual cues in association with a 



 

43 

reward (Matsumoto and Mizunami 2000, 2002, Unoki et al. 2006), as well as context-dependent cues 

(Matsumoto and Mizunami 2004). Taken together, these studies highlight why crickets are excellent 

organisms for the study of sensory experiences on adult plasticity. 

  my design allows for clear predictions as to whether first condition, second condition, or an 

interaction between the two determines plasticity in adult crickets. I predict that if the most recent 

experience (the second condition) determines relative brain size and behavior, then adults from 

enriched environment, regardless of first condition, will be better learners and have relatively larger 

mushroom bodies. If early experience alone is the determinate, then adults that were first in an enriched 

condition, regardless of their second condition, will be better learners and have relatively larger 

mushroom bodies. Finally, if adult plasticity is dependent on both conditions, than I expect an 

interaction effect. Comparison of results at the two developmental stages will demonstrate whether 

timing of the experiences is important.  

Materials and Methods 

Rearing 

  All crickets (Acheta domesticus) were kept at 28º C on a 14h daylight cycle. Crickets were 

ordered as ¾” nymphs (approximately 4 weeks old) from a commercial resource (Ghann's Cricket 

Farm, Augusta GA) and maintained communally in a large colony prior to being placed in one of three 

conditions; Enriched (E), Impoverished (I), or Nutritional Control (NC). 'E' crickets were placed in 

groups of four in a 8 cm x 8cm x 10 cm tall transparent plastic chamber, reared on a diet of Fluker’s 

orange cube diet and various fruits and grains, and provided with a piece of egg carton for shelter and 

sticks for climbing. 'I' crickets were placed singly in a 4cm x 4cm x 7cm tall translucent plastic 

chamber and reared on a Fluker's orange cube diet only. 'NC' crickets were raised in conditions 
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identical to 'I', but were provided with the same foods as the 'E' crickets to control for diet effects. Only 

females were used. 

 On the first day of the experiment crickets were randomly assigned to and placed in one of the 

above treatments (E, NC, or I). Crickets were maintained in their respective condition for 2-7 days, 

then randomly assigned to one of the three conditions for 5 additional days. Thus, a cricket could stay 

in the same condition or change to one of the other two conditions. Two experiments were completed, 

one starting with last instar nymphs and another with young adults (less than 1 week old). When last 

instar nymphs were used, switching occurred on the day that a cricket molted to adulthood (median=3, 

range =2 to 8). When young adult crickets were used, individuals were selected at random 3-7 days 

after being placed in their first condition. Therefore, for both experiments, there were a total of nine 

treatments (Figure 1). Crickets assigned to the same treatment were transferred to a new cage so that all 

crickets were handled an equal amount. All cages were kept in the rearing room throughout the 

experiment.  

Learning 

 All crickets were given an olfactory learning task after 5 days in their second rearing condition. 

Learning was assessed by comparing an innate odor preference to a test odor preference after training. 

To assess odor preferences, individually marked crickets were placed, ten at a time, in a testing arena, a 

17.5 cm x 31 cm x 18.5 cm (l x w x h) terrarium. The testing arena was lit from above and the sides 

wrapped in gray paper to block out interfering visual stimuli. Two odor sources were placed in the 

testing arena, one on each end 6 cm from the wall. Odor sources consisted of a 6mm diameter petri dish 

with holes in the lid, containing filter paper soaked in 10µl of essential oil of either rosemary or 

eucalyptus. A piece of egg carton in the center of the testing arena provided a resting place for the 

crickets. Halfway through the 1 hour trial the positions of the odor sources were switched to control for 
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position effects. Trials were video recorded and scored later for number of visits and time spent visiting 

each odor source. I established an unambiguous criterion to count visits. A visit began when a cricket 

placed its front legs on the top of the Petri dish, and ended when the front legs of the cricket touched 

the floor of the testing arena. Twenty-four hours prior to testing, food but not water was withheld to 

motivate search. 

Innate preference testing was immediately followed by training in rearing cages. Crickets were 

exposed to rosemary in association with food by placing 5µl of essential oil of rosemary in a 2mm 

diameter dish that was below another 2mm plastic dish containing Fluker's orange diet; the upper dish 

was perforated with holes to allow the smell to permeate the food without coming into contact with it. 

Training dishes were left in the rearing cage with the cricket for 10 minutes. Odors and training time 

minutes were selected based on previous studies (Mallory unpublished data). Trained odor preferences 

were assessed exactly the same way as innate preference the next day.   

   

Brain morphology  

 Crickets were sacrificed following test odor preference for brain imaging. Only crickets from 

the enriched and isolated conditions were sampled (E to E, E to I, I to E and I to I). Crickets were cold-

anesthetized for 15 minutes, the head removed, and the brain excised in cold phosphate buffer solution. 

The back left femur of each cricket was removed and measured with calipers as an index of body size 

(Nosil 2003). Brains were fixed in Carnoy’s fixative (6:3:1 100% ethanol:chloroform:glacial acetic 

acid) for 6 hours at room temperature. Brains were then dehydrated through a series of ethanols (70%, 

80%, 90%, 95%, 10 minutes each), and xylene (100%, 10 minutes), mounted in paraffin, sectioned into 

10µm sections on a microtome and mounted on superfrost plus slides. Following deparafinizaiton using 

xylenes (100% for 10 minutes) slides were incubated in a series of ethanol (100%, 95%, 70%, 3 
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minutes each) and stained using Cason’s stain (1 g phosphotungstic acid, 2 g Orange G (C.I. 16230), 1 

g Aniline Blue WS (C.I. 42755), 3 g Acid fuchsine (C.I. 42685) dissolved in 200ml distilled water) for 

3 minutes. Slides were then again dehydrated in the series of ethanol and xylene and mounted using 

Cytoseal. 

 Images were captured on a Zeiss color camera using Improvision Openlab software, then traced 

using a Bamboo Fun digitizing pad and measured using ImageJ (NIH) software. Every other section 

was traced with regions distinguished following Schurmann et al. 2000. The whole brain, minus optic 

lobes, as well as the mushroom bodies including calyces and lobes, were measured. A ratio of 

mushroom body to whole brain and calyx to whole brain was calculated by dividing the area of the 

mushroom body (or calyces) by the area of the whole brain. 

 

Data analysis  

 To assess learning, change in time spent on rosemary (time on rosemary after training minus 

time spent on rosemary before training) was used as the response variable. Data were non-normal with 

large variances, and were therefore rank transformed across all treatments. Ranked data ANOVA 

(Conover and Iman 1981) was used with first condition and second condition as the main effects and 

time spent in first condition as a covariate. Tukey post-hoc analysis was used when significant effects 

were detected. Mann-Whitney U tests were used to compare brain ratios, whole brain size, and femur 

length across conditions. A Pearson correlation was run on whole brain to femur length. All statistics 

were run in SPSS. 

Results 

 Experiment 1:  Ranked ANOVA revealed a significant effect of second condition (F(2,8)=3.319, 

p=0.038) on change in time spent on rosemary after training (Figure 2). Tukey's post-hoc revealed the 
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enriched condition differed significantly from the isolated condition (p=0.033), with an approximately 

4 fold increase in time spent on rosemary for enriched over isolated crickets. Amount of time spent in 

first condition as a last instar nymph was not significant and was removed from the model (F(1,9)=0.195 

p=0.659). No interaction effects were detected (F(4,9)=1.212 p=0.307) Mann-Whitney U tests did not 

reveal any significant effects of first or second condition on relative brain size (Figure S2). my results 

show that the first rearing condition for last instar nymphs had no effect on change in time spent on 

rosemary after training, but that the second, adult condition had an effect on learning. Specifically, 

crickets that were enriched as adults increased their time spent on rosemary after training more than 

crickets isolated as adults.  

 Experiment 2: Ranked ANOVA revealed no significant main effects (First condition 

F(2,9)=0.486 p=0.617; Second condition F(2,9)=1.44 p=0.242) or interaction (F(4,9)=1.87 p=0.124) for 

change in time spent on rosemary after training. The co-variate, days spent in first condition, was 

highly significant (F(1,9)=8.41 p=0.005). Regardless of treatment, as time spent in the first condition 

increased mean rank of change in time spent on rosemary increased (Figure 3).  Mann-Whitney U tests 

revealed an effect of first condition on mushroom body to whole brain ratio (U=28, p=0.05) and calyx 

to whole brain ratio (U=22, p=0.02), but no effect of second condition (Figure 4). Mushroom bodies, 

specifically the calyces, were relatively larger in adults placed first in the enriched condition versus 

those placed first in the isolated condition, with enriched crickets showing a 1% larger mushroom body 

and 0.8% larger calyces. Although these are small percents, given the high energetic cost of neural 

tissue and short time frame for these differences to occur, these may be considered meaningful 

differences. The fact that the results from this experiment, using young adults, differ from the results of 

the previous experiment, using last instar nymphs, suggests that when enrichment or isolation occurs in 

the life of the cricket is important.  
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 Overall body size (as measured by femur length) is positively correlated with brain size 

(r=0.677); however, neither femur length or overall brain volume were affected by condition (Mann-

Whitney U p>0.05). Therefore larger individuals have bigger brains, but rearing condition did not have 

an effect on overall brain or body size.  

Discussion 

 Significant effects on learning, relative mushroom body size, and duration of time in condition 

were all detected only in the young adult crickets, indicating this is a time of particular plasticity for 

crickets. To my knowledge, no other study has used a full factorial design to examine the effect of early 

environmental condition on later plasticity in adult insects. In addition, I repeated the full design at two 

developmental time periods, last instar nymphs and young adults, and examined both behavior and 

brains in each. my unique design suggests that it is not the sequence of first condition or second 

condition that explains the differences in behavior and brains, but when during the the lifetime of the 

cricket that the enrichment occurs. 

Studies in rats examining the effect of enrichment of different durations and at different ages 

have shown that both are important, with longer durations of enrichment leading to greater behavioral 

differences, and older rats showing significant, but reduced effects of enrichment (Bennett et al 1974, 

Kobayashi et al. 2002). In mice, a longer duration of enrichment results in greater behavioral 

differences that persisted longer after switching back to standard rearing conditions, with younger and 

older adults showing similar responses (Amaral et al. 2008).  Another study of mice suggests that most 

recent condition is more important, with mice coming from an enriched environment performing better 

at behavioral tasks and with heavier brains regardless of earlier impoverishment  (Iso et al. 2007).  

My results differ from the studies in rats and mice in that age of the animal was important. This 

may be due to the different life histories of the organisms, as crickets undergo a molting process that is 
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completely absent in vertebrates. Studies examining learning and memory across molts are rare, but it 

is known that field crickets can remember an odor learned as a 4th or 5th instar nymph for up to 10 

weeks later as an adult (Matsumoto and Mizunami 2002). In my experiment all animals were trained as 

adults, therefore it would be the pre-molt environment that would have to have an influence on adult 

learning, through differences in brain development. An earlier study showing effects of environmental 

enrichment on mushroom body neurogenesis (and consequently possibly learning) in crickets held 

animals in enriched conditions both before and after molting (Scotto-Lomaesse et al. 2000). In light of 

my results, effects in the Scotto-Lomaesse study could be attributable to the enrichment occurring at 

the young adult stage. my result that the covariate, time spent in first condition for young adults, had a 

significant effect, shows that duration of condition is important for young adults. Although I lack the 

statistical power to determine if condition also affects learning, I predict that a longer amount of time in 

the enriched condition would lead to a greater difference in time spent on rosemary after training. 

Future studies directly manipulating the amount of time in a condition are necessary to break apart how 

both duration and enrichment affect learning in young and adult crickets. 

 Differences in relative mushroom body size were detected only in the second experiment 

starting with young adults that were first placed in the enriched condition (Figure 5). Particularly, 

differences were detected in the calyces, the area of the mushroom body that receives olfactory input. 

Whole brain volume and overall cricket size were not different across conditions, therefore it is not that 

an enriched environment simply leads to a larger cricket, but rather that it leads to changes specifiably 

in the mushroom bodies. 

 Differences in mushroom body size are most likely due to neurogenesis, as other studies in 

Acheta domesticus have documented adult neurogenesis in response to enrichment (Scotto-Lomassese 

et al. 2000). However this does not exclude the possibility that increased dendritic branching could also 
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be occurring, as has been shown for rats (Greenough and Volkmar 1973, van Praag et al. 2000). In 

some insects, including honeybees and Drosophila, mushroom bodies do increase in size with 

experience and age, though they do not exhibit adult neurogenesis in the brain (Technau 1984, Farris et 

al. 2001). Changes in the size of the adult brain are achieved differently in different animals, but the 

reasons and any possible patterns behind these differences remains virtually unexplored.   

 My enriched versus isolated rearing conditions were not as drastically different from each other 

as are those in other studies manipulating sensory experiences. Isolated conditions can include 24 hours 

of complete darkness or only dim light, with every effort taken to minimize noise, smells, and any 

sensory stimulation (Bennett et al. 1974, Scotto-Lomassese 2000). This almost complete lack of 

sensory stimulation is quite different from my isolated condition, where animals were exposed to light 

through the translucent cage, and could likely smell and hear other nearby crickets. Sensory input is 

important for shaping the nervous system structures responsible for detecting and processing the 

incoming information (Hubel and Wiesel 1963, Scotto-Lomassese et al. 2002). I chose environments 

that differed less dramatically in order to examine the effects of relative differences in sensory 

information, not presence or virtual absence of information. My  results show that behavioral and brain 

differences are detectable even when conditions differ on a smaller, and perhaps more natural, scale, 

highlighting how sensitive animals can be to differences in sensory information. 

Even though my enriched and isolated conditions were not as dramatically different as those 

used in other studies, there were still many differences between the two treatments, including cage size, 

number of individuals per cage, presence or absence of hiding and climbing objects, amount of external 

visual information, and different diets which provided not only different nutrients but also novel smells 

and textures. I controlled for diet in my experiment, through the nutritional control condition. 

Nutritional controls received the same diet as crickets assigned to the enriched condition, but were 
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otherwise maintained in conditions identical to those of the isolated crickets. As the nutritional control 

condition did not differ from either the enriched or the isolated condition, diet effects do not fully 

explain the differences seen in the enriched versus isolated conditions.  

Understanding what elements of the enriched condition contribute to the observed differences 

seen in brains and behavior can helps us to understand what cues are of primary importance to these 

animals. Studies of Drosophila have shown that living space available per animal is a primary factor in 

explaining differences in mating behavior between enriched and isolated flies (Dukas and Mooers 

2003). In my study the crickets in all conditions had the same per square mm area; enriched cages had a 

floor area of 16mm2 divided by 4 crickets, isolated and nutritional control cages had 4mm2 floor area 

and were in the cages alone. However, the enriched cages did contain sticks and an egg carton for 

climbing, allowing enriched crickets to move vertically in the space and potentially exercise more. 

Exercise has been shown to be an important factor of the enriched environment and could be an 

important component in my study (van Praag et al. 1999). Social interactions may also be an important 

part of the enriching environment, although a study in rats did not find support for the role of play in 

the effects of enrichment (Renner and Rosenzweig 1986). Exposure to different tastes and smells, as 

through the varied diet, can also affect neural systems and behavior (Chapman 2002, Opstad et al. 

2004). Clearly, finding one factor that explains the differences is unlikely, and many factors likely act 

together.     

Laboratory and captive rearing environments are depauperate in comparison to the natural 

environment, a fact that has important implications for both researchers and captive breeding programs 

for endangered or economically important species. Enrichment for animals in zoos aimed at reducing 

stereotypic behaviors such as pacing, and increasing animal well-being has been in use since the 1990s, 

but what types of enrichment and generalizable conclusions from zoo enrichments studies are still 
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lacking (Swaisgood and Shepherdson 2005). Survival of hatchery-reared fish in the wild is far below 

that of wild fish, and enrichment of the hatchery environment sometimes results in positive changes 

(Kihslinger and Nevitt 2006, Brown et al. 2003), but can also have no effect (Kihslinger et al. 2006). 

Enrichment in the laboratory setting has been used, to my knowledge, only as an experimental variable 

and has yet to be adopted as common practice for rearing of research animals. Given the sensitivity of 

the nervous system and behavioral consequences, careful consideration and documentation of rearing 

condition across zoos, captive breeding programs, and laboratories is necessary if large scale patterns 

of the affect of rearing condition are ever to be elucidated.  

Laboratory and captive rearing environments can have consequences not only within the 

lifetime of an animal, as my and other studies clearly demonstrate, but developmental environment may 

influence sensory systems and behavior on an evolutionary time scale. Procellariiform seabirds that 

nest underground and raise their young in the dark rely more heavily on olfactory cues when foraging 

than do seabirds that rear their young aboveground, and  rely more on visual cues (van Buskirk and 

Nevitt 2007).  Given that changes in the nervous system can occur in response to experience within the 

lifetime of an animal, it may not be surprising that on a longer time scale there may be evolutionary 

consequences. Therefore, understanding behavioral and neuronal plasticity in adult animals will lead to 

a greater understanding of plasticity within an animal's lifetime, as well as provide mechanistic 

explanations for long-term, evolutionary changes.  
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Figure 1. Experimental design. Last instar nymphs (experiment 1) or young adults (experiment 2) were 

randomly assigned to one of three conditions: enriched (E), nutritional control (NC), or isolation (I), 

(see text for details on conditions). Two to seven days later individuals were randomly assigned to 

either another or the same condition for 5 days as an adult. On day 5 individuals were given an 

olfactory learning task and then sacrificed for brain analysis.  
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Figure 2. When last instar nymphs were placed in the first condition and then switched to the second 

condition on the day they molted to adulthood, an effect of second condition was detected on change in 

time spent on the training odor, rosemary (F(2,8)=3.319, p=0.038, Tukey post-hoc enriched versus 

isolated p=0.033). 
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Figure 3. Young adults were placed in the first condition and then switched to the second condition on 

3-7 days later. Duration of time spent in first condition, a co-variate in the ANOVA, was significant ( 

F(1,9)=8.41 p=0.005).  
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Figure 4. Young adult nymphs were placed in the first condition and then switched to the second 

condition 3-8 days later. A) Ratio of mushroom body to whole brain ( U=28, p=0.05) B) Ratio of 

calyces to whole brain (U=22, p=0.02). Median with median absolute deviations shown. Sample size 

shown above bars.  
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Figure S1. Experiment 1, last instar nymphs are placed in first condition until molting to adult stage. 

Mean rank of change in time spent on rosemary after training. First condition is shown in rows, second 

condition on the x-axis of each graph. Sample sizes show above bars. 
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Figure S2.  Experiment 2, young adults are placed in first condition for 3-7 days. Mean rank of change 

in time spent on rosemary after training. First condition is shown in rows, second condition on the x-

axis of each graph. Sample sizes shown above each bar.  

 

E NC I 
0

20

40

60

Second Condition
M

ea
n

 R
a

nk

16
6 

9 



 

68 

Chapter 3 
 

Do flowers attract an opportunistic generalist predator, the praying mantis? 
 
 
Abstract 

 To the outside observer, flowers appear to be an excellent place for a generalist 

predator to forage. Plants expend energy generating visual and olfactory cues to lure in 

potential pollinators, and flowers are often a hotspot for bees, butterflies, and flies, all 

potential prey for the generalist sit-and-wait predator, the praying mantis. According to 

published and anecdotal reports, mantises are often found on flowers, and fitness benefits 

for adult females found on flowers have been reported. Although prey recognition 

behavior of mantids is well understood, little is known about mantis foraging behavior in 

the field, including whether movement between hunting sites is random, or directed by 

visual and olfactory cues, and if foraging cues can be learned. Through laboratory choice 

tests and a survey of an organic farm, I investigated whether praying mantises are 

attracted to flowers, and whether previous experience influences choice of perch site. I 

found that flowers were not an attractant for mantises, and that previous experience 

feeding on flowers did not result in a subsequent attraction to flowers. Instead, mantises 

may arrive at foraging sites with flowers through ransom search, and then have an 

increased residence time there, due to the ready availability of floral visitors as potential 

prey items.  

 

Introduction  
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 Plants that rely on insects for pollen movement invest considerable energy in 

flowers in order to attract potential pollinators. Flowers emit visual and volatile cues to 

lure floral visitors, providing generalist predators with an opportunity to 'eavesdrop' on 

these cues (Heiling and Herberstein 2004). Crab spiders do just that: these sit-and-wait 

ambush predators forage exclusively on flowers, exploiting visual and olfactory cues 

directed at pollinators to select profitable hunting sites (Heiling et al. 2007, Wignall et al. 

2006, Heiling and Herberstein 2004). Because crab spiders can be well hidden from their 

prey due to color matching of their floral substrates, and can even change colors to better 

match their background, their exploitation of floral cues may not be surprising 

(Schmalhofer 2000, Thery and Casas 2002). The use of floral cues by generalist predators 

that are not anthophilous remains largely unexplored, despite the fact that generalist 

predators not morphologically specialized to hunt on flowers could benefit from the 

potential prey pool at a flower, taking advantage of the energy invested by the plant to 

attract pollinators.  

  Praying mantises are voracious sit-and-wait predators that can exert top-down 

effects on communities (Fagan et al. 2002, Moran et al. 1996), yet very little is known 

about how they select a foraging site. Switching from ambush to active foraging is 

motivated by hunger (Inoue and Marsura 1983), but it is not know if movement is 

random, or if it is directed by any number of visual and volatile cues available in the 

environment. Potential cues could include prey movement, herbivore-induced plant 

volatiles (HIPVs), and floral colors, shapes, and volatiles. Mantids could be 
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'eavesdropping' on floral cues in the same way that crab spiders do, exploiting the floral 

signals directed at potential pollinators.  

 Mantises have been reported on blooming plants (Barrows 1984), and females 

found on flowers have greater fecundity than those not found on flowers (Hurd 1989). 

Not only may flowers be a source of abundant prey; nymphs who feed on pollen develop 

as well as nymphs fed on a diet of flies only, indicating that pollen may be an alternative 

protein resource (Beckman and Hurd 2003). Mantises could arrive at flowers through two 

different processes; either direct attraction or random movement. An attractant is 

classically defined as a “chemical that causes orientation and movement towards the 

source,” however a range of floral cues, including visual and chemical cues, could act as 

attractants (Bernays and Chapman 1994, page 288). Alternatively, if mantises are not 

arriving at flowers through direct attraction, they could be randomly encountering them 

and spend a greater residence time at these sites while feeding on the abundantly 

available prey.  

 If flowers are an attractant, this response could either be innate, or floral cues may 

be learned after a positive experience feeding on a flower. Learning is an important part 

of foraging behavior for many predators (de Boer and Dicke 2006). Studies have shown 

that mantises can learn to avoid brightly-colored noxious prey, and the assumption is that 

this is a visual association, although use of odor cues has not been examined (Berenbaum 

and Miliczky 1984, Bowdish and Bultman 1993, Prudic et al. 2007).  
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 Studies of mantid sensory ecology have been strongly biased towards the visual 

system. Mantids have highly acute, dichromatic, binocular vision, which they use to 

detect prey movement and estimate distances, an essential part of their predatory 

behavior (Rossel 1979, Towner and Gartner 1994, Kral 2004). In contrast, little is known 

about the mantis olfactory system beyond descriptions of antennal morphology and the 

use of pheromones in mate location (Slifer 1968, Hurd et al. 2004, Holwell et al. 2007).  

 Mantis antennae are highly active, and are often directed at prey and other objects 

(Mallory, unpublished data, Wilder and Rypstra 2004, Beckman and Hurd 2003, Prete 

1992). Preliminary studies using electro-antennograms show that mantis antennae 

respond to a range of volatiles, including head-space volatiles collected from flowers 

(Mallory, unpublished data). As cues from multiple modalities are integrated during the 

search for prey, both visual and volatile floral cues may be used by mantids (Freund and 

Olmstead 2000, Bell 1990). However, olfaction in the context of foraging has never been 

examined in praying mantids.  

 In this study I asked 2 questions: 1) Do praying mantises preferentially associate 

with blooming plants, and 2) Does previous foraging experience on a blooming plant 

influence subsequent preference for blooming plants? I hypothesize that if flowers are an 

attractant, mantises will be found on or near  plants with inflorescences more often than 

plants without inflorescences. If responses are dependent on previous experience, then I 

expect that naïve mantises would choose foraging sites randomly, but that following 

experience feeding on an inflorescence mantises should chose plants in bloom more often 
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than expected by chance. In order to test my hypotheses I conducted several choice tests 

in the laboratory and carried out a field survey at an organic farm where mantises are 

abundant.  

 

Methods 

Animals  

 Tenodera ardifolia sinensis, the chinese mantid, is an introduced species that is 

abundant throughout the Eastern United States. Oothecae are readily purchased as 

mantises can be used as biocontrol agents. T. ardifolia overwinters in the egg stage, 

hatches in the early spring, and reaches adulthood by early fall, dying with first frost. It is 

a relatively large mantis, with adults reaching up to 90mm in length, and is brown or 

green in color. Mantises are generalist predators that will feed on virtually anything they 

can capture in their raptorial forelegs, including small vertebrates. Wild-caught T. 

sinensis were collected as late instar nymphs or adults from Even’ Star Organic Farm in 

Lexington Park, Maryland (GPS N 38 13.860, W 76 24.070). For studies of naïve 

mantids, egg cases were ordered from Carolina Biological Supply (Burlington, North 

Carolina), and reared in the laboratory. Field collections were made 25 July 2008 and 7 

July, 12 August and 21 October 2009. First instar nymphs were fed ad libitum on 

wingless Drosophila every other day; late instar nymphs and adults were fed 2 crickets 

every third day.  
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Choice tests  

 Three laboratory choice tests were conducted. The first two choice tests examined 

the preference of field-caught adult and late instar nymphal mantises, for which previous 

foraging experience was unknown. A third choice test examined the preferences of lab-

reared nymphs to control for previous experience. For these lab-reared individuals, two 

choice tests were conducted: innate preference, and preference after experience feeding 

on plants with either A) inflorescences intact, or B) inflorescences removed. All choice 

tests were conducted in ambient laboratory conditions under a skylight that provided a 

natural day/night light schedule. Food was withheld 24 hours prior to each choice test, 

and no prey were present in cages used for choice tests. Plants used in the first two tests 

were chosen because mantises have either 1) been reported in the literature on the species 

of plant or 2) been observed on the plants in Georgetown University's Observatory 

Garden. Plants used for the third test were chosen for their seasonal availability, size, and 

bright color.  

 

Test 1: Field-caught mantids on a single plant type  

 In choice test one, fresh cuttings of red and orange flowered Lantana camara 

were collected from Georgetown University's Observatory Garden and placed in 

aquapicks. Each aquapick included 4 inflorescences roughly 2.5cm in diameter. Two 

aquapicks were then placed in styrofoam stands against the wall of a 28cm3 net cage. One 

side of each cage, consisting of two adjacent sets of cuttings, was randomly selected and 
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the inflorescences were removed, leaving the stems and leaves intact. The cuttings on the 

opposite side of the cage were left alone. One mantis was introduced into each cage, with 

care taken to ensure the mantis' head was not pointed towards either the side of the cage 

with inflorescences intact or the side of the cage with inflorescences removed. Mantis 

location was recorded 5 minutes after release at 14:00, and each afternoon at 14:00 for 4 

days. Location of the mantis was scored as one of three possibilities: the half of the cage 

with inflorescences intact, the half of the cage with inflorescences removed, or within a 

1cm 'no choice' zone in the middle of the cage. Nine mantises were tested simultaneously 

in individual cages. 

 

Test 2: Field- caught mantises on mixed bouquets. 

  In choice test two, mixed bouquets were used instead of a single plant type. 

Cuttings of Buddleja sp., Solidago sp., Lantana camara and Rudbeckia hirta were cut 

fresh from Georgetown University's Observatory Garden, placed in aquapicks, then 

placed in each corner of four 65cm by 65cm by 1m tall plexiglass cages. Care was taken 

to equalize size and number of each type of plant in each bouquet. One side of each cage, 

consisting of two adjacent bouquets, was randomly selected and the inflorescences were 

removed, leaving the stems and leaves intact. The bouquets on the opposite side of the 

cage were left alone. Three individually marked mantises were introduced, one at a time, 

in the middle of the floor of the cage with care taken to ensure the mantis' head was not 

pointed towards either of the side of the cage with bouquets. Location of the mantis was 
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scored as the half of the cage with inflorescences intact, the half of the cage with 

inflorescences removed, or within a 1cm 'no choice' zone in all directions of the middle 

of the cage, 30 minutes and again 24 hours after release. Whether or not a mantis was 

located directly on a plant was also noted.  

 

Test 3: Lab-reared naïve nymphs. 

 Test three was designed to examine the role of previous experience on choice; 

therefore, I used one-week-old nymphs hatched in the laboratory and reared in cages 

without plants. Sixteen potted pink primroses (Primula vulgaris), roughly matched for 

size and number of flowers, were purchased locally. Half the plants were randomly 

selected and the inflorescences were removed, leaving the stems and leaves intact. Leaves 

were cut from the 'inflorescence intact' plants to control for any volatiles released in 

response to damage. Seven 28 cm square net cages were used, with one plant placed in 

each corner of each cage in an alternating pattern of  'inflorescences removed' and  

'inflorescences intact.' For innate preference tests, ten nymphs were introduced into the 

center of the cage, and number of mantises in each corner of the cage within 7 cm of a 

plant was recorded 1 hour, 24 hours, 48 hours, and 72 hours after release. Whether or not 

a mantis was resting on a plant was also noted. Because nymphs were too small to mark 

individually, individual movement patterns could not be followed.  

Following innate preference testing, mantises were randomly selected and placed 

in either a '+ inflorescence' treatment or a '- inflorescence' treatment. Treatments 
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consisted of inverting a 32 oz plastic cup over an individual potted primrose plant with 

either flowers intact (+ inflorescences) or flowers removed (-inflorescences). The 

diameter of the cup fit completely over the plant, with the lip of the cup resting on the 

edge of the pot. Flies were introduced through a hole cut in the bottom of each cup; the 

hole was kept closed with a foam plug. Four mantises were placed on each plant and 

provided with 12 wingless Drosophila each day for 2 days. Choice tests were then 

completed in the same way as the innate test. 

 

Data analysis 

 Proportion of mantises located on the side of the cage with inflorescences intact 

was compared to an expected value of 50% with a two-tailed binomial in tests 1 and 2. 

For test 3, a Chi-square test was used with the expectation of equal numbers of mantises 

in each corner of the cage. Mantises in the no-choice zone were excluded. First check and 

final check were used for analysis. 

  

Field surveys 

  In order to examine hunting site choice of mantises in the field, surveys were 

conducted at Even’ Star Organic Farm in Lexington Park, Maryland on three dates 

throughout the 2009 season (7 July, 12 August, 21 October). This 100 acre property has 

been farmed organically since 1997, with abundant mantis sightings over the years (Brett 

Grohsgal, personal communication). As the majority of the crops on the farm were 
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comprised of plants not in flower, two types of searches were conducted. First, 20 

randomly selected GPS points within a roughly 10m by 2m strip of flowering composites 

cultivated for cutting were thoroughly searched using distance sampling (Buckland et al. 

2005), where each point was visually searched for 60 seconds and number of mantises 

found recorded. In addition, haphazard visual search was conducted along all edges of the 

farm as well as a field on the north side of the farm where 65 mantises were collected the 

previous year. Whenever a mantis was located, GPS location and habitat type were 

recorded. On each search date 3 researchers searched for at least 3 hours, for 

approximately 27 hours of search effort throughout the season.  

  

Results 

  Wild-caught mantises did not choose the section of the cage with inflorescences 

intact more frequently than expected by chance in either of the choice trials  (Figures 1-

2). In test two, all but two mantises changed positions over the course of the trial. 

Number of mantises resting directly on plants either with inflorescences intact or 

inflorescences removed was also random (Table 1). 

  Lab-reared mantises did not choose the section of the cage with inflorescences 

intact more frequently than expected by chance in either the innate or post-experience 

trials (Figure 3).  All mantises found during search of the farm were located in the edges 

of the fields in roughly 2ft tall mixed grasses, and not in the fields of flowering 

composites.   
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Discussion 

  In all three of my cage experiments mantises location was random with respect to 

choice of plants with inflorescences intact or removed, whether or not mantises were 

field-collected, naïve, or had been given experience feeding on plants with inflorescences 

either intact or removed. At an organic farm mantises were never found on composite 

plants in flower, and were instead found in tall grasses on the edges of the farm. A 

possible confounding factor of the field study is that the grasses edges were mostly 

shaded, and mantises could have a preference for shade. However, in the previous year 

over 60 mantises were collected in a field that was in the full sun, so I do not feel shade 

alone is the reason mantises were only found in the grasses edges. In answer to the 

questions I examined, T. ardifolia do not preferentially associate with blooming plants, 

and previous experience feeding on insects located on flowers does not influence their 

subsequent preference for blooming plants. On the one hand, these results may be 

surprising given the reports of mantises found on flowers and the fact that fitness benefits 

have been shown for mantises associated with flowers (Hurd 1989, Beckman and Hurd 

2003). However, there are several possible explanations for my results.  

 One possibility is that movement is random, and it is only by chance that mantises 

end up on flowers and are then able to reap the benefits. The tendency for predators to 

remain longer in a patch where they are successful is well documented (Charnov 1976). 

This increased residence time may the reason mantises are found on flowers in the field.  

As no prey items were present in my choice tests, I cannot directly test this possibility. 
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Inoue and Matsura (1983) found that when mantis choice was examined in a cage with 

grasshopper prey attached to pepper plants, foraging appeared to be based on food 

distribution. Future experiments manipulating prey availability in conjunction with 

flowering status of the plant will help break apart the role of direct prey presence and 

indirect cues that may indicate prey presence.  

 Although my results show that experience did not affect choice, this does not fully 

rule out the role of learning in foraging behavior of mantises. During the 'experience' 

phase of my experiment, mantises were often observed feeding on flies while perched on 

flowers. Therefore, it is unlikely my null result is due to mantises not receiving positive 

reinforcement while on flowers. However, mantises used in my trials were less than 2 

weeks old, and it is not know if mantises this young are able to learn. Experiments 

attempting to train 1st and 2nd instar mantises to avoid feeding on noxious milkweed bugs 

were unsuccessful, although 5th instar mantises and older were easily trained, suggesting 

that very young mantises may not be able to learn (Mallory, unpublished data). Repeating 

my experiment using older mantises, as well as studies on the ontogeny of learning in 

mantises, would clarify the role of learning and memory in foraging behavior of 

mantises.  

 Another key factor determining search behavior is the distribution of the prey 

within the habitat. If prey are abundant then random search may be a successful strategy, 

whereas if prey are patchy then direct or indirect prey cues may be more relevant.  At the 

organic farm prey are very abundant and presumably non-patchy on the scale that 
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mantises have been reported to move (Inoue and Matsura 1983). Another study 

conducted at the farm revealed high densities of leafhoppers, grasshoppers, crickets, and 

other invertebrates along the grassy edges where my mantises were found (Uma 

unpublished data, Mallory personal observation). Therefore the need for directed 

movement may not exist in the organic farm as prey are abundant and directed movement 

may only be necessary in times of low prey availability. Interestingly, it is in the late fall 

when prey densities are lower that the fitness benefit for females at flowers was observed 

(Hurd 1989). 

  For an individual predator, selection of a foraging site is a balance between 

finding prey and not becoming prey (Sih 1980). Mantises are prey to birds and other 

small vertebrates, and are also subject to intra-guild predation by other mantises (Prete et 

al. 1999). Although flowers may be a source of abundant prey, tall grasses may provide 

better camouflage for the mantises. In my experience searching for mantises in the field, 

it was only when vegetation was disturbed and the mantis moved, that I were able to 

locate an individual. To my human eyes, the grass provided excellent cover. Therefore, 

given that grass may provide a refuge for T. sinensis and that prey items were abundant in 

the grasses, T. sinensis may be balancing prey availability and cover from predators. 

Ciulfina sp. are cursorial mantises that live on the trunks of trees, and are know to select 

trees with smooth bark and small circumference which allows them to quickly chase 

down prey and easily escape predators (Hill et al. 2004). Other species of mantis, for 

example Hymenopus coronatus, Pseudocreobotra ocellata and Chlidonoptera chopardi 



 

81 

are considered flower mimics, with morphological and color adaptations that help them 

to blend in with flowers (Prete et al. 1999). Floral cues are likely to be more relevant for 

these species, and cage studies examining their foraging decisions would be informative. 

 In conclusion, I did not find evidence that mantises are attracted to flowers as a 

source of abundant prey. However, this does not rule out the possibility that other direct 

or indirect prey cues that indicate the presence of prey, such as fecal matter or herbivore-

induced plant volatiles, could be used by mantises to make foraging decisions (Weiss 

2006, Pare and Tumlinson 1999, Kessler and Baldwin 2001). Additional studies are 

necessary if we are to understand the foraging behavior of these important invertebrate 

predators. 
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Figure 1. Choice test using cut Lantana and field-caught adult and late instar mantises. 

Number of mantises on the side of the cage with inflorescences intact does not differ 

from the number of mantises on the side of the cage with inflorescences removed for 

either the first or final check (p>>0.05, 2-tailed binomial).  
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Figure 2. Choice test using mixed, cut bouquets and field-cut adult and late instar 

mantises.Number of mantises on the side of the cage with inflorescences intact does not 

differ from the number of mantises on the side of the cage with inflorescences removed 

in either the first or final check  (p>>0.05, 2-tailed binomial).  
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Figure 3. Choice tests using potted plants and lab-reared young instar mantises. A) First 

check;  B) Final check. Number of mantises on the side of the cage with inflorescences 

intact does not differ from the number of mantises on the side of the cage with 

inflorescences removed  on either first or final check,  regardless of experience (Chi-

square test, NS).  
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 Inflorescences intact  Inflorescences removed  

Field-caught mantises 1 3 

Lab-reared innate 3 5 

Lab-reared + inflorescence 0 6 

Lab-reared - inflorescence  3 8 

 
 

 

 

 

 

 

 

 

 

 

 

Table 1. Number of mantises directly located on plants with either inflorescences intact 

or removed for tests 2 and 3 on first check.   
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Chapter 4 

Science in your own backyard: Using locally abundant caterpillars and plants to 

teach about herbivory  

 

 

Abstract 

National science standards require an understanding of animal behavior, diversity, and 

adaptations of organisms, as well as the concept of science as inquiry. We have 

developed a hands-on classroom activity that addresses these standards through teaching 

about herbivory and diet breadth, using locally abundant caterpillars and plants. This 

activity provides students with opportunities for careful observation, data collection and 

analysis, and development of testable hypotheses for further experimentation. The lesson 

can be adapted to different grade levels, with students taking on varied levels of 

responsibility for formulation of hypotheses, experimental design, data collection, and 

data analysis. 

 

Introduction 

 Herbivory, the consumption of plants by animals, provides an excellent example 

of adaptive evolution and animal behavior. Insect herbivory is especially tractable, as 
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almost half of all named insect species feed on plants, and plant-eating insects form 

intimate, often lifelong, associations with their host plants (Schoonhoven et al., 1998). 

Most people are familiar with insect herbivory in the form of a caterpillar chewing on a 

leaf, but insects can feed on virtually all parts of a plant, including its fruits, seeds, roots, 

and stems (Jolivet, 1998; Labandeira 2002). 

Plants are not passive victims in this relationship; they have evolved defensive 

adaptations to herbivory that include both physical barriers and chemical defenses. 

Physical barriers may take the form of spines, thorns, hairs, or toughened leaves, while 

chemical defenses include compounds that can reduce leaf digestibility, deter feeding, or 

poison the insect (Strauss & Zangerl, 2002). Insects, in turn, have evolved ways to 

circumvent plant defenses. Behavioral counter-strategies used by insects include chewing 

off plant hairs or cutting veins to release toxic latex prior to feeding, and physiological 

strategies include the ability to tolerate or even sequester and concentrate toxins (Strauss 

& Zangerl, 2002). 

Despite the diversity of defenses and counter-strategies, plants cannot defend 

themselves from all insects, and insects cannot eat all plants. With respect to the breadth 

of their dietary choices, herbivorous insects fall into two broad categories: generalists 

(polyphages) feed on a wide range of different kinds of plants, whereas specialists 

(monophages) feed on only one or a few plant taxa (Jolivet, 1998; Singer, 2008). The 

majority of herbivorous insects fall into the specialist category. Several hypotheses, 
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including the “enemy-free space” and the “physiological efficiency” hypotheses, have 

been proposed to explain the preponderance of specialization (Singer, 2008). The enemy-

free space hypothesis posits that insects specialize on particular plants in order to escape 

their predators in any of a number of different ways: the insect may sequester plant toxins 

for use in its own defense, it may be cryptic (camouflaged) against a particular plant 

background, or it may hide out on a plant that the predator does not encounter as 

frequently. The physiological efficiency hypothesis, on the other hand, states that insects 

become physiologically adapted to feed on one particular type of plant, and therefore can 

no longer feed as efficiently from other plants (Singer, 2008).  

Both specialist and generalist feeding strategies come with costs and benefits. 

Specialization can be costly to an insect if a specific host plant is temporally or spatially 

rare; however, many specialists have evolved methods to feed on plants that few other 

insects can feed on, and therefore benefit from reduced competition. By contrast, 

generalist insects are not limited to finding a specific plant, and so have access to more 

feeding options, but may also face more competition for resources (Jolivet, 1998). 

Lepidoptera, the order of insects that contains the butterflies and moths, is made 

up almost exclusively of herbivores that, as larvae, cover the spectrum from narrow 

specialist to broad generalist. Lepidoptera are distributed worldwide, with over 11,500 

species in North America. Because of their wide distribution and abundance, and the fact 

that they are easy to find and maintain, caterpillars are great insects to bring into the 
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classroom. Caterpillars are already familiar insects in schools; many teachers use 

commercially available larvae fed on artificial diet to teach students about the stages of 

an insect life cycle. Although convenient and useful, raising caterpillars on artificial diet, 

commonly an oatmeal-like material on the bottom of a plastic cup, prevents the students 

from making the fundamental ecological connection between plants and insects. 

In this exercise, students will observe and record the behaviors of caterpillars as 

the larvae encounter a variety of leaves, all collected from their local habitat. Students 

will make inferences, based on their data, about the caterpillars’ diet breadth and will 

begin to develop an understanding of the important ecological relationships between 

plants and insects. Furthermore, the lesson that not all plants are appropriate food for a 

particular herbivore has practical applications in biological control and agriculture. For 

example, when introducing an herbivore for the purpose of biological control of an 

invasive plant species, it is critical that the herbivore be monophagous so that it does not 

shift onto native plant species (see McFadyen, 1998). In addition, students who have had 

some experience with vegetable gardening will understand the basis for the distribution 

of caterpillar pests on their crops. For example, they are likely to have seen hornworms 

(Manduca spp.) eating the leaves of their tomato, eggplant, or pepper plants (all of which 

belong to the family Solanaceae), or swallowtail larvae (Papilio polyxenes) on the leaves 

of their carrots, celery, dill, or parsley plants (all belong to Apiaceae).  
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Materials per Group 

 

Box large enough to contain the caterpillar(s) and plant samples (see below for details) 

1–3 caterpillars  

3–4 plant samples, including the host plant(s) 

Paper and pencils for data collection 

Permanent marker for labeling leaves Nontoxic paint and small brush for labeling 

caterpillars (optional, necessary only if using more than 1 caterpillar per box) 

 

Caterpillar & Plant Collection 

 

 Collections can be made by the teacher alone or can include the students. 

Depending on your location, the best time of year for collection of caterpillars and plants 

will vary. Caterpillars and plants will be available nearly year-round in warmer climates, 

whereas collections are best done in late spring through early fall in cooler or more 

northern climates. To determine the best time of the year for this activity in your area, to 

find local contacts, and for a wealth of other information on Lepidoptera, visit the 

webpages of the Lepidopterists’ Society (http://www.lepsoc.org) or the North American 

Butterfly Association (http://www.naba.org/chapters.html) and look for a local club or 
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chapter. In addition, caterpillar or butterfly field guides, both print and online, provide 

information on local caterpillar abundances, seasonality, and host plant identification 

(recommended guides listed below).  

Caterpillars can generally be located by walking around a park or neighborhood 

and carefully searching the leaves of trees and plants. CAUTION: Some caterpillars have 

hairs or spines that can deliver a painful sting! The vast majority of caterpillars are 

harmless, but be sure to check your field guide before touching any hairy or brightly 

colored larvae, and make sure you can identify irritant plants such as poison ivy or poison 

oak to avoid contact. At some times of year, certain species are especially abundant and 

can be easily found and collected. For example, fall webworms (Hyphantria cunea) are 

readily found in late summer in the eastern United States. (If caterpillars cannot be 

procured from the field, it is possible to conduct a modified version of this exercise using 

commercially available larvae. See note at the end.) 

Once caterpillars are found, it is best to collect more caterpillars than needed, in 

case some die or escape. Medium- or large-sized caterpillars (≥1 cm) are best for easy 

observation; smaller caterpillars should be moved with a paintbrush to avoid injuring 

them. Collect leaves of the plant that the caterpillar is feeding on, similar in age and size 

to the leaf on which you found the caterpillar. This plant is referred to as the “host plant.” 

Also collect leaves from several different nearby plants, and again try to match the 

approximate age and size of the leaf to that of the host leaf. Medium- to large-sized 
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caterpillars will eat a surprisingly large amount of foliage; therefore, you should collect a 

generous amount (e.g., a gallon-sized plastic bag) of host plant, and sufficient leaves of 

each alternate plant so that you will have two or three leaves per group. It is best if the 

alternative leaves vary in color, shape, or texture from the host plant, which will allow 

students to later hypothesize on how caterpillars choose between the different leaves. 

Butterfly or caterpillar guides often list potential host plants for a given species of 

caterpillar, aiding in host plant identification, but note that plant identification is not 

essential to this activity. Caterpillars can be collected several days in advance and kept in 

plastic boxes with leaves of their host plant. To motivate caterpillar searching and feeding 

during the classroom activity, remove host plant leaves from boxes 1–2 hours prior to 

beginning the activity.  

 

Methods 

 

 For students in fifth grade and below, arenas should be set up in advance. For 

older students, supplies can be made available and the students can set up the experiment 

themselves. Each group of students will need leaves, caterpillars, and a box. The box 

should be large enough for the leaf samples to lie flat without touching each other, but 

not so large that a caterpillar placed in the middle of the box would have to crawl long 

distances to encounter the leaves (Figure 1). Take one leaf from each type of plant and 
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mark it (e.g., A, B, C, or D) with the permanent marker, ensuring that labels are 

consistent for the plant types across the boxes. Provide each group of two or three 

students with a caterpillar to place in the middle of the box, ensuring that the caterpillars 

are not touching any of the leaves. As many as three or four caterpillars may be placed in 

each box, but individuals should be marked with a small dab of nontoxic paint for 

identification.  

Before starting the activity, students should discuss and agree upon how to 

classify and record the different behaviors. It is important that each group uses the same 

criteria and system, to facilitate later compilation of the class data. For example, a 

caterpillar that takes only one or two bites from a leaf could be considered to be sampling 

or tasting the leaf, whereas a caterpillar that takes many bites is actively feeding on the 

leaf. One way to record the movements and behaviors of an individual caterpillar is to list 

the sequence of leaves it encounters, marking with an asterisk the leaves it tastes, and 

underlining the leaves it feeds from (e.g., A B* A C A* D C B).  

Students should observe their caterpillars for at least 10 minutes, recording when 

the caterpillar touches, tastes, or feeds on any of the leaves. They should note any other 

larval behaviors, as well as the caterpillar’s location at the end of the observation period. 

At the end of the observation period, tally and compile the data from each group on the 

blackboard. Depending on the grade level, data can be graphed and statistically analyzed 

using a chi-square or Fisher’s exact test (see Zar, 1999, for an explanation of these 
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statistical tests).  

We have used this lesson with third graders as well as college undergraduates. In  

a third-grade classroom, students  observed a specialist caterpillar, Battus philenor, the 

pipevine swallowtail butterfly(Figure 1)... Plants used were viburnum , pipevine , 

hydrangea, and maple . Summed over all the caterpillars, all leaf types were touched, and 

10 of the 16 larvae ultimately ate a leaf, with 100% of the feeding occurring on pipevine. 

The students were enthusiastic about observing their caterpillars, and surprised to find 

that although the caterpillars came into contact with all of the leaves, they ate only one 

kind of leaf. Students also noted that during the observation period the caterpillars were 

pooping, “kissing,” resting, and “fighting.”  

Data from an upper-division college course titled “Plant–Animal Interactions” are 

shown in Figure 2. Here I used two different species of caterpillars, one a generalist and 

the other a specialist, with three plant options per box and multiple caterpillars per box. 

Pipevine swallowtail caterpillars, dietary specialists, were given the option of tulip tree 

(C), kudzu (D), or pipevine (E). In a second set of boxes, fall webworm caterpillars, 

dietary generalists, were provided with oak (A), maple (B), and tulip tree (C). This 

comparison of a specialist (2A) and a generalist (2B) provides a clear, hands-on example 

of the concept of diet breadth.  

Follow-up discussion questions, applicable at all levels, include: Can plants 

protect themselves from being eaten? Do you see any defensive structures on the leaves 
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in my experiment? For example, did any of the leaves have hairs, thorns, or waxy 

surfaces? What is a benefit to being a specialist or a generalist? What is a cost to being a 

specialist or a generalist? How do the different leaf types in my experiment differ? How 

are they the same? If caterpillars are specialists, how do they (or their mothers, the 

butterflies or moths that lay the eggs on the host plant in the first place) find the right 

plant? Do they use their sense of vision, taste, or smell? How could you test these 

different ideas? 

In the college course, after the exercise the students write a brief, three-page 

report, in which they introduce the concepts of herbivory and host specificity, graph the 

class results along with completed statistical tests, and summarize and interpret the 

results of the experiment. On the basis of their initial observations, small groups of 

students then develop hypotheses and work outside of class time to conduct further 

experiments in which they assess the importance of leaf shape, color, or chemistry on 

caterpillar choice. For example, one group tested the importance of leaf shape by cutting 

similarly sized circles out of each leaf type, repeating the above experiment, and 

observing whether caterpillars could still identify their host plant without shape as a 

potential cue. Another group assessed the importance of plant chemistry by making a 

simple extract of the host plant and painting it on the nonhost plants. Students then wrote 

a full lab report describing their follow-up experiments and citing appropriate scientific 

literature. Similar follow-up experiments and written reports are also appropriate for high 



 
 
 
 

103 

school students. Alternatively, in a high school course the class could work together to 

generate hypotheses and methods that could then be tested in class the next day. Students 

could be required to write a brief report on either the main activity or the follow-up 

activity.  

An optional activity, prior to the in-class choice tests and applicable at all levels, 

would be careful observation and description of the caterpillars and plants. Students 

could use a dissecting microscope or a handheld magnifying lens to examine the parts of 

the caterpillar, and then draw and label a diagram. Younger students might simply depict 

a head, body, legs, and pro-legs, whereas older students might also sketch and identify 

the caterpillar’s mouth-parts (mandibles, maxillae, labrum), six simple eyes (stemmata), 

and respiratory openings (spiracles), using caterpillar diagrams available on the Web as a 

reference. Similarly, leaves could be observed and drawn, with students making note of 

structures on the leaves that they predicted could serve as defenses against herbivory. 

These observations and drawings would aid in their later discussion of plant defenses and 

hypotheses about how caterpillars may locate hosts.  

 

Conclusions 

 

 Using locally collected caterpillars and plants, we have developed a hands-on 

activity that is easy to do and addresses several national science standards, including 
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animal behavior, the diversity and adaptations of organisms, and the concept of science 

as inquiry. This activity is highly adaptable and flexible, and students can be involved at 

many different levels. Not only does this activity help students learn about ecological and 

evolutionary processes; they will also be excited and engaged when observing and 

handling living caterpillars. Active engagement in biology assignments is key to fostering 

interest in science at all educational levels, from kindergarten to college and beyond.  

 

Recommended Caterpillar Guides 

Wagner, D.L. (2005). Caterpillars of Eastern North America. Princeton, NJ: Princeton 

University Press. 

Online caterpillar identification: http://www.discoverlife.org/mp/20q?guide=Caterpillars 

Useful for identifying caterpillars as well as other insects: 

http://bugguide.net/node/view/57 

Online moth and butterfly identification: http://www.butterfliesandmoths.org 

 

NOTE: If butterflies or host plants are not readily accessible due to climate or 

seasonality, it is possible to conduct this activity using commercially available 

caterpillars of the cabbage white butterfly (Pieris rapae). The Wisconsin Fast Plants 

program has developed an excellent curriculum, including hands-on classroom exercises 

that encourage students to investigate connections between the life cycles of the cabbage 
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white butterfly and its host plants in the mustard family. Cabbage white eggs can be 

purchased year-round, and students can carry out a host-plant-choice experiment using a 

variety of foods readily available at the grocery store (e.g., Brussels sprouts, cabbage, 

collards or kale as host plants, spinach or lettuce as nonhosts).  

Visit http://www.fastplants.org/pdf/activities/Butterfly_Activity.pdf 
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Figure 1. Third graders observing their caterpillars given four plant options (inset). 
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Figure 2. Class data from an upper-division undergraduate course using both a (A) 

specialist caterpillar  and (B) a generalist caterpillar.  
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