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Foreword

The caterpillar is a poster child for insect holometaboly—a developmental style 
that involves a change from a sedentary feeding stage to a resting pupa in which 
massive internal changes occur, finally leading to the emergence of an adult. An 
important part of the story is that females must make the momentous decisions 
on where to place their eggs.

In a caterpillar, growth rate is maximized at the cost of food processing effi-
ciency, and growth is largely independent from the tissue differentiation required to 
generate organs for dispersal and reproduction. Its function is to eat, its gut is the 
principal organ, and its stretchable cuticular protein is efficiently reused at each 
molt. Although the caterpillar life stage emphasizes feeding at the expense of finesse 
at fleeing from peril or ability to find scarce food, these predicaments are clearly 
offset in the evolution of the holometabolous insect life history. Holometabolous 
development is relatively more abundant than the ancestral hemimetabolous pattern.

But risks exist, and the study of caterpillars inevitably involves research on 
the multitude of inimitable traits that enhance survival. Caterpillars face threats 
from above from numerous species of natural enemies. The dangers are almost 
infinite, and their selection pressure has influenced every aspect of caterpillar 
biology. Lepidopteran larvae masquerade as any possible non-caterpillar object 
in the environment, and in many cases, their defenses against enemies depend 
on adaptations to specific host plants. Diverse behavioral traits provide endless 
ways to deceive parasites and predators, such as dropping down from the host 
plant on silk, flinging frass away from give-away feeding sites, or hiding in 
homemade houses. They must feed fast to avoid being noticed and conse-
quently demonstrate mandibular adaptations uniquely suited to the particular 
food. Dietary specialists may become masters of chemical protection by 
sequestering chemicals that are deterrent or toxic to predators and parasites. 
Other specialist species excel at host-specific visual or chemical crypsis, mak-
ing them harder to detect by their enemies. Generalists have found diverse 
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mixtures of traits to contend with enemies—opportunistic sequestration of 
plant poisons, nimble behaviors, mimicking predators, and even making their 
own noxious chemicals. Different species have particular habits of food choice 
that enhance protection from particular groups of natural enemies that domi-
nate in their microhabitats.

But caterpillars are “in the middle” in a changing tritrophic world. There are also 
hazards from below—the physical and chemical plant defenses. First are the jeop-
ardies associated with physical structures that plants produce to make it difficult to 
maintain a purchase, or prevent easy walking, or make biting and chewing too chal-
lenging. There are secretions that are sticky or gluey, such as latex or resin, which 
can glue up their mouthparts. A remarkable evolutionary feat of the Lepidoptera has 
been the adoption of countermeasures to deal with each of the defenses plants have 
come up with.

The all-important plant chemistry has been studied in great depth, with the dis-
covery of innumerable compounds that interfere with caterpillar growth and sur-
vival. These must be avoided or overcome physiologically one way or another. In 
addition, the details of sequestration of noxious plant chemicals have been eluci-
dated in numerous species, different chemical structures being of particular value 
against different groups of natural enemies.

Plants present a food source that is typically low in protein and variable in nutri-
ent quality. Plants also provide diverse physical challenges and an immense variety 
of potentially toxic metabolites that often increase with damage. Environmental 
changes involving climate and chemicals from human activity challenge not only 
the plants and their availability, but also the caterpillars that feed on them, and the 
mothers who must locate their foods.

Unlike many herbivores, caterpillars have the task of ingesting such vast amounts 
that the gut content may be up to twice the weight of its own tissues. An alimentary 
throughput time of just hours means there is virtually no role for symbiotic micro-
organisms to aid digestion. And the frenzy of feeding involves big doses of potential 
toxins. The first parts of this book address some of these problems and the remark-
able ways that caterpillars have dealt with them.

Finally, there are gambles associated with availability of hosts; variation in qual-
ity of the host, genetically or as a result of the herbivore damage; the sensing of 
nearby herbivore damage; or the acquisition of a plant disease.

Presented here are updates about impact of the natural enemies and diseases on 
the ecology and evolution of caterpillars and the multiple interactive effects among 
the three trophic levels—plants, herbivores, and herbivore enemies. The exceptional 
diversity of anatomical, physiological, and behavioral traits to deal with the number 
and variety of problems provides a classic arena for the study of evolution.

Research on caterpillar behavior and ecology continues to be important in natu-
ral ecosystems for understanding the impact of climate change and loss of habitat 
on all three trophic levels, and the complexity of all those tangled webs. How will 
herbivorous Lepidoptera be affected by changing distribution of hostplants in rela-
tion to changes in climate? Can citizen scientists provide the quantity of information 
to monitor changes in each of the three trophic levels around the world?

Foreword
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Continued study of caterpillars is also needed to understand best practices for 
wild lands and forest management, and to handle the devastating impacts of both 
invasive species and native outbreaking species. The combined research from all 
these interlocking research elements, most of them addressed in this book, also aim 
to elucidate the essential balance that is ultimately important for vertebrates includ-
ing humans.

Regents Professor Emerita Elizabeth Bernays
University of Arizona, 
Tucson, AZ, USA

Foreword
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Introduction – Caterpillars as Focal Study 
Organisms

Suzanne Koptur and Robert J. Marquis

My cousin has great changes coming  
Someday he’ll wake with wings… 
(Cousin Caterpillar (Mike Heron),  
The Incredible String Band: The Big Huge, 1968)

Caterpillars are truly in the middle, ecologically speaking. They are both major 
consumers of plants and critical food for predators. Plants take the sun’s energy and 
atmospheric carbon dioxide and use it to make sugars and oxygen, so they serve as 
the primary producers in most ecosystems (Jensen and Salisbury 1972). Herbivores 
(Crawley 1983), including caterpillars, eat plants, obtaining energy and building 
blocks for their bodies from the organic compounds composed of carbon, nitrogen, 
and other important molecules and essential elements from plant bodies; herbivores 
are therefore termed primary consumers. As the famously hungry (Carle 1969) lar-
val stage of butterflies and moths, caterpillars make plant energy and nutrients avail-
able to predators by concentrating the essentials in their tissues as they feed and 
grow. But it is the consumed caterpillars that mediate the transfer of untold amounts 
of energy and nutrients from plants to carnivores. Many species of predators and 
parasitoids, termed secondary consumers, attack and eat caterpillars. The popula-
tions of these natural enemies depend on an abundance of caterpillars. Caterpillars 
are therefore at the center of food webs in terrestrial ecosystems, powering their 
life-supporting properties around the world.
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Florida International University, Miami, FL, USA
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Evolution rewards the caterpillars that survive to become adult moths and but-
terflies and ultimately reproduce. Accordingly, caterpillars have evolved many fas-
cinating behavioral and physiological traits to feed on plants despite the fluctuating 
availability of host plant material and the many defenses (chemical, physical, nutri-
tional, phenological, and biotic) that plants have evolved in response to their herbi-
vores. This coevolution between caterpillars and plants has been going on for 
millions of years. The diverse traits of plants are the bottom-up forces affecting 
caterpillar populations. At the same time, caterpillars have evolved myriad defenses 
in response to predation pressure from their many natural enemies, top-down forces 
that control caterpillar populations. Sandwiched as they are between the bottom-up 
and top-down forces that affect their survival, caterpillars have collectively evolved 
a staggering diversity of traits. Their lifestyle is a compromise wrought by the selec-
tive forces represented by the first and third trophic levels. The wide diversity in 
caterpillar form and behavior, which contributes in great part to their attraction for 
study, is the result of these evolutionary forces. This diversity is showcased in the 
150,000 species of Lepidoptera known to science, with more still to be described. 
We are only beginning to catalogue this diversity, let alone understand the evolu-
tionary forces driving the diversification of caterpillars. Within the pages of this 
volume, the reader will find our collective current understanding of caterpillars as 
components of food webs.

In this introduction we consider the discovery of connections between caterpil-
lars and adult forms, the documentation of their natural history, the study of their 
development and physiology, and the significance of holometaboly. We will briefly 
recount and pay homage to the large body of work that laid the foundation for our 
understanding of the ecology and evolution of plant/insect/natural enemy interac-
tions that have given rise to the contributions in this collection, Caterpillars in the 
Middle. In inviting the group of researchers represented in the pages of this book, 
we have sought to include insights from various levels of study, with the intention 
of providing a well-rounded look at advances in caterpillar biology, ecology, and 
evolution. Biologists may study organisms at any position of the food chain/web 
and often deal with the effects of one level on another; some even put all levels 
together and consider the effects of abiotic factors on their organisms of interest. In 
the chapters of this volume, you will find all these approaches, and we intend that 
this work will serve to inspire more research on caterpillars in all directions.

Who first recognized that caterpillars are immature stages of butterflies and 
moths? It is likely that early humans first noticed the beauty of flying adults, watch-
ing their movements with awe as the Lepidoptera visited flowers and landed on 
vegetation, some with their colors as beautiful and bright as flowers, others flying 
only at night and drawn to fire and lights as were the people who made those things. 
And while some ate caterpillars as an important source of protein (e.g., mopane 
worm, the larva of the emperor moth Imbrasia belina) (Baiyegunhi et  al. 2016; 
Stack et al. 2003), did they connect the two life stages as parts of a single organism?

This realization may have taken place before written history, but the earliest 
recorded considerations of the phenomenon appear in the (384–322 BCE) writings 
of Aristotle (1942 translation; Ryan 2011). He described the caterpillar as a 

S. Koptur and R. J. Marquis
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continuation of embryonic life, “a soft egg” that preceded the ultimate goal of adult 
butterfly. Aristotle was mistaken, however, that metamorphosis transpired despite 
lack of fertilization, seeing it as a process involved in the spontaneous generation of 
life (Reynolds 2019). He proposed that the eggs of holometabolous insects hatched 
“before their time,” thus necessitating the extra stages of development outside the 
egg that preceded the perfect adult organism. Aristotle saw sperm as the agent that 
transformed the egg to another state, just as heat can cook an egg or curdle milk. 
These changes were necessary for the organism to achieve its “perfect” form, mean-
ing the stage that could be used to determine its species or identity, the adult form. 
In the seventeenth century, scientists pursued their endeavors in the light of 
Aristotle’s influence, and though his ideas have fallen out of favor in current under-
standing of the phenomena of fertilization and development, it is useful to consider 
the precedent to today’s knowledge (Reynolds 2019).

We can find insight into the natural history of Lepidoptera in some of the artwork 
of early observers of nature. Maria Sibylla Merian’s detailed illustrations of 
European insects and plants (Fig. 1) provided some of the earliest documentation of 
the life cycles of numerous Lepidoptera. In the seventeenth century, when women 
were not formally trained or educated and unusual interests led to suspicion and 
even accusations of witchcraft, this young German girl loved to draw insects 
(Sidman 2018). Merian, a craftsperson and the daughter of a tradesman (Todd 
2007), lived from 1647 to 1717 and described and depicted what she observed 
around her, the first important step of scientific endeavor. She has been called one of 

Fig. 1 Realistic depiction of moth life history including hostplant juxtaposed with high quality 
digital photographs of the twenty-first century. Left image – Maria Sibylla Merian’s hawkmoth on 
morning glory – note all life history stages, even the shape of the frass produced by the large cat-
erpillar. Upper right – Agrius convolvuli (L.) female dorsal view, photo by Didier Descouens (CC 
BY-SA 4.0); Lower right – Agrius convolvuli korseby caterpillar, photo by Kristian Peters (GNU 
Free Document License)
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the first ecologists (Etheridge 2011), as unlike other artists of that time, she sought 
to show in her work the plants with which the insects were associated, putting the 
subjects in the context of their natural world. Using direct observation both in the 
wild and rearing insects in her home, focusing on the interactions between plants 
and animals, her work was foundational for modern-day ecology, the field of many 
authors in this book. In her quest to describe in her art the metamorphosis of but-
terflies and moths (as well as other animals), she raised many species from eggs and 
larvae, carefully recording all the stages of their life cycles. While people had long 
recognized that silk moths produced eggs that hatched into caterpillars that eventu-
ally made silken cocoons from which silk thread were obtained, not many had won-
dered about the origins of other beautiful moths and butterflies of all colors, sizes, 
and shapes. In her lifetime she illuminated the life cycles of European Lepidoptera 
and other insects in two major works of several volumes each (Neues Blumenbuch, 
New Book of Flowers, Merian 1675-1680; and Der Raupen wunderbare 
Verwandelung, und sonderbare Blumen- nahrung, The Wondrous Transformation of 
Caterpillars and Their Particular Nourishment from Flowers, Merian 1679, 1683, 
and 1718). Before Darwin, Humboldt, and Audubon, Merian traveled at the turn of 
the eighteenth century (1699) with her daughter on a voyage of discovery to Surinam 
to see and learn about neotropical Lepidoptera, after which she wrote Metamorphosis 
insectorum Surinamensium, The metamorphosis of the insects of Surinam, 1705, 
Amsterdam: G. Valck. Her work inspired many subsequent naturalists and artists, 
including Mark Catesby who pioneered depicting birds in their natural settings 
(Etheridge and Pieters 2015), the “Colonial Audubon” (Frick and Stearns 1961).

Scientific investigation continued with observation and illustration to investiga-
tions of physiology and development. In the mid-twentieth century, Wigglesworth 
(1934) discovered that hormones control transformation from larva to pupa to adult. 
Through his continued work (Wigglesworth 1954) and that of many others, we now 
know that transformation in all insects is regulated by the interplay of two hor-
mones: ecdysone and juvenile hormone (Rolff et al. 2019). Some insects are hemi-
metabolous, developing through larval stages very similar in morphology to adults 
(e.g., Orthoptera) only lacking wings; others are holometabolous, with larvae of 
entirely different morphology than the adults (e.g., Diptera, Hymenoptera, and 
Lepidoptera). Why do these extreme changes in form exist within the life history of 
a single organism? Darwin postulated, in The Origin of the Species by Means of 
Natural Selection (1866), that the significance of holometaboly was that the differ-
ent stages of development had different lifestyles and occupied different ecological 
niches; this idea was reiterated by Williams (1952) and reviewed by Wilbur (1980). 
Perhaps the most satisfying explanation is that complete metamorphosis is an adap-
tation permitting the decoupling of growth and differentiation (Rolff et al. 2019). 
This can be advantageous when food is sporadically available. Rapid growth is 
advantageous as the larva is a vulnerable stage, reducing the period of time it may 
be killed by predators, pathogens, and parasitoids. Plants can thwart herbivorous 
larvae through a variety of defenses: biotic, chemical, mechanical, and phenologi-
cal. It is this position of caterpillars in the middle of the top-down and bottom-up 
forces that provides the content of this volume.
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Many young ecologists of a generation ago were inspired by the influential vol-
ume Coevolution of Animals and Plants (Gilbert and Raven 1975) and by other 
volumes in which experts on different topics contributed chapters (Chapman and 
Bernays 1978; Futuyma and Slatkin 1983; Price et al. 1991). There have been many 
important books published in the last few decades about multitrophic interactions, 
many with a focus on arthropod/plant interactions. Insects on Plants (Strong et al. 
1984) brought these interactions into more prominence in community ecology, and 
Herbivory (Crawley 1983) examined animal effects on plants at many levels. 
Trophic Cascades (Terborgh and Estes 2010) emphasized tri-trophic interactions 
involving vertebrate herbivores and vertebrate predators. An edited volume (Barbosa 
and Letourneau 1988) focused on mediation of complex interactions by plant allelo-
chemicals, including their effects on higher trophic levels, while Rosenthal and 
Berenbaum (1991) focused on the effects of plant chemicals on herbivores. The 
multi-volume series published by CRC press, Insect-Plant Interactions (1979–1984), 
was made up of five volumes of contributed chapters, edited by Elizabeth Bernays. 
Two other edited volumes brought together the work of scientists examining plant- 
insect- enemy interactions, including Multitrophic Interactions in Terrestrial 
Systems (Gange and Brown 1997) and Herbivores: Between Plants and Predators 
(Olff et al. 1999). A volume entitled Multitrophic Level Interactions (Tscharntke 
and Hawkins 2002) included bottom-up and top-down effects in both above-ground 
and below-ground food webs. Some scholarly works have focused more on the first 
trophic level, plants (Fritz and Simms 1992); some on the second trophic level, 
herbivores (Tilmon 2008); and others on the third trophic level, predators and para-
sitoids (Hajek 2004; Hawkins 1994; Rico-Gray and Oliveira 2007; Wäckers et al. 
2005). Still more were overviews of numerous kinds of interactions and how they 
have coevolved (Abrahamson 1989; Thompson 1982, 1994, 1997, 2005; Jolivet 
1998; Schoonhoven et al. 2005; Herrera and Pellmyr 2002), some with a particular 
focus on global change (Kareiva et al. 1993; Post 2013; Tylianakis et al. 2008).

While caterpillars as herbivores were included in most of the abovementioned 
works and other books have focused on either identification (e.g., Wagner 2005) or 
the biology of particular groups (Tuskes et al. 1996; Tuttle 2007; Conner 2009), it 
was nearly 30 years ago when the first and only book on the ecology and evolution 
of caterpillars was published. That volume, edited by Nancy Stamp and Tim Casey 
(1993), became a treasured classic, bringing together the perspectives of a diverse 
and international group of researchers. Although the title suggested the focus was 
only caterpillar foraging ecology, its coverage included effects of abiotic and biotic 
forces on caterpillars, examination of interesting lifestyles, and how caterpillar 
feeding and associations varied in space and time. It is time for a new look at the 
ecological and evolutionary forces that affect larval Lepidoptera and to consider the 
effects of a changing planet on their continued existence. We are fortunate to have 
some contributors to the earlier caterpillar book (Stamp and Casey 1993) authoring 
chapters in this book. We have invited contributions from scientists whose interests 
and expertise range widely, from simple natural history to experiments and analyses 
that provide some insights that were not possible at an earlier time.
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The idea for this book came from organizing a symposium for the Entomological 
Society of America meetings held in St. Louis in the Fall of 2019, and most of the 
participants in that symposium have contributed to this book. We were glad that 
other renowned scientists also agreed to contribute to this new compendium of 
research on caterpillars, their hostplants, and natural enemies, reflecting a variety of 
approaches and expertise. As this work is written in the early part of the twenty-first 
century, a time when we are well aware that human activity on the earth has changed 
the climate of our home planet, we attempted to include consideration of these 
forces in every contribution. We now present this book entitled Caterpillars in the 
Middle: Tritrophic Interactions in a Changing World, hoping it has something for 
everyone and may serve to inspire future research on and appreciation of 
caterpillars.

Acknowledgements We thank many of the contributors to this volume for their constructive 
comments on this introduction.
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 Introduction

Whether measured in terms of species richness, abundance, or biomass, Lepidoptera 
are among the most successful lineages on this planet. More than 157,000 species 
of Lepidoptera have been described (van Nieukerken 2011; Mitter et al. 2017). The 
great majority of Lepidoptera are found in tropical forests, especially those of South 
America (Wardhaugh 2014). One 65-km elevational transect on the eastern slope of 
the Peruvian Andes has already yielded over 2500 butterfly species (Lamas Müller 
2017; Lamas et al. 2021), which equates to 14% of the described global butterfly 
fauna. In well-studied faunas of the Northern Hemisphere, butterflies often com-
prise about 6% of the total lepidopteran species diversity. Assuming that ratio holds 
for Peru, the same transect should yield some 39,000 species of moths—approxi-
mately twice the number found in North America north of Mexico (Hodges et al. 
1983; Pohl et al. 2016). Given the extraordinary richness of tropical insect faunas, it 
is our guess that global species richness for butterflies and moths will approach or 
exceed 350,000 species. Gaston (1991) and Kristensen et al. (2007) offered esti-
mates as high as 500,000 species.

Caterpillars account for much of the above-ground insect biomass in many eco-
systems: grasslands, deserts, chaparral associations, scrublands, savannas, and 
especially forest communities. In addition to their critical roles in natural systems, 
the order includes many of the most important defoliators of forests, cereals, and 
field crops. In some ecosystems caterpillars may transfer more energy from plants 
to other animals than all other herbivores combined (Janzen 1988). They are integral 
elements in terrestrial food webs; many lineages of birds are reliant on caterpillars, 
timing their nesting activities to the weeks of larval abundance, with both clutch size 
and fledging success tied to caterpillar availability (e.g., Lack 1950; Wesołowski 
and Rowiński 2014; Glądalski et al. 2015; Laney et al. 2015; Smith and Smith 2019, 
Fig. 1a). Many lizards and snakes are caterpillar hunters (Fig. 1b). Caterpillar- and 

Fig. 1 Ecosystem function: caterpillars are a staple food of many terrestrial vertebrates: (a) white- 
eyed vireo (Vireo griseus), feeding a notodontid caterpillar to nestling and (b) broad-banded cop-
perhead (Agkistrodon laticinctus) feeding on larva of white-lined sphinx (Hyles lineata) 
(Sphingidae), the most commonly identified prey from the gut of this diminutive viper endemic to 
west Texas. (Images (a) courtesy of Doug Tallamy; (b) courtesy of Gerry Salmon)
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pupa-feeding mammals include mice, shrews, raccoons, skunks, foxes, and many 
human cultures. The early stages of Lepidoptera serve as the resource base for a 
multitude of insect parasitoids (Krombein et al. 1979) (see also Stireman and Shaw, 
Chapter “Natural History, Ecology, and Human Impacts on Caterpillar Parasitoids”, 
this volume) and invertebrate predators (see below).

Caterpillars also play important roles in decomposition and nutrient cycling. 
They do so most obviously by consuming living plant tissues, defecating, and pro-
ducing greenfall (Risley and Crossley 1988). Seasonal tropical forests can rain frass 
at the beginning of the wet season. Even unconsumed plant tissue can be shaped by 
caterpillars; in response to nearby feeding (Smith 1983; Kant et al. 2015; Chen and 
Mao 2020) or presence of frass (Ray et al. 2016), plants alter their leaf chemistry to 
deter further damage, with subsequent effects on leaf decomposition rates (Frost 
and Hunter 2007). Also important are those species that specialize on fallen leaves, 
wood, and other organic matter (Scoble 1992; Wagner 2013). Herminiine noctuids, 
for example, which commonly feed on senescent forest floor plant tissues, are espe-
cially diverse and numerically abundant in temperate oak woodlands (Hohn and 
Wagner 2000). Other caterpillars, especially erebids, tineids, and even members of 
one tribe of hairstreak butterflies, consume the decomposers themselves, feeding on 
mycelia and fruiting bodies of fungi (Powell 1980; Rawlins 1984; Nishida and 
Robbins 2020, and text below).

This chapter is a primer on caterpillars, intended to introduce those interested in 
caterpillar ecology to their life cycle, basic morphology, and natural history. Along 
the way, an effort is made to suggest aspects of caterpillar biology that are especially 
interesting, identify data gaps, introduce new phenomena, touch on emergent 
research frontiers, and share our passion for these creatures. Given the audience of 
this volume, our treatment is focused on the lineages that are easily studied by 
ecologists: macrolepidopterans, larger externally feeding microlepidoptera, 
leafminers, and gall makers; we deemphasize lineages and guilds comprised of 
shelter-forming and internal feeders, subterranean taxa, and microlepidopterans 
(but see Marquis et al., Chapter “The Impact of Construct Building by Caterpillars 
on Arthropod Colonists in a World of Climate Change”, this volume), either because 
they are rarely encountered or present significant sampling and/or identification 
challenges. A shortcoming of this effort is its anchoring to temperate North American 
experiences and taxa, but we endeavored to be mindful of this bias. New life history 
observations, shared at various points in the chapter, are listed in Table 1 at the end 
of this chapter.

 Basic Anatomy

Caterpillars are soft-bodied organisms, analogous to water balloons with internal 
sclerotized rods (apodemes) and plates (phragmata), external sclerotized plates 
(sclerites), and appendages that lend strength and promote specialized functions. 
They are distensible feeding machines whose muscles and hydrostatic skeleton (Lin 
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and Trimmer 2010) allow them to minimally invest in their integument, grow rap-
idly, and still enjoy considerable mobility. Below we review morphological fea-
tures, emphasizing those of ecological importance, especially those affecting their 
relationships with other species.

External Anatomy Caterpillars have a sclerotized head, ancestrally with six lat-
eral image-forming eyes (stemmata) of limited acuity, short antennae, 3 pairs of 
feeding appendages (mandibles, maxilla, and labium), and a trunk composed of 13 
serially homologous segments: 3 thoracic segments and 10 discernable abdominal 
segments (Figs. 2a and 3). The three pairs of thoracic legs, each bearing an apical 
claw, are homologous to those of the adult (Fig. 4b). Abdominal segments 3–6 and 
10 often have fleshy, crochet-bearing prolegs (Fig. 4a), although many variations on 
this proleg complement are scattered across the order: e.g., geometrids are often 
missing the first three pairs of prolegs, and basal noctuid subfamilies (semi-loopers) 
the first two pairs (Wagner 2005). Below we refer to thoracic segments as T1–T3 
and abdominal segments A1–A10 such that A2 would stand for the second abdomi-
nal segment.

prothoracic
shield

head

spiracles
thoracic legs anterior prolegs anal proleg

anal plate

T1 T2 T3 A1 A2 A3 A4 A5 A6 A7 A8
A9

A10

hypopharyngeal complex

labial
palpus

spinneret

zea virescens virescens

inner tooth broken
inner tooth

a

b c

Fig. 2 External caterpillar anatomy: (a) habitus; (b) hypopharyngeal complex (spination patterns 
over upper surface often will separate closely related species); (c) right mandible of Helicoverpa 
zea (corn earworm) and Chloridea virescens (=Heliothis virescens) (cotton bollworm) (both 
Noctuidae). These two major crop pests are surprisingly difficult to differentiate from photographs, 
yet their mandibles immediately separate the two. Abdominal (A) and thoracic (T) segments; T2 = 
second thoracic segment. (Line art by Virginia R. Wagner (from Wagner et al. 2011); reproduced 
with permission from Princeton University Press)
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Color and patterning characters will allow the identification of many of exter-
nally feeding caterpillars in areas with modest species richness (Wagner 2005; 
Wagner et al. 2011). More detailed study of microscopic features and/or dissection 
may be necessary for others, especially for large genera, those that feed internally, 
or lineages in which coloration can be highly variable within a species. Chaetotaxy 
(the size and placement of the primary setae) can be used to distinguish closely 
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Fig. 3 Scanning electron micrographs of caterpillar external anatomy: (a) lateral view of head of 
Spodoptera androgea (Noctuidae); (b) frontal view of Brenthia sp. (Choreutidae); (c) frontal view 
of mouthparts of Spodoptera androgea; and (d) dorsal view of hypopharyngeal complex of 
Spodoptera androgea. Adenosma (AD), antenna (AN), clypeus (CL), hypopharynx (HP), labial 
palp (LP), labrum (LA), mandible (MD), maxillary palp (MP), maxilla (MX), spinneret (SPN), 
and stemmata (STE). The length, structure, and arrangement of setae on the upper side of the 
hypopharynx are often diagnostic for a given caterpillar species. (Image (b) courtesy of 
Jadranka Rota)
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related species; in some, the length of setae relative to the closest spiracle can be 
used to differentiate congeners. The number and relative proportions of the teeth 
(incisors) and other mandibular details are sometimes used to distinguish caterpil-
lars, e.g., those of Helicoverpa zea from the confusingly similar Chloridea 
(=Heliothis) virescens (both Noctuidae) (Fig. 2c), many plusiine loopers (Noctuidae), 
and others. The spination of the dorsal surface of the hypopharynx (Figs. 2b and 
3b–d) will vary across sets of closely related species.

CR

SPR
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AP

R
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Fig. 4 Scanning electron micrographs of caterpillar external anatomy: (a) crochet series of 
Hypercompe scribonia (Erebidae: Arctiinae); (b) prothoracic legs of Hyblaea (Hyblaeidae), (c) 
spiracle of Spodoptera androgea (Noctuidae); and (d) posterior view of Paralobesia viteana 
(Tortricidae) abdomen. Anal comb (AC), anal proleg (AP), crochets (CR), peritreme (P), and spir-
acle (SPR). (Images (b) and (d) courtesy of Marc Epstein)
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Sensilla (specialized setae) provide essential sensory information for caterpil-
lars. Pre-oral and oral chemoreception, relevant to food consumption, are facilitated 
by chemosensilla located on the antenna, mandible, maxilla, labium, labrum, and 
epipharyngeal complex (Song et al. 2014; Men and Wu 2016). A taste sensillum 
typically has three to four individual taste cells, each of which responds most 
strongly to a single compound (Glendinning et al. 2000, 2001). These sensory setae 
allow caterpillars to differentiate among a sweep of plant compounds (Glendinning 
et al. 2002) that modulate feeding responses. For instance, myo-inositol (a sugar 
alcohol common in plants) incites feeding in Manduca sexta. Pyrrolizidine alka-
loids act as feeding stimulants for both Estigmene acrea and Grammia incorrupta 
(both Erebidae: Arctiinae) (Bernays et al. 2002). In addition to food recognition, the 
sensilla of caterpillars function in mechanoreception, thermoreception, and hygro-
reception (Scoble 1992; Men and Wu 2016).

Caterpillars respond to both air- and substrate-borne vibrations (sounds). 
Specialized socketed thoracic setae play integral roles in sound detection, with 
many species responding to high frequencies, such as those produced by the wings 
of flying insects. Presumably a primary role is the detection of predatory wasps, 
as well as both dipteran and hymenopteran parasitoids (Tautz and Markel 1978; 
Taylor and Yak 2019). Such frequencies can trigger immediate stasis or a defense 
response, and even both reactions in the same individual, depending on the con-
text and duration. Swallowtail caterpillars will sometimes evert the osmeterium, 
when spoken (or sung) to or at the sound of a clap (DLW and Sam Jaffe, unpubl. 
observations).

Internal Anatomy Insects have many of the same organ systems present in verte-
brate animals, but given that the caterpillar is principally a feeding and growth 
stage, we emphasize the digestive system here and only briefly touch on silk glands 
and a few other systems. A caterpillar is essentially a walking digestive system, 
with a gut that volumetrically greatly exceeds that of all other systems combined. 
The remainder of a caterpillar’s body (by decreasing volume) is given to fat bodies, 
Malpighian tubules, silk glands, and other organ systems common to animals 
(Fitzgerald 1995).

Insect digestive tracts are divided into three parts: the foregut, midgut, and hind-
gut (Figs. 5 and 6). The first and last of these are ectodermal in origin and consist of 
a lined cuticle that is shed at each molt. Caterpillars possess an enormous but sur-
prisingly simple digestive tract: a comparatively short, unconvoluted tube, with an 
extended midgut adapted for rapid digestion of plant tissues (Dow 1986). The mouth 
is delimited anteriorly by a medially grooved labrum, laterally by the mandibles and 
maxillae, and posteriorly by the labium (Fig.  3b); the hypopharyngeal complex 
(Figs. 2b and 3b–d), principally derived from the labium, projects into the buccal 
cavity and acts as a tongue, moving food into the foregut and aiding in chemorecep-
tion (Traxler 1977).
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The esophagus is short and abruptly enlarges to a crop that serves for both food 
storage and defense (when emptied to discourage a would-be enemy) (Wang et al. 
2018; Peterson et al. 1987). Exceptionally the foregut may have diverticula for the 
storage of defensive compounds, e.g., see Common and Bellas (1977). During a 
feeding bout, the crop can become greatly enlarged, pushing the midgut rearward, 
such that it occupies much of the anterior lumen (Fitzgerald 1995). Caterpillars that 
we have examined lack a muscularized and armored proventriculus as is found in 
grasshoppers, although in at least some caterpillars, there are small spines, plates, or 
denticles about the valve (not visible in figures) that separates the fore- and midgut, 
which contribute to mechanical digestion. Internally, the proventricular valve serves 
as the end of the foregut and controls entry of ingested material into the midgut, 
where most digestion and nutrient assimilation takes place (Fig.  6). As food is 
ingested and passed into the midgut, the foregut contracts, regaining its pre-meal 
dimensions in tent caterpillars (Lasiocampidae) (Fitzgerald 1995). External indica-
tions of the junction between the foregut and midgut of lepidopterans can be mod-
est, in contrast to the guts of other insects.

The alkaline caterpillar midgut is lined with a chitinous sheath called the peri-
trophic membrane that acts as a protective, semi-permeable envelope around food 
boli (Peters 1992). The midgut serves as the primary site of chemical digestion, via 
an array of amylases, glycosidases, lipases, and proteases that pass through the 
membrane, although some enzymes remain embedded in the peritrophic membrane 
(Ferreira et al. 1994). The midgut has a characteristically high pH, typically falling 
between 9 and 11 (Ferreira et al. 1994; McMillan and Adamo 2020) with high titers 

Fig. 5 Internal anatomy of Pieris brassicae (late last instar). (Original art by Paul Pfurtscheller 
circa 1908; this augmented reproduction used with permission from The Caterpillar Lab)
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of phospholipases, which enhance digestion while discouraging the survival of bac-
teria and other microorganisms. Goblet cells, rich in mitochondria, line the midgut, 
serve in the uptake of salts and amino acids, and maintain the high alkalinity of the 
midgut (Levy et al. 2004). The large vacuoles of the goblet cells may also serve as 
storage areas for compounds that will be excreted.

The short hindgut consists of the pylorus, ileum, colon, and rectum and is the 
primary area for absorption of water and salt (Levy et al. 2004). Six Malpighian 
tubules originate near the junction of the midgut and hindgut; these extend anteri-
orly around the midgut, then switchback, and run to the posterior end of the caterpil-
lar, where they form a structure known as the cryptonephridium around the rectal 
tissues. The Malpighian tubules are essentially the caterpillar’s kidneys, regulating 
salt and water balance (Levy et al. 2004; Kolosov and O’Donnell 2019).

silk glandsubesophageal
ganglion

brain
esophagus

tes�s ileum
rectum

crop
(foregut) midgut hindgut*

a

b

Fig. 6 Internal anatomy of caterpillars. (a) Monarch (Danaus plexippus) (Nymphalidae) lateral 
view from Scudder (1889). Note the volume occupied by the gut—a caterpillar is little more than 
a feeding machine. Unlike many insects, the foregut and midgut juncture is not externally differ-
entiated in many Lepidoptera, and why we add the * to indicate that our demarcation is only an  
approximation. (b) Beet armyworm (Spodoptera exigua) dorsal view. The crop here is the yellow 
portion, filled with bubbles, which curiously appear to contain additional smaller bubbles. A (sto-
madeal) valve separates the foregut (crop) from the green midgut—the green being recently 
ingested leaf tissue

On Being a Caterpillar: Structure, Function, Ecology, and Behavior



20

Powerful rectal muscles shape feculae or frass prior to release (Levy et al. 2009; 
Ramsay 1976). Both the size and shape of the feculae are diagnostic and conse-
quently can be used to identify the caterpillars that produced a given pellet, at least 
to family but sometimes even to species (Haylett 2000). As such, feculae have the 
potential to be used in caterpillar monitoring and other ecological investigations 
(e.g., see Bernays and Janzen 1988). Because they contain volatiles, frass pellets 
are used by many predators and parasitoids to locate feeding caterpillars (Weiss 
2003, 2006; Moraes et al. 2012, and discussion below). Even plants may respond 
to the presence of caterpillar frass e.g. by elevating inducible defenses (Ray 
et al. 2015).

The fat body appears as an amorphous, white, unconsolidated, mesodermal 
organ that functions in intermediary metabolism, fat storage and energy regulation, 
endocrine control, protein and pigment synthesis, detoxification, and still other 
roles (Hoshizaki 2012). Its cells (adipocytes) are loosely organized into trachea-rich 
sheets and nodules, linked by connective tissue, that are most conspicuous in the 
abdomen especially in proximity to portions of the gut (Figs. 5 and 6b).

Vegliante and Hasenfuss (2012) identify 21 lepidopteran exocrine glands and 
associated structures. We only introduce readers to about a third of these, with our 
treatment emphasizing those that are taxonomically widespread, large in size, or 
known to play significant roles in the ecology of caterpillars. Most caterpillars have 
both a mandibular and labial salivary gland. The thin mandibular gland, which may 
extend back into the thorax or more rarely into the abdomen, produces salivary 
fluids that are secreted from the base of the mandible. The secretion may contain 
proteins, lipids, sterols, and triglycerides (Felton 2008); the specific constituents, 
proportions, and functions of the gland appear to vary across taxa and are in need 
of more study. That of Vanessa gonerilla (Nymphalidae) contains digestive 
enzymes such as amylase lysozyme, α-amylase, as well as sericotropin, which is 
thought to play roles in defense and immunity (Celorio-Mancera et al. 2012). The 
13-carbon alcohol mandibular gland secretions of Cossus cossus (Cossidae) appear 
to serve in defense (Eaton 1988). The labial salivary gland in most Lepidoptera is 
modified to produce silk. Much of our understanding of silk structure and function 
is anchored to the Oriental silk moth (Bombyx mori) (Bombycidae). In addition to 
silk, the labial gland may secrete enzymes—e.g., lysozyme, ascorbate peroxidase, 
and glucose oxidase—that serve in digestion, immunity, and the inhibition of 
induced defenses of their host plants (Celorio-Mancera et al. 2012). Glucose oxi-
dase, in particular, appears to function principally in shutting down inducible host 
plant defenses (Musser et  al. 2002). A cervical gland (adenosma) that opens 
through a medial pore on the venter of the prothorax and serves principally in 
defense, is present in many Hesperiidae, Noctuoidea, Notodontidae, Nymphalidae, 
Papilionoidea, Riodinidae, and Yponomeutidae (Vegliante and Hasenfuss 2012, 
and below).

Trail pheromones typically released from either the labial gland or the terminal 
abdominal segments are often co-mingled with silk deposition (Crump et al. 1987; 
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Vegliante and Hasenfuss 2012). They occur in Pieridae, processionary caterpillars 
(Notodontidae: Thaumetopoeinae), tent caterpillars (Lasiocampidae), and some 
Saturniidae (Vegliante and Hasenfuss 2012). We suspect that analogous trail sig-
nals are used by some solitary caterpillars that leave their feeding sites by day to 
shelter on bark, at the base of the host, or in soil or litter. These might be especially 
important for those species that rest well removed from the host (e.g., Catocala 
illecta), presumably to lower their predation risk. Such behaviors and the role of 
silk and other chemical markers in retaining site fidelity have received little 
attention.

Lycaenid and riodinid butterflies have highly specialized exocrine glands and 
organs that release sugary and amino acid secretions that encourage ant attendance 
(Malicky 1969, 1970; Fiedler 1991; Vegliante and Hasenfuss 2012), which in turn 
protects caterpillars from parasitoids and invertebrate predators as well as the 
attending ants (see Pierce and Dankowicz, Chapter “The Natural History of 
Caterpillar- Ant Associations”, this volume). Most widespread are pore cupola 
cells—scattered across the body—that may secrete a substance that can be attractive 
or otherwise mediate caterpillar-ant interactions. A middorsal gland on A7 
(Newcomber’s gland), widespread among ant-attended lycaenids, secretes a sugary 
solution rich in amino acids that is eagerly fed upon by their retinue. Many lycae-
nids also have paired, eversible, mushroom-shaped, tentacular organs on A8. When 
everted, they release an air-borne signal that attracts nearby ants. Aphnaeine lycae-
nids have a series of middorsal dew patches (or dish organs) on A2–A5 that release 
a sugary reward (Vegliante and Hasenfuss 2012). Riodinids have comparable struc-
tures: paired tentacle nectary organs (TNOs) on A8 or a middorsal organ on T3 
(metathorax) (ATO), both of which include a nutritive function. To learn more about 
the biology of the caterpillars of these butterflies, their exocrine structures, and gal-
axy of myrmecophilous interactions, consult the many works of Philip DeVries and 
Naomi Pierce.

Cellular Immune System Pathogens and other foreign entities detected within an 
insect’s body are attacked by hemocytes, but arthropods lack the acquired immune 
response of vertebrates, i.e., they do not produce target-specific antibodies for dif-
ferent pathogens. Among the most important hemocytes, at least in lepidopterans, 
are the phagocytic granulocytes that envelop and destroy microbial parasites as well 
as foreign non-biological particles. Larger foreign entities are encapsulated by plas-
mocytes that adhere to the surface of the foreign threat in great number. This 
agglomeration triggers a chain reaction of melanin deposition, creating a physical 
barrier that prevents gas and nutrient exchange that can suffocate parasitoid eggs 
and larvae and other foreign bodies (Smilanich and Muchoney, Chapter “Host Plant 
Effects on the Caterpillar Immune Response”, this volume).

Gut and Microbiome Many insects, e.g., aphids, bees, cicadas, termites, and oth-
ers, have a microbiome associated with their digestive systems. Others, including 
many lepidopterans, may lack a functional gut microbiome (Hammer et al. 2017, 
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2019; Phalnikar et al. 2019). This may be due to their simplified, short digestive 
tract (lacking diverticula), the rapidity of food movement through the gut, and the 
high alkalinity of the caterpillar digestive tract, which collectively yield an unfavor-
able environment for symbionts (Appel 1994; Hammer et  al. 2017). While the 
absence of beneficial gut microbes might appear evolutionarily disadvantageous, 
the sheer ecological abundance and diversity of caterpillars would seem to argue 
otherwise. Regardless, even in the absence of a microbiome, many lepidopterans are 
able to quickly process ingested tissues, detoxify myriad secondary plant com-
pounds, and grow rapidly (Hammer et al. 2017; Phalnikar et al. 2019).

Caterpillars do have bacteria in their guts (Buchon et  al. 2014); in many leaf 
feeders, these derive from the bacteriofauna of their host plants and, as far as is 
known, only infrequently contribute appreciably to digestion. Manduca sexta 
(Sphingidae) caterpillars treated with antibiotics have growth rates and develop-
ment times comparable to those of untreated controls (Hammer et al. 2017). Many 
negative effects of ingested bacterial pathogens have been well documented 
(McMillan and Adamo 2020).

A novel exception to the above occurs in two pyralids that feed in honey bee 
nests: Galleria mellonella and Achroia grisella. With the help of gut symbionts, the 
caterpillars can digest and grow on polypropylene plastics (and, almost as surpris-
ingly, excrete ethylene glycol antifreeze as an end product of plastic digestion) 
(Cressone et al. 2020). Acevedo et al. (2017) found that bacteria in the oral secre-
tions of fall armyworm caterpillars (Spodoptera frugiperda) can trigger upregula-
tion of some induced plant defenses and the down-regulation of others. We are 
unaware of instances where gut microbes play a positive role in detoxification of 
secondary plant compounds by Lepidoptera (but see Hammer and Bowers 2015). 
The degree to which microorganisms might alter a caterpillar’s immune response is 
an area of active inquiry.

 Ontogeny, Life Cycles, and Diapause

Lepidoptera have four life stages: egg, larva, pupa, and adult, with the larval stage 
emphasized in this volume. The number of larval instars varies from three to seem-
ingly indeterminate in some wood feeders (Wagner 1985). While five instars are the 
median, both four and seven are common; some have greater numbers. Across most 
taxa, there is a fixed number of instars. Females may have an extra instar in some 
large-bodied species, e.g., many lymantriines (Erebidae) (Esperk and Tammaru 
2006). Some arctiine erebids go through six to ten instars (Dyar 1890). Supernumerary 
instars are sometimes added when caterpillars are under nutritional stress (Grunert 
et al. 2015).

A caterpillar is a feeding machine whose charge is to eat and not get eaten. Some 
will increase their mass 1,000-fold or even 10,000-fold from first to final instar 
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(Reavey 1993; Lin et al. 2011). Most absolute growth (and plant consumption and, 
by extension, economic impact) occurs during the final instar—approximately 90% 
of the increase in mass in Manduca sexta (Sphingidae) occurs in the last (fifth) 
instar (Grunert et  al. 2015). In contrast to these shifts in overall growth rate, an 
apparent constraint across lepidopterans is that strongly sclerotized structures (e.g. 
head capsule, mandibles, and prothoracic and anal plates) increase by a rather con-
stant factor of 1.3 to 1.4 at each molt, resulting in geometric growth over the larval 
stage (Dyar 1890). While many exceptions are known (e.g. Cole 1980; Albert 1982), 
this relatively constant rate of increase has broad applications, e.g. can be used to 
infer the instar of shed capsule or a cadaver vanquished by a parasitoid.

Considerable changes in form, ecology, behavior, and associated selective pres-
sures invariably transpire during the larval stage (see reviews by Reavey 1993; 
Boege et al. 2019). Morphologically, first instars are typically much differentiated 
from those seen across second to final instars. Additional changes, some striking, 
may occur across larval molts, a few of which are discussed below (see also Figs. 7 
and 8). Rather modest attention has been focused on the ecology of early instars 
(Reavey 1993; Zarlucki et al. 2002)—a matter that likely will long remain a frontier 
for insect-plant ecologists. By way of example, trichomes on the underside of a host 
plant leaf might be readily consumed by a middle or late instar, yet represent an 
insurmountable threat to both egg and first instar (Zarlucki et al. 2002; Kaur et al., 
Chapter “Surface Warfare: Plant Structural Defenses Challenge Caterpillar 
Feeding”, this volume).

Likewise, sweeping changes occur in a caterpillar’s natural enemy complex over 
the course of its development (Reavey 1993; Hawkins et al. 1997; Frankfater et al. 
2009; Boege et al. 2019). Many ecologists focus their attentions on late instars as 
they are more visible and confidently identifiable. Yet, given a typical invertebrate 
survivorship curve (Price 1997, Fig. 13), one might expect a cohort’s numbers to 
have been halved 2–3 times before attaining a size likely to be tallied in many eco-
logical studies (Zarlucki et al. 2002).

Important phenotypic and ecological changes can accrue in modest increments 
or in saltational steps across instars (Fig. 7), highlighting the mastery of gene regu-
lation and metamorphosis in Lepidoptera. The phenotype, diet, and resting behav-
iors of Stiria (Noctuidae) caterpillars track the phenological changes of their 
Asteraceae hosts (Fig. 8). Some Acronicta, Egira, and Lithophane caterpillars (all 
Noctuidae) change from a green leaf-resting penultimate to a dark last instar that 
rests on bark—so different in phenotype and microhabitat that the two forms may 
be unrecognizable as a single species. In many swallowtails the early instars are 
bird-dropping mimics that rest on upper leaf surfaces by day, but after a single molt 
change into a strikingly different morph with new behavioral repertoires: Papilio 
troilus becomes a green shelter-former with false eyes, while P. cresphontes molts 
to a twig-resting viper imposter (Wagner 2005).

Dramatic morphological transitions occur in hypermetamorphic taxa, i.e., those 
with two or more distinct larval forms. The developmental changes in leafmining 
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Gracillariidae are especially noteworthy in this regard. The first two to three instars 
are prognathous (forward-directed jaws), silkless, legless, liquid feeders with 
reduced eyes (Needham et al. 1928; Wagner et al. 2000). The larvae at this stage 
tunnel through epidermal and parenchymatous plant tissues. By contrast, the later 
instars are often quite ordinary, being hypognathous (downward-directed jaws), and 
are silk-producing, with relatively unmodified thoracic and abdominal prolegs and 

Fig. 7 Ontogenetic, phenotypic, and behavioral changes across instars of Arsenura batesii 
(Saturniidae): (a) first instar, (b) third instar, and (c) last instar. Last instars rest on tree trunks. 
Images courtesy of Annette Aiello

Fig. 8 Ontogenetic, phenotypic, and behavioral changes across instars of Stiria intermixta 
(Noctuidae): (a) early instar, (b) penultimate instar, and (c) last instar. Early instar Stiria often have 
dark transverse bars that mimic the dark pollen-producing florets surrounding the disk flowers; in 
the right pane, the caterpillar has a more warted form, more complex pattern, and rests tightly 
curled in the cavity created while feeding on the disk flowers
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normal eyes; these are feeding on whole cells (Needham et al. 1928). A functioning 
spinneret makes the differences possible: silk deposition within the mine allows the 
caterpillar to draw the mine into a bubble—a three- dimensional environment—with 
the two leaf surfaces well separated. Other Lepidoptera with hypermetamorphic 
development include a few gall formers (e.g., Bucculatricidae) (Needham 1948), 
some opostegids (Davis and Stonis 2007), and ectoparasitoids (e.g., Cyclotornidae 
and Epipyropidae) (Epstein et  al. 1998). Non- feeding instars are rare, generally 
occurring in the first or last instars. The former occurs in “nettle group” limacodids 
(Zaspel et al. 2016); the latter is found in some gracillariids: e.g., Cameraria and 
Marmara have two non-feeding prepupal instars (Needham et  al. 1928; Wagner 
et al. 2000).

Transitions in phenotype and behavior can occur within an instar, most com-
monly through the course of the final instar. Adelpha serpa (Nymphalidae), which 
normally is cryptically patterned, turns golden yellow the day before hanging for 
pupation (Aiello 1984). Acronictine noctuids that tunnel into bark or soft wood to 
pupate sometimes have a prepupal phenotype that is more cryptic on bark and thus 
helps the caterpillar to remain less apparent over the hours it takes to excavate its 
pupal crypt (Wagner et al. 2011). A dramatic example is Polygrammate hebraeicum 
(Noctuidae) and kin: larvae change from a green leaf-feeding form to a waxy-blue 
and black-dotted bark-tunneling form and then again into a red prepupa, all within 
the confines of a single instar (Wagner et al. 2006, Fig. 9). Virtually all caterpillars 
change as prepupae: the body contracts and thickens, patterning often dulls or is 
lost, and the integument frequently becomes shiny. Many lineages take on a rose 
flush or, in the extreme, become red (as in Polygrammate) (Fig.  9c). A famous 
example would be that of Comadia redtenbacheri (Cossidae), the gusano rojo, 
swirling at the bottom of many mescal bottles. We are unsure as to why the worms 
in bottles tend toward tan or brown—either their bright red coloration is lost in 
alcohol or they are collected and added before becoming prepupal—yet another 
case we are looking to crack. We have not seen literature explaining the basis of this 
transition. Our guess is that the phenomenon is quite taxonomically widespread but 
that it routinely happens inside the pupal crypt or cocoon, where it goes unnoticed 
(and exempt from appreciable selective pressure). To what degree this color change 
is linked to the bright red transition that happens in Galleria mellonella (Pyralidae) 
larvae (Fenton et al. 2011), when infected by the nematode Heterorhabditis bacte-
riophora, also remains unstudied.

The transitions described above are pre-programmed, i.e., the changes are part of 
every individual’s development; but caterpillars also provide heralded instances of 
phenotypic plasticity, taking on different shapes and coloration in response to envi-
ronmental stimuli. Common stimuli documented to trigger dramatic phenotypic 
changes in caterpillar morphology (and behavior) include light environment, crowd-
ing, diet, and temperature (Akino et al. 2004; Noor et al. 2008). That many caterpil-
lars are given to phenotypic plasticity is well known. Poulton (1892) published 
papers on the phenomenon in the late nineteenth century, after observing that geo-
metrid caterpillar phenotypes varied when reared in boxes lined with paper of dif-
ferent colors. Some ennomine geometrids are green when reared in green 
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environments and brown when reared in environments dominated by earth tones 
(Noor et al. 2008). In larvae of the pepper moth (Biston betularia) (Geometridae), 
detection of the visual environment and subsequent color change are mediated by 
dermal receptors along the larval body—even with its eyes covered, the caterpillar’s 
body can detect its light environment; across molts Biston caterpillars can change 
their color to better background match (Eacock et al. 2019). Perhaps most famously, 
the oak-feeding caterpillars Nemoria arizonaria (Geometridae) develop into catkin 
(flower) mimics when fed diets low in tannins (e.g., catkins) and twig mimics when 
fed older tissues with elevated titers of tannins (e.g., mature leaves) (McFarland 
1988; Greene 1989) (Fig. 10).

A dramatic and not yet fully understood color change that happens across mul-
tiple lineages of Lepidoptera is the green-to-black and cryptic-to-“warningly” col-
ored polyphenisms associated with high population densities, analogous to the 
transitions that transpire in the migratory locust (Wang and Kang 2014, Fig. 11). 
The caterpillars of many defoliators are green or otherwise cryptic at low densities 
but become increasingly blackened or “warningly” colored as densities rise and 
foliage becomes scarce or deteriorates. The phenomenon has evolved in dozens of 
lineages of Lepidoptera—Erebidae, Geometridae (both Ennominae and Larentiinae), 
Noctuidae (e.g., Bagisarinae, Noctuinae, and Plusiinae), Nymphalidae, Pieridae, 
Saturniidae, and Sphingidae (unpubl. data)—which is argument enough that the 
transition is adaptive, yet the raison d’être for its evolution remains poorly under-
stood. Some suggest the polyphenism is merely an epiphenomenon of an upregu-
lated immune response, due to the elevation of phenolic titers, to combat microbial 
and viral diseases (e.g., Lee and Wilson 2006). Surely going from a cryptic to a 
prominently non-cryptic phenotype has enormous ecological consequences, which 
are as yet unstudied. Moreover, the green-to-black change is sometimes reversible, 
again across instars; Wagner et al. (2011) were able to induce the appearance of 
black forms in Orthosia alurina (Noctuidae) by rearing larvae in sleeves at high 
density but reverse larvae back to green forms in later instars by re-sleeving the 
same cohort at lower densities.

Larval development can be as rapid as 2 weeks or drawn out over many years; the 
latter is common in polar and alpine regions and among large-bodied wood feeders. 

Fig. 9 Phenotypic and behavioral changes sometimes occur within a single instar. Polygrammate 
hebraeicum (Noctuidae): (a) feeding last instar; (b) wood-boring prepupa excavating a chamber in 
which the winter will be passed; and (c) bright pink prepupal morph that normally occurs inside 
the pupal chamber, but this caterpillar was photographed while it was still on its search for pulpy 
wood of appropriate hardness for tunneling, long past the time it would normally have 
entombed itself
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The arctic woolly bear, Gynaephora groenlandica (Erebidae: Lymantriinae), takes 
7 or more years to mature (Morewood and Ring 1998). In contrast, taxa in deserts 
and drylands can have exceeding rapid life cycles, e.g., some Schinia flower moths 
(Noctuidae: Heliothinae), which feed on highly nutritious, ripening seeds, will com-
plete their larval development in as little as 13 days (Hardwick 1996). Development 
from egg to adult can be as short as 15–16 days in the snout butterfly (Libytheana 
carinenta) (Nymphalidae) (Nall 2020); two larger butterflies, Danaus plexippus and 
Vanessa cardui (both Nymphalidae), can complete their life cycle in 28 days.

In temperate and seasonal ecosystems, many species are univoltine, with the 
availability of suitable food and temperatures constraining the number of genera-
tions. Far more typical, however, and where resources and temperatures permit, 
additional generations are produced, with an overlay of facultative broods, i.e., 
where a fraction of a given population emerges and attempts to complete its 

Fig. 10 Nemoria arizonaria (Geometridae): (a) spring-brood larvae feed on and mimic catkins; 
(b) summer- and fall-brood larvae feed on leaves and mimic twigs (McFarland 1988; Greene 
1989). Both morphs can be generated from a single cohort if larvae are fed diets with low or high 
titers of tannin phenolics (Greene 1989)

Fig. 11 Green-to-black and cryptic-to-“warningly” colored polyphenism. Ennomos subsignarius 
(Geometridae) (top row) and Hypocala andremona (Erebidae) (bottom row). (Images (d) and (e) 
courtesy of Berry Nall)
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development before conditions become unfavorable (Wagner et al., unpubl. observ.). 
Cohort failure is a common outcome for facultative broods. South of areas subjected 
to hard freezes, many Lepidoptera remain active year-round, with population pulses 
tied to availability of appropriate larval resources. In areas of challenging abiotic 
conditions, nearly all are bet hedgers, with facultative broods the norm with some 
individuals remaining in diapause.

Diapause occurs in all four life stages and all larval instars, most commonly in 
the egg and pupal stage in temperate Lepidoptera; exceptionally more than one 
stage may be programmed for diapause, especially in those taxa that take more than 
1 year to develop. Many caterpillars diapause as first to third instars or as a pre-pupa 
in a protected cell or cocoon. The diapausing instar is nearly always taxon-specific: 
e.g., firsts in Malacosoma americanum (Lasiocampidae) and Speyeria 
(Nymphalidae); thirds or fourths in Chlosyne and Euphydryas (both Nymphalidae) 
and Synchlora (Geometridae); Haploa (Erebidae: Arctiinae) as fifth or sixth instars; 
and last instars in Arachnis and Pyrrharctia (Erebidae: Arctiinae) and as a prepupa, 
in a protected cell or cocoon, in many Notodontidae, Prodoxidae, many Zygaenoidea, 
and others. Diapause induction in Lepidoptera is most commonly triggered by pho-
toperiod (day lengths) and less commonly temperature and host plant quality 
(Hunter and McNeil 1997). Across boreal and temperate areas, diapause is typically 
terminated by warmer temperatures that signal the return of favorable (growth) con-
ditions. But in deserts, grasslands, and seasonal forests—where precipitation sig-
nals impend availability of new growth—rains also drive activity. Lepidoptera 
inhabiting drylands and deserts often have the capacity to remain in diapause for 
more than 1 year. Pupae of Anthocharis (orange tip) butterflies (Pieridae) can dia-
pause up to 11 years (Todd 2018). Prepupae of the false yucca moth (Prodoxus) 
(Prodoxidae) yielded moths 19 years after their collection (Powell 1989).

 Larval Diets

Perhaps 98% of Lepidoptera are plant feeders, with nearly all of these associated 
with vascular plants (Strong et  al. 1984; Mitter et  al. 1988; Pierce 1995; Powell 
et al. 1998). Lepidopteran species diversity is largely a reflection of the ecological 
and evolutionary successes of gymnosperms and angiosperms, but especially the 
latter (Ehrlich and Raven 1964; Wahlberg et al. 2013). To a large measure, the spe-
cies richness on any given plant species is closely tied to the host plant’s geographic 
range, architectural complexity, and abundance; other determinants include appar-
ency, the degree of taxonomic isolation, and the plant’s physical and chemical prop-
erties (Lawton 1976, 1978, 1983; Lawton and Schröder 1977; Strong and Levin 
1979; Strong et  al. 1984). Stated differently, large, ecologically dominant, wide-
spread plants, with many congeners of similar ecological stature, have the richest 
lepidopteran faunas. In north temperate areas oaks (Quercus) are unrivaled: more 
than 900 species of Lepidoptera feed on oaks in America north of Mexico (Shropshire 
and Tallamy, unpubl. data). Quercus, Prunus, Populus, Salix, Pinus, and just ten 
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other tree genera are thought to host about 80% of the lepidopteran species diversity 
of eastern deciduous forests (Tallamy and Shropshire 2009; Narango et al. 2020).

More than 85% of Lepidoptera are believed to specialize on one or just a set of 
closely related species (Jaenike 1990; Forister et al. 2015), i.e., plants in the same 
genus or taxonomically proximate genera. The remainder of the phytophagous spe-
cies are either oligophagous or polyphagous, with some of the latter being diet mix-
ers (Singer et al. 2002), feeding on more than one host over the course of the larval 
stage or even a single feeding bout. Few specialists are locked to a single host spe-
cies, except in those cases where specialization is forced by the absence of conge-
neric and otherwise related species. Among the most dietarily specialized are those 
that feed internally within their host: e.g., leafminers, gallers, and fruit or seed bor-
ers. In arid regions of western North America, caterpillars that feed on ephemeral 
tissues, such as new leaves, flowers, fruits, and seeds, that demand phenological 
synchrony between larva and host plant, show great degrees of specialization 
(Posledovich et al. 2015, DLW pers. obs.).

Essentially all terrestrial plants and plant tissues, be these alive or dead, are con-
sumed by some lepidopteran. While the lion’s share are leaf feeding, reproductive 
tissues are frequently targeted, with leaf feeders often switching to flowers and 
fruits when available. Excluding defoliators that kill their hosts, the majority of lepi-
dopteran lineages act ecologically as plant parasites. However, those that consume 
whole plants, pollen grains, ovules, seeds, or spores are functionally predators that 
remove individuals from a population. Early instars of some Schinia, Spragueia, 
and Stiria (each representing different Noctuidae subfamilies) will specialize on 
pollen if available (Wagner et al. 2011, unpubl. observ.). Fruits or seeds are con-
sumed by many Lepidoptera. Greatly diversified seed-feeding lineages occur in 
Lycaenidae; Acontiinae, Chamaecleini, Heliothine, and Stiriine (all Noctuidae); 
Grapholitini (Tortricidae); and many other microlepidopteran lineages.

Stems and other woody tissues, as well as roots, are targeted by some lineages. 
Wood-feeding caterpillars include Cossidae, Hepialidae, and Sesiidae, but this 
niche largely belongs to the larvae of Coleoptera. However, stem boring of non- 
woody species is a niche occupied by several lineages of Lepidoptera whose num-
bers sometimes exceed those of beetles. Among leaf-feeders, caterpillars further 
specialize. Some leafminers target just spongy or palisade parenchyma; Phyllocnistis 
and some Marmara (both Gracillariidae) may feed only on epidermal cells.

Ferns, and even mosses, appear to have lepidopteran faunas commensurate with 
their modest statures (Lawton 1976). Lichens and algae support numerous species 
in both the tropics and to a lesser extent in deserts and arid lands (Wagner et al. 
2008). Lithosiine arctiines represent a particularly diverse radiation of lichen feed-
ers. Fungi as well are consumed (Rawlins 1984) but, with the exception of the tin-
eids, few groups have diversified. As would be predicted, persistent fungi, such as 
bracket fungi, have richer caterpillar faunas, but this is another resource dominated 
by coleopteran larvae and adults.

Coprophagy, detritivory, and saprophagy are not uncommon among caterpillars. 
Herminiine erebids feed on living and dead plant tissues, with the majority believed 
to feed on fallen leaves and other detritus, at least in north temperate regions. They 
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can be abundant macro-decomposers in both temperate and tropical forests (Hohn 
and Wagner 2000). New World calycopidine hairstreak butterflies represent a sec-
ond radiation of detritivores, with more than 160 species believed to feed princi-
pally on fallen leaves, flowers, and fruits, although larvae also feed on living plant 
tissues (Duarte and Robbins 2010). Tineidae, diverse in species and nearly global in 
distribution, are notable for their metabolic repertoire, which allows their larvae to 
digest fur (including wool), feathers, horns, shells, owl pellets, fungi, guano, and 
other substrates rarely exploited by animals (Davis 1987).

While many lepidopteran lineages have predaceous behaviors, very few are obli-
gate or strict carnivores. Lepidopteran parasitoids are rarer still, and are confined to 
the Cyclotornidae and Epipyropidae and two closely related zygaenoids whose lar-
vae are external parasitoids of Homoptera (Epstein et al. 1998). Most of the prey of 
obligatory predators are essentially sessile, such as scale insects and ant and bee 
brood (Pierce 1995). The largest guild of obligatory predators may be lycaenid ant 
nest inquilines. More than a dozen lineages of blues and hairstreaks have moved 
beyond being mutualists to predators that consume larvae and pupae in the brood 
chamber (Pierce et  al. 2002; see Pierce and Dankowicz, Chapter “The Natural 
History of Caterpillar- Ant Associations”, this volume). A few novel cases warrant 
mention. The snail-eating cosmopterigid Hyposmocoma molluscivora first spins a 
silken net over its intended victim and then enters the shell to consume its prey alive 
(Rubinoff and Haines 2005). The bagworm, Perisceptis carnivora (Psychidae), 
feeds on ants, spiders, and other small arthropods and then silks the husks of its 
victims to its case (Davis et al. 2008). Hawaiian Eupithecia provide another fantas-
tic case: the caterpillars are sit-and-wait predators that can grab flies and other 
volant prey that land near their perch (Montgomery 1983, Steve Montgomery pers. 
comm., Fig. 12a, b). Whitman et al. (1994) and Pierce (1995) treat many additional 
predatory lineages. Facultative carnivory is far more common and occurs in many 
lineages. For example, some caterpillars will consume smaller and otherwise vul-
nerable prey such as another caterpillar in the process of a molt or a teneral pupa. 
Among Noctuidae, some Heliothinae (including Helicoverpa and Schinia) and 
some Lithophane are known to be quite carnivorous (Whitman et al. 1994; Hardwick 
1996; Wagner et al. 2011). Necrophagy of the cadavers of other con- and heterospe-
cific kin is common among arctiine erebids. This behavior is thought to be driven by 
a need to ingest pyrrolizidine alkaloids which serve in defense and as components 
of the male courtship pheromones (Dethier 1937; Bogner and Eisner 1992; 
Eisner 2003).

The most pervasive form of carnivory among lepidopterans may be cannibalism, 
in which larvae seemingly have no regard to whether the victim is a sibling or unre-
lated individual. In most cases, the behavior is associated with a shared food 
resource that could be overexploited to the detriment of both individuals (see review 
of drivers and correlates by Whitman et al. 1994). Pieridae that feed on small cruci-
fers, for example, have a high rate of cannibalism (Courtney and Chew 1987; Zago-
Braga and Zucoloto 2004). Likewise, caterpillars that only feed on the newest leaves 
of a vine (e.g., heliconiine butterflies), as well as flowers, seeds, and internally in 
fruits (many grapholitine Tortricidae, Heliothinae, and Lycaenidae), show a high 
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incidence of cannibalistic behavior (Koptur and Lawton 1988; Hardwick 1996; 
Richardson et al. 2010; de Nardin and de Araújo 2011). Stem borers are frequently 
cannibalistic, in part because the chance of finding and safely establishing in a new 
stem is often low and because when tunnels anastomose one individual is likely to 
be rendered vulnerable by the constraints of their tunnels: i.e., the larva whose flank 
or rear is exposed to the mandibles of the second caterpillar is likely to fall victim 
as happens with some hepialids (Wagner 1985). Thus, in many of the known exam-
ples, the phenomenon of cannibalism appears to be linked to the risk of not eating 
one’s competitor (Richardson et  al. 2010; DLW unpubl. observ.). Interestingly, 
lycaenid caterpillars, which appear morphologically among the least likely candi-
dates to be predators, include a great many species that eat their siblings (Pierce 
1995; Whitman et al. 1994)—typically when their kin is molting, pupal, or in an 
otherwise vulnerable (immobile) state (DLW unpubl. observ.).

To the above, we can add feeding at sugar solutions. Hypercompe scribonia cat-
erpillars occasionally feed at baits of fermenting mixtures of beer, sugar, and rotten 
fruit (used by collectors and photographers to attract noctuids and other moths). 
Baer (2018) reports consumption of sugary exudates from extrafloral nectaries in 
lycaenids, riodinids, and a tropical gelechiid.

 Population Dynamics in Brief

Lepidoptera, like other insects, weather heavy bottom-up and top-down pressures 
and consequently tend to have great fecundities, which routinely range between 30 
and a few hundred eggs, with some lineages producing many times this number. A 
single female of the giant Australian hepialid Trictena atripalpis may produce more 
than 30,000 eggs, which are broadcast during flight (Tindale 1932). Given that as 
few as a single surviving gravid female is needed to replace a previous generation, 

Fig. 12 Predaceous Hawaiian Eupithecia consuming a termite. Eupithecia may be the largest 
genus of Macrolepidoptera with more 1300 described of species worldwide. They are especially 
rich in Andean South America. A radiation of eighteen Hawaiian species are thought to be princi-
pally predaceous (Montgomery 1983, unpubl. data); facultative predation (including cannibalism) 
occurs in Eupithecia species elsewhere (Wagner 2005)
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expected mortalities can exceed 99% in fecund lepidopterans—a stunningly high 
percent sure to surprise many vertebrate biologists. Even small fluctuations around 
this percentage have the potential to result in population outbreaks or local extirpa-
tions; it is our guess that this happens considerably more often than generally appre-
ciated and also speaks to why metapopulation dynamics may be so critical to many 
insect conservation efforts (Hanski and Thomas 1994; Schultz et al. 2019).

Principal mortality factors include abiotic factors (primarily temperature 
extremes, but especially freezing temperatures and droughts, i.e., conditions that are 
too wet or too dry), starvation and plant defenses, pathogens, parasites, parasitoids, 
and hordes of invertebrate and vertebrate predators. Insects and other fecund inver-
tebrates generally have type III survivorship curves, with greatest mortality coming 
in the egg and first couple of instars, but type II curves also occur (Price 1997; 
Schowalter 2017; Fig. 13). In either instance, the caterpillar stage typically experi-
ences the greatest fraction of mortality, as larvae are more numerically abundant 
than pupae or adults, are relatively sessile, are often the life stage of longest dura-
tion, and have the greatest biomass (caloric payoff for natural enemies).

Lepidoptera populations teeter between periods of abundance and scarcity across 
years and even the generations of a single year. Dramatic swings in populations 
occur in outbreak species and migrants. Numerous forest pests can reach such high 
numbers that both their primary and secondary hosts are defoliated. Populations 
then crash as a result of starvation, responses of natural enemies, or a consequence 
of unfavorable abiotic conditions, such as extreme winter temperatures and cold, 
wet springs. Forest outbreak caterpillars tend to be univoltine, polyphagous, spring-
feeders that lay their eggs in clusters (Nothnagle and Schultz 1987). Outbreak taxa 
with summer-feeding caterpillars share similar traits but in addition tend to be 

Fig. 13 Caterpillar survivorship curves: type II in Malacosoma americanum (Lasiocampidae) and 
type III in Acrolepiopsis assectella (Acrolepididae)
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gregarious and protected with either physical or chemical defenses (Hunter 1995). 
A high percentage of the winter- and spring-active geometrids have flightless 
females, which allows for greater energetic investment in egg production (Wagner 
and Liebherr 1992) and eliminates the mortality risks associated with flight (Snäll 
et al. 2007). There is much spatial and temporal variation in such outbreaks, possi-
bly signaling the importance of regional and local microclimate playing important 
roles in population changes. A single species can have different population dynam-
ics across its range. For example, the forest tent caterpillar (Malacosoma disstria) is 
a boom-and-bust outbreak species northward, but a chronic spring defoliator in the 
black gum swamps of the southeastern USA (Fitzgerald 1995).

Many lepidopteran crop pests (e.g., Mythimna unipuncta, Peridroma saucia, and 
Spodoptera exigua, all Noctuidae) are migratory moths that move en masse, pro-
pelled on the leading edge of storm fronts. Upon arrival, these push through a brood 
or two and then move on, presumably to avoid natural enemy build-up and dimin-
ished food plant availability or quality. This strategy is also shared with many non- 
pest species: the monarch (Danaus plexippus), painted lady (Vanessa cardui), and 
snout butterfly (Libytheana carinenta) (all Nymphalidae) have similar population 
dynamics, moving out of Mexico in the spring, with successive generations pushing 
farther northward. Smith (1983) hypothesized that inducible plant defenses were the 
ultimate driver of the famous migration behaviors of sunset moths (Urania, 
Epiplemidae)—that long-distance dispersal during the wet season allowed the cat-
erpillars to find unprotected Omphalea (Euphorbiaceae) foliage, which soon became 
increasingly unpalatable as the plants responded to increasing numbers of feeding 
caterpillars.

 Caterpillar Enemies: Predators and Parasitoids

Principal invertebrate predators of caterpillars include ants, spiders, assassin bugs, 
predaceous stink bugs, lacewing larvae, ladybugs, beetles, earwigs, sand wasps, 
vespid, and related wasps. Social wasps and ants can be chronic threats to above- 
ground feeding caterpillars, with the latter representing a special threat given their 
ability to recruit to sites of high caterpillar densities. Caterpillars that feed or take 
refuge on the ground are exposed to additional enemies, including centipedes and 
ground-dwelling species of ants, spiders, beetles, and still others. The importance of 
mites that attack eggs and early instars is undoubtedly considerable, but not well 
quantified.

Caterpillars are a staple of songbirds and comprise the main food for both nest-
lings and adults of many species (Lack 1950; Laney et  al. 2015; Holmes 1980; 
Singer et  al., Chapter “Predators and Caterpillar Diet Breadth: Appraising the 
Enemy- Free Space Hypothesis”, this volume; Di Cecco and Hurlbert Chapter 
“Caterpillar Patterns in Space and Time: Insights From and Contrasts Between Two 
Citizen Science Datasets”, this volume). As such, birds have been a major selective 
force in shaping caterpillar phenotypes and behavior, including what, when, and 
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how they eat (Heinrich 1979, 1993, and text below). Rodents, especially mice, are 
caterpillar and pupa hunters that replace birds in importance as predators of ground- 
and near-ground-dwelling lepidopterans (Wagner et al. 2011).

The early stages of Lepidoptera are attacked by thousands of different 
hymenopteran (wasp) and dipteran (fly) parasitoids (see Stireman and Shaw, 
Chapter “Natural History, Ecology, and Human Impacts on Caterpillar Parasitoids”, 
this volume). Eggs are parasitized by eupelmid, mymarid, platygasterid, and tricho-
grammatid wasps. Minute microhymenopteran wasps—eulophids, encyrtids, 
among others—attack first or second instars (as well as later instars). The impor-
tance of such early mortality factors is underappreciated and only well character-
ized for a number of crop and forest pests (Hawkins et al. 1997).

The role of diet in mediating the interactions with natural enemies is currently an 
area of great ecological importance and almost boundless in scope. A caterpillar’s 
diet can determine how likely it is to be discovered, eaten, or parasitized (Lill et al. 
2002), its vulnerability to infection, whether an attack will proceed or be termi-
nated, the nature of the immune response, and more—see Singer et  al., Chapter 
“Predators and Caterpillar Diet Breadth: Appraising the Enemy- Free Space 
Hypothesis”; Koptur et  al., Chapter “Caterpillar Responses to Ant Protectors of 
Plants”; Lill and Weiss, Chapter “Host Plants as Mediators of Caterpillar- Natural 
Enemy Interactions”; Smilanch and Muchoney, Chapter “Host Plant Effects on the 
Caterpillar Immune Response”; Salcido et al., Chapter “Plant- Caterpillar- Parasitoid 
Natural History Studies Over Decades and Across Large Geographic Gradients 
Provide Insight into Specialization, Interaction Diversity, and Global Change”; all 
in this volume.

 Morphological, Physiological, and Behavioral Adaptations 
for Circumventing Bottom-Up and Top-Down Pressures

The daily caterpillar agenda is a simple one: eat and don’t get eaten. We first treat 
adaptations for feeding on plants and then do the same for traits that promote sur-
vival in a world replete with enemies. Our treatment is meant to be illustrative, and 
introduce ecologists to pervasive phenomena, key adaptations, demonstrably adap-
tive traits, and consider selective pressures that occur across lepidopterans. The ana-
tomical and behavioral adaptions across the order for dealing with predators alone 
are legion, worthy of their own review or book. Considered collectively, we suggest 
that they constitute a key set of stratagems that have allowed caterpillars to become 
the most ecologically successful order of externally feeding herbivores in many ter-
restrial ecosystems.

Bottom-Up pressures The external structural modifications of caterpillars for 
feeding on plants (or other substrates) (see also Kaur et  al., Chapter “Surface 
Warfare: Plant Structural Defenses Challenge Caterpillar Feeding”, this volume) are 
rather modest relative to the universe of morphological and behavioral traits that 
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have evolved to deal with the top-down pressures facing caterpillars. Likewise, their 
modest structural modifications stand in contrast to their impressive physiological 
abilities to rapidly digest and detoxify a huge range of secondary plant compounds 
(as well as insecticides and other toxins) (see Groen and Whiteman, Chapter 
“Ecology and Evolution of Secondary Compound Detoxification Systems in 
Caterpillars”, this volume).

The most dramatic morphological adaptations are exhibited by hypermetamor-
phic leafmining lineages, most pronounced in Gracillariidae, discussed above. 
Caterpillars that bore into wood and stems often have prognathous mouthparts, 
shortened legs, prothoracic shields, and anal plates for the attachment of muscles 
that facilitate tunneling. Their mandibles are highly sclerotized, melanized, and 
thickened, with enlarged muscle-packed heads to power them. Proportionately large 
heads also occur in seed, grass, and many conifer feeders. Bernays et  al. (1991) 
were among the first to note that graminoid-feeders, which must deal with elevated 
levels of silica, have enlarged mandibles with reduced incisors that are used to clip 
pieces of host tissue. Convergently, analogous clipping mandibles have evolved in 
taxa that feed on tough, thickened leaves (Bernays 1998). Conifer-feeding caterpil-
lars also have large heads, especially in neonates and early instars, when thick, 
toughened needles represent a biomechanical challenge (DLW pers. observ.)

A common theme shared by many larger external feeders, which presumably 
relates to increasing mobility, is the loss or reduction of anterior prolegs, which 
allows a caterpillar to loop, rather than crawl. Proleg reductions are especially com-
mon in barkresters and species that specialize and move between very young foli-
age, e.g., Catocala, Zale, kindred erebids, as well as oncocnemidine noctuids. This 
strategy is most obvious in the Geometridae, which typically have lost the first three 
pairs of abdominal prolegs. Enhanced ambulatory abilities have been further 
extended in many lineages by a lengthening of the abdominal segments—in some 
geometrids, the length of any one of the anterior abdominal segments can exceed 
the collective length of the last three abdominal segments (A8–10).

One special aspect of the caterpillar integument that has yet to be studied is their 
ability to walk over and even consume (Weinhold and Baldwin 2011) the tacky 
glues used by plants to either exclude or ensnare insects. The latter behavior yields 
an additional source of nutrients. Tarweeds (Asteraceae), many four o’clocks 
(Nyctaginaceae), and sundews (Droseraceae)—plant lineages that have sticky 
secretions that entrap insects—have dietary specialists, with the first two of these 
supporting small radiations of moths in the American Southwest (DLW unpubl. data).

Behavioral adaptations for circumventing plant defenses are legion. The most 
widespread of these is simply avoiding plant defenses in space or time (Lawton 
1978). Early instars and microlepidopterans can avoid well-defended tissues of their 
host by feeding on unprotected organs, tissues, or, in the case of miners, cell types. 
A great many lineages in both tropical and temperate zones, and essentially all xeric 
communities, synchronize larval development to periods when the larvae will have 
access to preferred tissues such as buds, young leaves, flowers, and fruits (Coley and 
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Barone 1996; Endara et al., Chapter “Impacts of Plant Defenses on Host Choice by 
Lepidoptera in Neotropical Rainforests”, this volume).

Dussourd (1993, 2017) reviewed behavioral stratagems that caterpillars use to 
deactivate plant defenses, emphasizing the disruption of plant vascular and secre-
tory systems and the application of exocrine secretions, and related behaviors, that 
serve to either elude constitutive defenses or prevent inducible plant responses. 
Dussourd (2017) reviews an array of fascinating cases of pinching, trenching, vein- 
cutting, and other behaviors that sabotage the secretory systems of lactiferous 
plants. Likewise, girdling, clipping, and other behaviors presumably evolved to pre-
vent delivery of inducible defenses. Numerous exocrine secretions, e.g., from the 
salivary, mandibular, and cervical glands, are employed to inhibit plant defense 
responses (Felton 2008; Vegliante and Hasenfuss 2012). Theroa caterpillars 
(Notodontidae) have co-opted their acid-producing cervical gland (used widely by 
heterocampine notodontids in defense) to also incapacitate the laticifers of their 
euphorb hosts (Dussourd et  al. 2019). The caterpillars chew into host laticifers 
while simultaneously releasing acids from the gland into the plant and in so doing 
prevent latex delivery to leaf tissues distal to the wound.

A storied case where behavior allows for the exploitation of otherwise protected 
plants occurs in caterpillars that feed on plants protected by furanocoumarins, which 
are widespread in Apiaceae and Rutaceae and to a lesser extent in Asteraceae, 
Fabaceae, Moraceae, and others. Furanocoumarins are reactive cyclic ring com-
pounds that in the presence of ultraviolet light, crosslink DNA and debilitate an 
individual’s ability to function. Generalist caterpillars that lack the ability to deacti-
vate furanocoumarins that are exposed to UV light post-ingestion will likely meet a 
bad end. Several lepidopteran lineages have evolved workarounds: e.g., they fashion 
and feed within light-blocking shelters, while others bore into stems and in so doing 
escape phototoxic repercussions (Berenbaum 1983; Fukui 2001; Lill and 
Marquis 2007).

Adaptations for Dealing with Top-Down Pressures Much of a caterpillar’s phe-
notype, at least for those that feed externally, has been shaped by the collective 
selective pressures brought by a species’ constellation of predators and parasit-
oids—its coloration, shape, posture, and texture are quintessentially important to 
how it is perceived (or, commonly, not perceived) by its enemies (Heinrich 1993; 
see especially reviews by Salazar and Whitman (2001) and Greeney et al. (2012)). 
Most are cryptic to avoid detection by visual, tactile, and even olfactory predators 
(Rothschild 1973; Lederhouse 1990; Heinrich 1993; Stamp and Wilkens 1993). 
Those that are unpalatable are commonly rendered in bold, aposematic yellows, 
oranges, reds, black, and white (Rothschild 1973, 1985, 1993; Marquis and Passoa 
1989; Bowers 1993). Even this most basic of dichotomies has exceptions: caterpil-
lars can be cryptic at a distance and aposematic at close range—a stratagem shared 
by many taxa with disruptive coloration (Stamp and Wilkens 1993). Palatable 
 caterpillars can mimic unpalatable ones (Berenbaum 1995; Wagner et  al. 2011; 
Fig. 14). Natural selection may favor warning coloration not only when toxins or a 
nearby mimicry model is available but also if the plant environment forces caterpil-
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lar apparency: for example, plants with sparse or narrow leaves may make crypsis 
impossible (Prudic et al. 2007).

The most widespread adaptation for palatable taxa, obvious to any caterpillar 
hunter, is background matching—something they do exceedingly well, drawing on 
ontogenetic, plastic, morphological, and behavioral means to blend into their back-
grounds. Their preferred resting site seems to be the principal driver for their color-
ation and shape. At a superficial level, caterpillars that are green rest on leaves or 
other green tissues (Fig.  15b, c, g); those that are brown or gray rest on bark 

Fig. 14 Mimicry in Acronicta (Noctuidae) caterpillars: mimics to left and models to right. North 
American members of the genus Acronicta appear to mimic many other protected (and divergently 
related) caterpillars, including arctiine Erebidae, Lasiocampidae, Limacodidae, Lymantriine 
Erebidae, and Megalopygidae. Three putative examples are shared: (a) Acronicta americana and a 
common model (b) Halysidota tessellaris (Erebidae: Arctiinae); (c) Acronicta impleta and a com-
mon model (d) Orgyia manto (Erebidae: Arctiinae); (e) Acronicta radcliffei and a common model 
(f) Datana drexelli (Notodontidae) middle instar. (Image (f) courtesy of Michael C. Thomas)
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(Figs. 15a, d, f, and 21a–d); flower feeders have stratagems for matching floral col-
ors (Figs. 8 and 16b, d) (Carter and Hargraves 1986; Wagner 2005). The degree to 
which caterpillars match their background ranges from proximate resemblance in 
many dietarily generalized taxa to the highly perfected phenotypes of many host 
plant specialists—involving details of shape, integumental texture, color, reflec-
tance, and choice of resting sites (Figs. 15, 16, and 21a, b)—that attest to the powers 

Fig. 15 Background matching caterpillars: (a) Bryolymnia viridata (Noctuidae) a lichen mimic; 
(b) Sicya morriscaria (Geometridae) on Phoradendron juniperinum; (c) Lithophane lepida 
(Noctuidae) on Pinus rigida; (d) Plagodis alcoolaria (Geometridae) on Betula populifolia; (e) 
Catocala ilia (Noctuidae) on Quercus rubra; (f) Nemoria bifilata planuscula (Geometridae) on 
Quercus sp.; (g) Ianassa lignicolor (Notodontidae) on Quercus rubra
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of Darwinian natural selection and the undeniable importance of visual predators, 
and especially insectivorous birds, in shaping caterpillar phenotypes and behaviors 
(Schultz 1983; Heinrich 1993). We would go so far as to say that it is the selective 
pressures of birds and others that have so tuned caterpillars’ phenotypes that most 
externally feeding caterpillars are identifiable to species. Stated differently, a photo-
graphic guide to internal or otherwise concealed feeders of a given region, based on 
larval phenotype alone, would be of more modest utility than a guide to the region’s 
externally feeding, i.e., visually apparent, caterpillar fauna (contrast the images of 
external and internal feeders in Porter 1997).

Many caterpillars masquerade as inedible or unpalatable objects. Bird-dropping 
mimicry is common among early instar Papilionidae, a ploy that has independently 
evolved in Erebidae, Geometridae, Noctuidae, and others (Carter and Hargraves 
1986; Suzuki and Sakurai 2015; Wagner 2005). Dead, curling leaves are another 
common target of caterpillar mimicry. Among the most intriguing, and least studied, 
are those that masquerade as previously parasitized victims. Caterpillars with white 
spots that bear a resemblance to tachinid eggs occur in Prolimacodes (Limacodidae), 
Notodontidae, and others (Fig. 16a, b). Whether these in fact discourage oviposition 

Fig. 16 Caterpillar defensive stratagems. (a), (b) Faux tachinid fly eggs?: Carboniclava alpicoi-
des (Notodontidae) (left) and Prolimacodes badia (Limacodidae) (right). Some externally feeding 
caterpillars have a white to creamy spot hypothesized to discourage oviposition—an idea in need 
of testing, especially given that the Prolimacodes caterpillar shown here bears a tachinid egg 
(toward center) and a similar-sized creamy spot we suggest might serve as a faux egg, in same 
plane to right. (c), (d) Co-option of flower pigments by flower feeders: Dichordophora phoenix 
(Geometridae) on Krameria ramosissima and Strymon melinus (Lycaenidae) on Guaiacum angus-
tifolium. (Image (b) courtesy of Michael C. Thomas; (c) and (d) courtesy of Berry Nall)
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by tachinid females has yet to be experimentally tested. In an analogous fashion, the 
cocoons of some moths are spun in such a way as to appear to have parasitoid emer-
gence holes or otherwise appear old and inviable (e.g., Epstein 1995).

Several different groups of flower-feeding caterpillars have the ability to match 
the coloration of the floral tissues that they are consuming. How they do this—pre-
sumably by moving pigments from the midgut into the hemocoel and outer tissues 
of the thorax and abdomen—is neither fully understood nor appreciated. The phe-
nomenon occurs commonly among species of Eupithecia, Nemoria, and 
Dichordophora (all Geometridae), Sympistis (Noctuidae), many Lycaenidae, and 
others (DLW pers. observ., Fig. 16c, d). Dietary carotenoids facilitate background 
matching in Trichoplusia ni (Noctuidae) larvae—even in this example, the underly-
ing mechanisms behind the different larval phenotypes are not yet understood 
(Welch et al. 2017).

An abundance of secondary setae has evolved independently across a diverse 
array of externally feeding caterpillars (and, tellingly, not in internal feeders). Most 
immediately an abundance of hairlike setae can serve as a physical barrier that pro-
tects a caterpillar from many parasitoids and natural enemies of equal size. Most 
birds avoid hairy caterpillars, but cuckoos are a well-known exception (Barber et al. 
2008 and references therein). When the setae are barbed (Erebidae: Arctiinae), 
especially if deciduous or brittle as in tiger moths, they represent an added danger, 
especially if they embed in eye tissues, mucosal membranes, and skin (Hossler 2010).

Likewise, integumental spines, chalazae, and scoli physically separate a caterpil-
lar from its normal cast of predators. These integumental outgrowths often bear 
reverse barbs that catch and impede the entry of an enemy’s mandible, leg, or ovi-
positor. Even the relatively open arrangements of spines in nymphalids and saturni-
ids can distance a caterpillar from many spiders, generalist tachinids, beetles, ants, 
and others (Bowers 1993).

Sack or case bearers (e.g., Mimallonidae) and internal borers that back out of 
their case or tunnel to defecate often have an armored anal region that thwarts attack 
when they are in the business of releasing their feculae. The abdominal terminus of 
many mimallonids and Thurberiphaga (Noctuidae) is extraordinary modified—
multiple terminal abdominal segments fuse to yield an armored, flattened plate that 
blocks entry into the caterpillar’s feeding site (Fig. 17). An anal fork or comb that 
assists in the launching of frass away from the caterpillar’s feeding or resting sites 
occurs in many species (see below, Fig. 4d).

Physiological Responses We focus here on chemical defenses, nearly all of which 
can be externally deployed substances that discourage the efforts of would-be pred-
ators. Internal (immune) responses to microbes and parasitoids are discussed above 
and in Smilanch and Muchoney (Chapter “Host Plant Effects on the Caterpillar 
Immune Response”, this volume). Many caterpillars regurgitate the contents of the 
crop as part of their defense repertoire—with some doing so even before they are 
touched. The expelled fluid tends to be cohesive with appreciable surface tension so 
that the whole of it also serves as a warning—often it is compositionally distinct 
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from newly masticated, undigested leaf tissue (Peterson et al. 1987; Smedley et al. 
1993; Wagner pers. observ., Fig. 17). The Australian oecophorid, Myrascia, has a 
foregut diverticulum that stores oils from its eucalyptus hosts that are expelled when 
alarmed (Common and Bellas 1977).

When an enemy touches the caterpillar, the regurgitant is typically wiped across 
the point of contact. Many caterpillars recover (imbibe) the fluid after the threat of 
danger has passed. The crop contents of Malacosoma americanum (Lasiocampidae) 
repel ants; noxious compounds in the regurgitant of other caterpillars can repulse 
parasitoids (Peterson et  al. 1987; Desurmont et  al. 2017; see especially Bowers 
1993). Caterpillars that use regurgitant in defense may have a larger portion of their 
digestive system dedicated to their crop (Grant 2006). In some lineages, threatened 
caterpillars simultaneously exude the contents of the crop and rectum (Brower 
1984, Fig. 18). From the latter, the equivalent of a single frass pellet is expelled 
from the anus; pre-consolidated feculae can be sticky and problematic for some 
would-be attackers.

The cervical gland or adenosoma (see Fig. 18) of many Noctuoidea and butter-
flies functions in the manufacture, storage, and release of defensive compounds: 
acids, alcohols, aldehydes, esters, and terpenes (Osborn and Jaffe 1998; Hallberg 
and Poppy 2003; Vegliante and Hasenfuss 2012). The gland is especially well devel-
oped in the Notodontidae (e.g., Heterocampinae and Nystaleinae) in which much of 
the anterior portion of the thorax and abdomen is given to the manufacture and stor-
age of formic acid and other minor constituents that are forcibly ejected at would-be 
attackers (Eisner et al. 1972; Kearby 1975; Attygalle et al. 1993; Eisner 2003). The 
best-studied caterpillar exocrine structure may be the dorsal osmeterium of 
Papilionidae, a fleshy horn-like protrusion everted from just behind the head cap-
sule; it also serves a defensive role, delivering a potpourri of propionic and butyric 
acids (Frankfater et al. 2009). Vegliante and Hasenfuss (2012) discuss additional 

Fig. 17 Armored posterior plates: Cicinnus melsheimeri (Mimallonidae) (left) and Thurberiphaga 
diffusa (Noctuidae) (right). In Cicinnus, a sack-bearer, segments A8–A10 are fused into a plate that 
is used to block the posterior end of the caterpillar’s case or leaf shelter; in Thurberiphaga, a borer 
in the fruits of wild cotton, segments A9–A10 form a hardened plate used to plug the entrance to 
its chamber, where it feeds on developing seeds. (Image (b) courtesy of Robert Behrstock)
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exocrine glands in Thyrididae, morpho butterflies, and zygaenoids thought to func-
tion in defense.

But on the whole, defensive secretions are inexplicably uncommon in caterpil-
lars. The vast majority of caterpillars are unprotected and as a consequence are 
among the most sought-after prey by birds, other vertebrates, ants, wasps, and oth-
ers. There are no exocrine secretions widespread across the order. Secretory (pri-
mary) setae occur in a few disparate lineages: e.g., Pieridae (Smedley et al. 2002, 
unpubl data), Cobubatha and Emarginea (both Noctuidae) (Keegan et  al. 2021, 
Fig. 19), and the hollow-tuft genera of heterocampine Notodontidae (Miller et al. 
2021). Eupackardia calleta (Saturniidae) secretes a clear fluid, imbued with amines 
and phenolics, from its chalazae when threatened (Deml and Dettner 1993, frontis-
piece). Cousins in the Oxyteninae (Oxytenis, Homoeopteryx, and Asthenidia) 
secrete a sticky substance from the chalazae that discourages ant predation (Aiello 
and Balcazar 1997, Annette Aiello in litt.). When accosted, Prolimacodes 
(Limacodidae) larvae exude clear droplets from pores below the subdorsal ridge. 
Reflex bleeding is perplexingly rare; we are aware of only a few examples in the 
Arctiinae, Geometridae (Fig.  20), and Noctuidae. Caterpillars of the wasp moth 
Gymnelia salvini (Erebidae: Arctiinae) bleed yellow drops when disturbed (Annettte 
Aiello unpubl. data).

While chalazae, scoli, and an abundance of secondary setae represent physical 
barriers to would-be enemies, their threat is elevated when impregnated with irri-
tants, toxins, and allergens. Urticating setae—either deciduous or given to breakage 
such that sections become embedded in unprotected tissues—are found in some 
lasiocampids (e.g., Gloveria); lymantriine erebids (e.g., gypsy and brown-tailed 
moths, Lymantria dispar and Euproctis chrysorrhoea, respectively); acronictine 

Fig. 18 Datana eileena- perspicua complex (Notodontidae) on Arctostaphylos pungens. Alarmed 
caterpillars regurgitate and exude fluid from the anus; if left undisturbed the caterpillar may reab-
sorb both
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noctuids (e.g., Acronicta americana); many arctiines (e.g., great tiger moth and 
hickory tussock caterpillar, Arctia caja and Lophocampa caryae, respectively); and 
perhaps most famously processionary caterpillars (e.g., Thaumetopoea pityocampa) 
(Notodontidae) (Kawamoto and Kumata 1984; Bowers 1993; Wagner 2005; Hossler 
2010). Urticating setae can cause mild to (rarely) severe dermatological reactions 
when embedded in the skin, eyes, and mucosal membranes. In the eastern USA, a 
great number of medical cases result from exposure to the hickory tussock moth 
Lophocampa caryae (Erebidae: Arctiinae) (Kuspis et al. 2001; Wagner 2009).

Among the best-protected (and feared) caterpillars are those with stinging setae. 
Hollow, toxin-filled setae occur in the hemileucine Saturniidae, Limacodidae, and 
Megalopygidae (Kawamoto and Kumata 1984; Everson et al. 1990; Hossler 2010). 
The stings of larger caterpillars can be quite uncomfortable and, in rare cases, fatal 
to humans. Severe stings from Lonomia, a gregarious Neotropical hemileucine, can 

Fig. 19 Secretory setae: (a) Emarginea percara (Noctuidae) and (b) Cobubatha dividua 
(Noctuidae). Secretory setae tend to be more common among early instars and small lepidopter-
ans, e.g., in Notodontidae, although many Pieridae and Saturniidae retain secretory setae through 
the last instar. Why this is so —the chemical nature of the exudate, and what natural enemies are 
turned away—are all questions that warrant more study

Fig. 20 Reflex bleeding (each caterpillar was lightly touched with forceps): (a) Somatolophia 
ectrapelaria and (b) Meris alticola (both Geometridae). Both animals are aposematically colored, 
as might be predicted for reflex bleeders. In each, the hemolymph is brightly colored (and not clear 
as in caterpillars with secretory setae in Fig. 19)
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cause deadly internal hemorrhaging if the victim is envenomated by multiple cater-
pillars (Hossler 2010).

Behavioral Ploys Behaviors to elude top-down pressures are nearly endless in 
nature; we share some of the most widespread primary (prior to discovery) and 
secondary (after discovery) defenses common among lepidopterans. We encourage 
all to consult the review by Greeney et al. (2012), which is anchored to Neotropical 
caterpillars. One of the most widespread behaviors to avoid predation is to become 
nocturnal, which, while serving to evade daytime hunters, exposes the lineage to a 
sweep of nocturnal hunters: mice, snakes, bats, geckos, ants, spiders, and others 
(Carter and Hargraves 1986; Bernays 1998; Kalka and Kalko 2006; Wagner et al. 
2011). The very fact that so many lineages are nocturnal feeders can be taken as a 
testament of the importance of birds and other visual predators as drivers of caterpil-
lar behavior and evolution. Heinrich (1993) has done much to draw attention to how 
bird predation has shaped caterpillar phenotypes, how they rest, and even how 
 caterpillars feed. Since birds are able to assess leaf damage as a cue to caterpillar 
presence, many caterpillars are quick to move away from their feeding site: others 
feed neatly along a leaf margin or midrib to lower their apparency (Fig.  15g). 
Caterpillars from at least 12 families clip leaves damaged while feeding and drop 
these to the ground (Dussourd et al. 2016), ostensibly to eliminate telltale signs of 
their whereabouts (Heinrich 1993). Additionally, the action might also serve to sab-
otage a plant’s inducible defenses (Dussourd in litt.).

Resting postures, especially among those that are attempting to blend into the 
background, can add greatly to a caterpillar’s likelihood of survival. Twig-mimicking 
geometrids are decidedly more convincing while resting than when feeding 
(Fig. 15d). A subset of bark- resting caterpillars even mimic lichens (Fig. 15a, e). 
Many pine feeders rest with their heads buried at the bottom of a leaf fascicle; these, 
predictably, have reddish coloration anteriorly that help the caterpillars match the 
red-orange needle bundle sheathes of their hosts (Fig. 15c). Some notodontids use 
their own bodies to complete the ragged edge of leaf they simultaneously feed upon 
(Fig. 15g). The opposite also works: to so contort the body at rest that the caterpillar 
is rendered unrecognizable as anything edible (Fig. 21e–g). This is what caterpillars 
do: hide, masquerade, deceive, and blend. The galaxy of examples, and the details 
of their phenotypes, provide an incontrovertible testament to the powers of natural 
selection (and the importance of visual predators) in their evolution.

Because volatiles in frass are used by both caterpillar predators and parasitoids 
to locate prey or hosts (Weiss 2003, 2006; Moraes et  al. 2012), how caterpillars 
defecate and what they do with the frass pellets have enormous fitness conse-
quences. Some distance themselves from their feculae or frass, while others collect 
their pellets and use these to repel, confuse, block, or otherwise thwart would-be 
enemies (Weiss 2006). If frass is repellent, it is often gathered into the immediate 
vicinity of the larvae—either within the shelter (commonly) or affixed to a caterpil-
lar’s resting or feeding site (Weiss 2006). Prepupal larvae frequently weave their 
frass into their shelters or cocoon walls and in so doing better conceal themselves 
and construct a more formidable refuge. Those that live well off the ground can 
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simply release their frass, which falls to the ground and away from their feeding or 
resting site. Those that live near the ground or within shelters run a much higher risk 
of detection. Some of these have evolved behaviors that serve to compensate for this 
challenge: some by moving away from their site of defecation (armyworms and 
ground-foraging arctiines) or forcibly launching their frass pellets from their feed-
ing and resting sites (Caveney et al. 1998; Weiss 2003, 2006; Moraes et al. 2012). 
Caterpillars with an anal comb or fork (Fig. 4d) tend to be “frass flickers”: included 
are many shelter-formers (Gelechiidae, Hesperiidae, Tortricidae) and lichen moths 
(Erebidae: Lithosiini) (Caveney et al. 1998; Weiss 2006). Others flick their posterior 
abdominal segments at the same moment that the frass is expelled to toss the pellet 
away. Zygaenoids have a mechanism for forcibly firing their feculae out the anus. 
An unusual twist occurs in some larentiine geometrids (e.g., Heterophleps): late 
instars grab each pellet with their mandibles and throw their bodies in a way to hurl 
the pellet as many as 20 body lengths away from the feeding site (Wagner et al. 
2002). Weiss (2006) describes these and other varied uses of feculae by caterpillars 
in her review of insect “fecology.”

Upon discovery by a predator, an additional arsenal of secondary defensive strat-
egies is invoked. Some caterpillars leap or fall to the ground; these may remain 

Fig. 21 Flash coloration in bark-resting caterpillars and contortionists: (a), (c) Catocala aholibah 
(Noctuidae) and (b), (d) Apotolype blanchardi (Lasiocampidae). Top row: cryptic nature of these 
caterpillars at rest; middle row images show their respective venters (same individuals); bark- 
resters knocked to the ground quickly right themselves. Non-resemblance in resting postures: (e) 
“Caripeta” hilumaria (Geometridae), perhaps a litter mimic that often hides in leaf curls; (f) 
Grotella tricolor (Noctuidae: Grotellinae) on Boerhavia erecta; (g) Chalcopasta howardi 
(Noctuidae: Stiriinae) on Hymenothrix wrightii. In (f) and (g), the contorted posture more closely 
resembles a bud, flower, or gall, than a caterpillar
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motionless or thrash violently, the latter perhaps serving to drive them beneath sur-
face debris (Wagner et al. 2011). Many bark-resters have a boldly colored venter, 
visible on their way to the ground, that is wholly concealed immediately upon right-
ing themselves (Wagner et al. 2008, Fig. 21a–d). Others drop on a belay line of silk 
to a position of safety or wait suspended for a spell, before ascending to their shelter 
or previous feeding site (DeVries 1987; Sugiura and Yamazaki 2006). A great many 
retain their purchase and adopt a threat display, regurgitate, and/or discharge defense 
secretions. Startle responses can involve the display of eyespots and the adoption of 
snake-like postures and, in some Sphingidae, include a whistle or hiss, made by 
forcing air out the spiracles (Wagner 2005; Janzen et al. 2010; Greeney et al. 2012; 
Dookie et al. 2017; see Yack, Chapter “Acoustic Defence Strategies in Caterpillars”, 
this volume). Some will flare their mandibles. Many snap at their attackers. Although 
none inflicts a significant bite that would affect a vertebrate, the brashness and 
rapidity startle even large vertebrates (humans included).

These same actions can knock away invertebrates of roughly equal size and 
smaller, and can be especially advantageous for those caterpillars that feed on trees 
and shrubs, when they are able to propel their enemies to the ground. Caterpillars 
often throw their head (with or without biting) or flick their rear in an attempt to 
curb attacks of flies, spiders, and especially ants—with great gain if that ant is a soli-
tary scout. Acronicta (Noctuidae) will go so far as to grab ants and hurl them to the 
ground (Zacharczenko 2017). The head capsule mace of Harrisimemna (Noctuidae) 
(Fig. 22a) appears to be an armament for warding off invertebrate predators and 
parasitoids. We guess that the paddlelike setae of some caterpillars also serve this 
function (Fig. 22b).

Fig. 22 Caterpillar weaponry? (a) Harrisimemna trisignata retains its head capsules at each molt; 
when disturbed, these are wielded at points of contact. (b) The function of the paddlelike setae in 
Acronicta funeralis has yet to be determined: perhaps they serve to swat away ants, wasps, and 
other small enemies (Wagner et al. 2011). (Image (a) courtesy of Pat Burkett)
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 Silk

Lepidoptera are renowned for their capacity to produce silk, sometimes in copious 
amounts. Global silk markets, anchored principally to the Oriental silk moth, were 
valued at more than $19 billion in 2020 and are expected to rise to near $29 billion 
over the next 5 years (Market Data Forecast Services 2021). The silk gland of cater-
pillars is a large, paired structure that manufactures and stores silk precursors in a 
semi-liquid state. While the twisting and convoluted gland may only reach to the 
sixth abdominal segment (Eaton 1988, Figs. 5 and 6), if the gland were stretched 
linearly, its full extent might exceed the caterpillar’s body length in some taxa. 
Insect silks are semicrystalline fibers comprised principally of two proteins, sericin 
and fibroin, that are manufactured and stored as aqueous solutions within the silk 
glands (Sutherland et  al. 2010). In Lepidoptera, these are combined as they are 
extruded from the labial spinneret (Figs. 2b and 3b, d), which immediately upon 
secretion, form a strong, light, water-insoluble polymer used for myriad purposes 
by caterpillars (Craig 1997). We argue here that the ability of Lepidoptera to utilize 
silk to solve myriad ecological challenges has greatly contributed to the evolution-
ary success of the order.

In essence, silk is an amino acid polymer and as such requires a large investment 
of nitrogen (>16% by weight) (Ngô and Bechtold 2018), a limiting element in plant 
tissues relative to what is required for the metabolism and growth in animals. It is 
somewhat of an enigma that an element of scarcity, essential for function and 
growth, would be discharged in such prodigious amounts by caterpillars and that we 
would find ourselves arguing that the manifold uses of silk by caterpillars represent 
one of the order’s hallmark adaptations.

The importance of cocoons, nests, and shelters constructed with silk (Fig. 23) is 
worthy of a separate review: silken refuges exclude natural enemies and allow cat-
erpillars to construct and regulate their own microenvironments to prevent desicca-
tion (e.g., in canopy foliage and in myriad xeric communities), exclude water during 
floods, trap heat and serve as hot houses, and much more (Bernays and Graham 
1988; Lill and Marquis 2007; Baer and Marquis 2020; Marquis et al., Chapter “The 
Impact of Construct Building by Caterpillars on Arthropod Colonists in a World of 
Climate Change”, this volume; see also below). The use of silk to fashion a cocoon 
in which pupation, and often diapause, will take place is among the most universal 
uses of silk across the order and, indeed, holometabolous insects (Craig 1997).

In many ways, the silken cases, shelters, and nests of caterpillars are analogous 
to cocoons but serve the needs of feeding larvae. The majority of microlepidoptera 
use silk to form a shelter or to line a chamber within the larval feeding substrate; but 
even among macrolepidopterans, there are sheltering-forming lineages (e.g., some 
hesperiids, pierids, riodinids, and swallowtails; tent caterpillars; arctiine erebids; 
many noctuines and notodontids; and geometrids) (Wagner 2005; Wagner et  al. 
2011). Aquatic crambids use silk to fashion retreats along the surface of submerged 
plants, rocks, and other objects.
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Fig. 23 Some of the manifold uses of silk by caterpillars. (a) Nest of Malacosoma americanum 
(Lasiocampidae). (b) Case-making microlepidopteran, Coleophora xyridella (Coleophoridae). (c) 
Guy line used by many twig-mimicking ennomine geometrids to support the anterior end of the 
body while at rest; note this line would be nearly invisible to the casual eye, but here has been 
accentuated by the flash used to take this image. (d) Synchlorine geometrids use silk to attach 
pieces of their host plants (individually chewed free by caterpillar) to dorsal abdominal warts; one 
can make extraordinary examples by offering captive, flowering-feeding Synchlora caterpillars 
small pieces of colored tissues or flowers with different petal colors. (e) Frass chain-refuge of 
Adelpha iphiclus (Nymphalidae); frass chains are fashioned by several genera of biblidine, charax-
ine, and limenitidine nymphalids; some will additionally weave in necrotic leaf fragments to the 
leaf vein to fortify their resting site. (f) Sensory net of Brenthia caterpillar (Choreutidae); silk is 
deposited wherever the caterpillar walks; immediately adjacent to its head in this image, the cater-
pillar has chewed an escape hole through which it will dive if any movement is detected on its side 
of the leaf. (Image (b) courtesy of Nelson DeBarros; (e) courtesy of Keith Willmott)
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Some caterpillars spin communal nests (Fig.  23a). While tent caterpillars are 
widely known to form nests, communal tent makers also occur among early instar 
nymphalids (e.g., checkerspots and crescents), pygaerine notodontids, tropical pier-
ids, arctiine erebids (e.g., fall webworm), a few tortricids (e.g., Archips cerasivor-
ana), crambids (e.g., Saucrobotys futilalis), and others (see Costa and Pierce 1997). 
Not only do these offer protection from natural enemies but also serve in thermo-
regulation by acting as greenhouses for digestion and other physiological functions 
that heat up well above ambient temperatures on cool days (Fitzgerald 1995).

Case-making, where the caterpillar constructs a portable silken case (Fig. 23b), 
has evolved in no fewer than a dozen moth groups; three particularly speciose lin-
eages include Psychidae, Coleophoridae, and Hyposmocoma (Cosmopterigidae). 
Prepupal Heliozelidae make a mobile case that they affix to their final pupation site. 
Cases may be made of pure silk or include materials that are woven into the walls: 
feculae, plant tissues, sand and minute pebbles, twigs, or, in the predaceous psychid 
Perisceptis carnivora, the cadavers of its hapless victims (Davis et al. 2008).

Silk is used for both local and long-distance dispersal. Some caterpillars drop on 
belay lines to move between leaves, a phenomenon that is especially common dur-
ing outbreaks when foliage is deteriorating. Among microlepidopterans, it is com-
mon to see prepupal larvae dropping from trees on silk lines on their way into leaf 
litter or soil where pupation will occur. Taxa with flightless females (e.g., some 
Psychidae, Geometridae, and Lymantriinae) disperse by “ballooning,” whereby 
early instars drop from silken lines and wait for winds to carry them about (Zarlucki 
et al. 2002; Moore and Hanks 2004).

Silken pads are often spun at a caterpillar’s resting site that enable them to secure 
purchase on smooth leaves and other substrates. These pads or buttons of silk, spun 
prior to a molt, allow larvae to engage their anal prolegs, anchoring the body (integ-
ument) to the silk pad. This helps the next instar free itself of its previous skin over 
the course of a molt. Likewise, silk buttons, spun by prepupal caterpillars, are used 
as attachment sites to facilitate pupation and, later, eclosion.

Silk is used in still many other ways. There are caterpillars that lay down silk 
whenever they walk, which, among other things, allows them to quickly retrace 
their path, for example, in times of danger. Upon disturbance, scores of microlepi-
dopterans and smaller-bodied macrolepidopteran caterpillars drop (or throw them-
selves) from the resting or feeding site on a belay line, which can be ascended once 
danger has passed. Many ennomine geometrids do this preemptively at night, drop-
ping from their perch on a short line of silk, and then returning to their perch at 
daybreak, thereby thwarting the marauding of nocturnal caterpillar hunters such as 
spiders, carpenter ants, opilionids, and arboreal carabids and mice (McFarland 
1988; Wagner et al. 2002; Wagner 2005). Twig-mimicking geometrids use a fine 
strand of silk, running from spinneret to twig, as a guy-line to secure their purchase 
(Fig. 23c). The externally feeding instars of bucculatricids spin molting cocoons 
that afford protection when transitioning between instars (Braun 1963). Synchlorine 
Geometridae use silk to attach bits of the flowers that they are eating to their dorsum 
to camouflage themselves (Wagner et al. 2002; Canfield et al. 2009, Fig. 23d). Tent 
caterpillars (Lasiocampidae) lay down a silk trail, impregnated with pheromone, 
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that siblings follow to and from the nest (Fitzgerald 1976, 1995; Ruf et al. 2001). In 
many lineages, frass is collected and silked together to form a larval refugia or frass- 
encrusted cocoon—see review by Weiss (2006). A curious example of such is that 
exhibited by early instar Limenitidinae that form a resting “plank” or chain of fecu-
lae, most often by reinforcing and/or extending the midrib (or larger secondary 
vein) of the leaf upon which they are feeding (Freitas and Oliveira 1992; Willmott 
2003; Torres et al. 2019, Fig. 23e). Non-feeding caterpillars move onto the frass 
chain and settle between feeding bouts or to complete a molt. Evidently few preda-
tors venture out along these frass chains, turning back before encountering the cat-
erpillar (Freitas and Oliveira 1996). Some microlepidopterans use silk as movement 
detection networks to learn of approaching natural enemies, in the same way that 
spiders use their webs to detect movement (Rota and Wagner 2008, Fig. 23f).

Collectively, across instars and lineages, silk has allowed larvae of Lepidoptera 
to weather challenging abiotic constraints exclude and escape subsets of their natu-
ral enemies, disperse, and more. In so doing they exploit and thrive across a broad 
spectrum of terrestrial (and aquatic) environments to a greater degree than many 
other insect taxa.

 Concluding Remarks

Caterpillars are among the most ecologically important, abundant, and diverse meta-
zoans in terrestrial biomes and account for much of the above-ground insect biomass 
in forest and shrubland ecosystems, where they are thought to transfer much of the 
energy from plants to other animals (Janzen 1988; Wagner 2013). Not surprisingly, 
caterpillars are increasingly the focus of ecological studies, in part because of their 
diversity and abundance, but also because they are relatively sessile, often present for 
several weeks during any given generation, and many are identifiable. While extraor-
dinarily diverse in their degree of ecological specialization, external morphology and 
physiology, internally caterpillars appear structurally generalized: their gut is short, 
without diverticula or obvious innovation, and most apparently lack dependency on 
a microbiome. The ability of caterpillars to detoxify, and in some cases sequester, a 
seemingly endless array of secondary plant compounds and their derivatives has 
surely contributed greatly to their eco-evolutionary successes. With the exception of 
the sequestration or modification of plant secondary compounds and myrmecophily-
related organs, their defensive chemistry and exocrine systems are not especially 
impressive. At least in temperate biotas, most species appear rather defenseless and 
make good fodder for birds and their nestlings, as well as other insectivores. Their 
most widely employed defensive stratagem is to simply avoid detection. The order’s 
heralded portfolio of primary defense strategies—crypsis, ability to masquerade as 
unpalatable objects, phenotypic plasticity, shelter construction and countless other 
behavioral ploys—provides a testament to the remarkable powers of natural selec-
tion to shape phenotypes as well as the extraordinary influence of visual predators on 
the evolution of these and other insects. We submit that the collective abilities of 
caterpillars to background match, which can involve ontogenetic, plastic, 
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morphological, and behavioral solutions, represents a key adaptation that has allowed 
the immature stages of Lepidoptera to flourish as exposed, sizeable, external feeders 
to a greater extent than other insects. We also argue that the ability of caterpillars to 
produce silk, sometimes in prodigious amounts, has greatly contributed to their evo-
lutionary success, by playing key roles in predator and parasitoid avoidance, ecologi-
cal engineering, molting processes, dispersal, and more.
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Table 1 Summary of new life history data for Nearctic Macrolepidoptera that appear in this work

Species (Family) Host Comments

Geometridae
“Caripeta” hilumaria 
(Geometridae)

Widely 
polyphagous

My host records mostly from woody plants, e.g., 
Ceanothus, Holodiscus, Ribes, Robinia 
neomexicana), but also forbs (e.g., Urtica)

Dichordophora 
phoenix 
(Geometridae)

Krameria Three wild collections and one ex ova collection 
raised to maturity, all from Krameria. Noel 
McFarland raised an ex ova cohort on a Rhus (pers. 
comm.). Rhus unconfirmed from the wild

Somatolophia 
ectrapelaria 
(Geometridae)

Ericameria 
nauseosa

First report of host, larval image, and mention of 
reflex bleeding by larva

Synchlora faseolaria 
(Geometridae)

Ericameria 
ericoides

Previously reported from Artemisia californica. 
First larval photograph. See also Ferguson (1985)

Noctuidae
Chalcopasta howardi 
(Noctuidae)

Hymenothrix 
wrightii, Palafoxia 
texana

First host association reports and larval image: 
Hymenothrix wrightii in Arizona; Palafoxia texana 
in Rio Grande Valley (Berry Nall); accepting 
Florestina tripteris in captivity (Berry Nall)

Emarginea percara 
(Noctuidae: 
Amphipyrinae)

Phoradendron First larval images and mention of secretory setae

Grotella tricolor 
(Noctuidae)

Boerhavia erecta First discovered and photographed by Robert 
Behrstock and Karen Lemay in Hereford, AZ

Thurberiphaga 
diffusa (Noctuidae: 
Stiriinae)

Gossypium 
thurberi

Larval description and partial life history published 
by Crumb (1956). Larvae tunnel in ripening cotton 
bolls (fruits). The first larval images, shared here, 
were taken by Robert Behrstock
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 Introduction

Plant defenses against herbivores are generally classified into physical and chemical 
defenses (Howe and Jander 2008). Physical (structural) defenses act as the first line 
of defense, playing a crucial role in plant-herbivore interactions. Herbivores have to 
circumvent them to commence feeding before they come in contact with their host 

 
First instar Manduca sexta caterpillar on leaf surface of silverleaf nightshade Solanum elaeagnifo-
lium. Photo by Rupesh Kariyat

I. Kaur 
School of Earth Environmental and Marine Sciences, University of Texas Rio Grande Valley, 
Edinburg, TX, USA 

S. Watts · C. Raya · J. Raya 
Department of Biology, University of Texas Rio Grande Valley, Edinburg, TX, USA 

R. Kariyat (*) 
School of Earth Environmental and Marine Sciences, University of Texas Rio Grande Valley, 
Edinburg, TX, USA 

Department of Biology, University of Texas Rio Grande Valley, Edinburg, TX, USA
e-mail: Rupesh.kariyat@utrgv.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-86688-4_3&domain=pdf
https://doi.org/10.1007/978-3-030-86688-4_3
mailto:Rupesh.kariyat@utrgv.edu


66

plant (Levin 1973; Kariyat et al. 2018). The physical structures on leaves and stems 
not only make it difficult to grasp, hold, and feed on the plant but also protect the 
plants against harsh environmental vagaries such as drought stress, evapo- 
transpiration, and solar radiations (Kaur and Kariyat 2020b; Karabourniotis et al. 
2020). These defenses against chewing herbivores have been studied at length and 
have been found to be particularly effective against caterpillars (Krenn 2010). To 
successfully navigate and feed on their host plants, caterpillars possess chewing and 
biting mouthparts with strong mandibles that allow them to bite off pieces of leaves, 
stems, flowers, roots, and/or fruits. Clearly, this ever-increasing pressure is the pri-
mary reason for the host plants to evolve specialized and tightly regulated defense 
mechanisms to reduce the herbivore’s impact on their growth, development, and 
fitness (Kariyat and Portman 2016).

Physical defenses are broadly divided into six main categories including plant 
waxes, pubescence (trichomes), spinescence (thorns, spines, and prickles), sclero-
phylly (hardened leaves), raphides (needle-shaped crystals of calcium oxalate or 
calcium carbonate found in leaves), and latex (Hanley et al. 2007). However, most 
studies of physical defenses have been focused on their effects against the major 
group of chewing herbivores, caterpillars, who are the focus of this chapter. Due to 
space constraints, we also limit the scope of this chapter to two of these major 
defenses, viz., plant waxes and pubescence.

 Plant Waxes

The plant cuticle, which forms the outermost layer of the plant cell wall, is com-
posed of lipids and hydrocarbons. This thin, hydrophobic layer surrounding all 
aerial plant organs acts as a crucial interface for plant-insect interactions (Jetter 
et al. 2008). This layer is comprised of two components, cutin (one of the two waxy 
polymers which provides structural framework) and wax (acts as a hydrophobic 
layer; also called epicuticular waxes), and both these compounds integrate together 
to give the leaf surface a three-dimensional structure. Epicuticular waxes are an 
important component of plant cuticle, protecting plants from various stresses 
(Chaudhary et  al. 2018). These waxes are most commonly composed of straight 
chains of either saturated or unsaturated aliphatic hydrocarbons consisting of 
n-alkanes (C21–C35), alkyl esters, fatty acids, primary and secondary alcohols, diols, 
ketones, and aldehydes (Konno et al. 2006; Jetter et al. 2008). These cuticular waxes 
play several ecological and physiological functions in mediating plant-insect inter-
actions and can vary both quantitatively and qualitatively among different plant 
families and among members within a family (Kurtz 1958). For example, in the 
Solanaceae, these differences are clearly visible through SEM imagery (Fig. 1) with 
waxes intact and experimentally removed.

Waxes strongly discourage the movement of caterpillars by rendering the surface 
of leaves slippery (Federle et al. 1997; Whitney and Federle 2013; Figs. 1 and 2). 
The irregular and prolonged crawling and searching behavior of diamondback moth 
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Fig. 1 Scanning electron microscopy images of the leaf surface of (a) forest bitterberry (Solanum 
anguivi: Solanaceae) with epicuticular waxes, (b) same leaf with waxes removed; (c) Solanum 
glaucescens (Solanaceae) at 500X possessing trichomes and waxes, and (d) same leaf at more 
details of wax particles. (Picture credits: Ishveen Kaur and Sakshi Watts)

Fig. 2 Scanning electron microscopy image of the leaf surface of sorghum (Sorghum bicolor: 
Poaceae) covered with dense wax crystals at 150X. (Picture credit: Ishveen Kaur)
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caterpillars (Plutella xylostella: Plutellidae) is observed when caterpillars are placed 
on cuticular extracts of resistant and susceptible genotypes of canola (Brassica 
napus: Brassicaceae); larvae spend more time crawling and searching food (forag-
ing) than feeding on resistant foliage (Justus et al. 2000; Table 1). A similar increase 
in walking time and lower rates of feeding were also observed in these caterpillars 
when put on glossy leaf varieties of collard greens (Brassica oleracea var. viridis: 
Brassicaceae), making it difficult for caterpillars to penetrate and grasp the leaf 
(Stoner 1997; Table 1).

The epicuticular layer also plays a significant role in affecting the intensity and 
firmness of insect’s grip and attachment (Stoner 1990, 1997; Gorb and Gorb 2017), 
protecting the plants in a few different ways. The hydrophobicity makes the outer 
surface smooth, which reduces the surface area for insect appendages to embed 
inside the irregularities or crevices required for gripping and mechanical adherence 
(Peressadko and Gorb 2004; Gorb et al. 2005; Fig. 2). As a result, larvae have a 
difficult time penetrating and breaking the leaf epidermis and thus tend to fall from 
the surface of leaves, delaying access to leaves, making neonate larvae more prone 
to desiccation. The inability to gain a strong foothold on the leaf surface is also 
impacted by the wax content as well as by three-dimensional crystalline wax struc-
ture formed by integration of waxes on the cutin bed (Stork 1980; Eigenbrode et al. 
1996; Barthlott et al. 1998; Eigenbrode and Pillai 1998; Eigenbrode and Jetter 2002; 
Duetting et al. 2003). The length of wax crystals is another factor that can signifi-
cantly affect plant-insect interactions (Lewandowska et al. 2020). The thick waxy 
mat sticks together the mouth parts of larvae, causing them to spend more time on 
cleaning and preening their mouth parts before they commence feeding (Shelomi 
et al. 2010), thereby increasing their exposure time to predators (Table 1). Clearly, 
leaf surface waxes play a significant role as a mechanical barrier in restricting cat-
erpillar feeding across multiple plant families.

 Chemical Characteristics of Waxes

Apart from providing a slippery surface to the movement of insects, these waxes 
also contain a combination of various hydrophobic materials, which can act not 
only by providing an additional layer of protection to plants as a chemical defense 
but can also serve as cues for host location (Spencer 1996). They are generally com-
posed of aliphatic chains of alkanes, primary and secondary alcohols, fatty acids, 
ketones, alkyl esters, and acids (Yang et al. 1993; Jetter et al. 2008; Lewandowska 
et al. 2020; Table 1). It is particularly significant in caterpillar feeding because plant 
waxes embedded in this layer are used by caterpillars for their host recognition. This 
dense waxy layer, often blended with alkanes and alcohols along with the chloro-
phyll, can provide visual and/or chemical cues to herbivores (Müller 2008). In addi-
tion, post host recognition, these compounds can have other functional roles: for 
instance, free amino acids and soluble carbohydrates in plant waxes of wild leek 
(Allium ampeloprasum; Alliaceae) and maize (Zea mays; Poaceae) act as an 
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Table 1 Examples of positive and negative host plant-caterpillar interactions with epicuticular 
plant waxes

Plant/family

Characteristics/
chemical 
composition

Caterpillar species 
(family) Effects of wax References

Brassica oleracea 
(Brassicaceae)

N-alkane-1-ols, 
C24 and C25 
alcohols

Diamondback 
moth (Plutella 
xylostella: 
Plutellidae)

Increased walking 
time and more 
foraging

Eigenbrode 
and Pillai 
(1998)

Triterpenols α and 
β-amyrin

Diamondback 
moth (Plutella 
xylostella: 
Plutellidae)

Inhibit growth of 
caterpillars

Sarfaraz 
et al. (2005)

Glossy wax Cabbage butterfly 
larvae (Pieris 
rapae: Pieridae)

Increased walking 
time and failure to 
commence feeding

Stoner 
(1997)

Diamondback 
moth (Plutella 
xylostella: 
Plutellidae)

Resistance by early 
neonates due to 
behavioral basis, 
low pupal weight

Ulmer et al. 
(2002)

3-indolyl- 
methylglucosino- 
late

Cabbage moth 
caterpillar (Pieris 
brassicae: 
Pieridae)

Host recognition 
and stimulation of 
oviposition

van Loon 
et al. (1992)

Maize (Zea mays: 
Poaceae)

N-alkanes Fall army worm 
(Spodoptera 
frugiperda; 
Noctuidae)

Difficulty in 
establishing on leaf; 
marked by rapid 
movement

Eigenbrode 
and Espelie 
(1995)

Lipid extracts Fall army worm 
(Spodoptera 
frugiperda: 
Noctuidae)

Reduced growth Yang et al. 
(1991)

Myasin (flavone 
glycoside)

Corn earworm 
(Helicoverpa zea: 
Noctuidae)

Antifeedant Yang et al. 
(1992)

Free amino acids, 
soluble 
carbohydrates

European corn 
borer (Ostrinia 
nubilalis: 
Pyralidae)

Oviposition 
preference

Derridj et al. 
(1996)

Pentane extract 
(five n- alkanes)

European corn 
borer (Ostrinia 
nubilalis: 
Pyralidae)

Oviposition 
stimulant

Udayagiri 
and Mason 
(1997)

Potato (Solanum 
tuberosum: 
Solanaceae)

Surface lipid 
extracts

Potato tuber moth 
(Phthorimaea 
operculella: 
Gelechiidae)

Obstruction in 
movement, spent 
more time in biting 
and reduced larval 
development

Varela and 
Bernays 
(1988)

(continued)

Surface Warfare: Plant Structural Defenses Challenge Caterpillar Feeding



70

(continued)

Table 1 (continued)

Plant/family

Characteristics/
chemical 
composition

Caterpillar species 
(family) Effects of wax References

Canola (Brassica 
napus: 
Brassicaceae);

Heavy waxy layer Diamondback 
moth (Plutella 
xylostella: 
Plutellidae)

Less oviposition 
activity than glossy 
sister strains

Justus et al. 
(2000)

Rapeseed 
(Brassica napus: 
Brassicaceae)

Heavy waxy 
coating

Cotton bollworm 
(Helicoverpa 
armigera: 
Noctuidae)

Longer first meals 
due to pre- 
processing time to 
remove wax, 
gumming of 
mouthparts, more 
time spent feeding 
due to thick layer

Shelomi 
et al. (2010)

White spruce 
(Picea glauca: 
Pinaceae)

Monoterpenes Banded leaf roller 
(Choristoneura 
spp.: Torticidae)

Feeding deterrent Daoust et al. 
(2010)

Sugarcane 
(Saccharum 
alopecuroides: 
Poaceae)

Alcohols and 
carbonyls

African sugarcane 
borer (Eldana 
saccharina 
Walker: 
Pyrallidae)

Resistance against 
insect herbivore

Rutherford 
and Staden 
(1996)

Soyabean 
(Glycine max: 
Fabaceae)

Volatiles, hexane, 
and methanol 
extract

Saltmarsh 
caterpillar 
(Estigmene acrea: 
Erebidae)

More time spent on 
walking

Castrejon 
et al. (2006)

Carrot (Daucus 
carota: Apiaceae)

Flavonoids 
glycosides, 
chlorogenic acid

American 
swallowtail 
(Papilio 
polyxenes: 
Papilionidae)

Oviposition 
stimulants

Brooks et al. 
(1996)

Leeks (Allium 
ampeloprasum: 
Alliaceae)

Free amino acids, 
soluble 
carbohydrates 
(sugars)

European corn 
borer (Ostrinia 
nubilalis: 
Pyralidae)

Oviposition 
stimulant

Derridj et al. 
(1996)

Mung bean 
(Vigna radiata: 
Fabaceae)

Alkanes and free 
acids

Bihar hairy 
caterpillar 
(Spilosoma 
obliqua Walker: 
Arctiidae)

Short-range 
attractant and 
oviposition 
stimulant

Mobarak 
et al. (2020)

Balsam fir (Abies 
balsamea: 
Pinaceae)

Leaf waxes Eastern spruce 
budworm 
(Choristoneura 
fumiferana: 
Tortricidae)

Host detection, 
oviposition 
stimulant

Rivet and 
Albert 
(1990)

Mulberry (Morus 
alba: Moraceae)

Fatty alcohols 
hexacosanol and 
octacosanol

Silk moth 
(Bombyx mori: 
Bombycidae)

Feeding stimulant Mori (1982)
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oviposition stimulant for European corn borer (Ostrinia nubilalis: Pyralidae) 
(Derridj et al. 1996; Table 1); and the alkane blend present in the wax of leaves of 
B. napus attracts P. xylostella moths for oviposition (Barbero 2016; Table 1).

Epicuticular waxes also have semiochemicals that function as sex pheromones 
and kairomones attracting parasitoids and predators of herbivores post-herbivory, 
thereby mediating multi-trophic interactions (Rutledge 1996; Dutton et al. 2000). 
Parasitoids are attracted to the sloughed off lipophilic compounds from their herbi-
vore host on the plant surface, greatly enhancing their foraging success. Similarly, 
presence of high docosonal (aliphatic alcohol) on leaf surface prevents feeding of 
tobacco budworm (Heliothis virescens: Noctuidae) on tobacco varieties, and sugar 
and sugar alcohols present on the surface of apples function as kairomones and trig-
ger oviposition in female moths of (Cydia pomonella: Tortricidae) (Lombarkia and 
Derridj 2002).

These waxes also protect plants in many other different ways. Some of the chem-
icals in wax may also serve as feeding deterrents. Epicuticular waxes also contain 
low levels of terpenoids, sterols, flavonoids, phenolics, glucosinolates, furanocou-
marins, and alkaloids, which have been found to inhibit feeding and oviposition 
activity of insects and, in many cases, even proven toxic to caterpillars (Eigenbrode 
and Espelie 1995; Schoonhoven et al. 2005; Städler and Reifenrath 2009; Haliński 
et al. 2012; Kariyat et al. 2019a).

While considered to be more effective against generalist herbivores which lack 
co-evolved sequestration or detoxification mechanisms, some of these secondary 
metabolites (e.g., alkaloids and flavonoids) are highly inducible, such that the con-
centration of these compounds increases in the wax layer post-herbivory (Müller 
2008). For instance, egg deposition by cabbage moth (Pieris brassicae: Pieridae) on 
thale cress (Arabidopsis thaliana: Brassicaceae) and brussels sprouts (Brassica 
oleracea: Brassicaceae) alters the wax composition and specific ratio of tetra triac-
ontanoic acid (C34) and tetracosanoic acid (C24), with consequences for enhanced 
attraction of the egg parasitoid Trichogramma brassicae (Hymenoptera: 
Trichogrammatidae) in the vicinity of host eggs (Blenn et al. 2012). These changes 
also lead to increased walking and biting time of neonates, as observed in P. xylo-
stella, which struggle on the glossy surfaces of cabbage (B. oleracea) due to pres-
ence of n-alkanes, secondary alcohols, n-alkanoic acids (fatty acids), n-alkane-1-ols, 
and triterpenoids (Cole and Riggal 1992). And finally, surface waxes also act as a 
pathway for diffusion of volatiles such as terpenes and glucosinolate derivatives that 
are diffused through the epicuticular layer when stomata are closed, thus acting as 
an interface for plant-insect interactions (Müller and Riederer 2005).

Table 1 (continued)

Plant/family

Characteristics/
chemical 
composition

Caterpillar species 
(family) Effects of wax References

Yellow 
rocketcress 
(Barbarea 
vulgaris: 
Brassicaceae)

Glucosinolates Diamondback 
moth (Plutella 
xylostella: 
Plutellidae)

Host recognition 
and stimulation of 
oviposition

Hopkins 
et al. (2009)
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 Caterpillar Adaptations

In order to evade the hydrophobic and glossy wax layer that restricts movement and 
reduces grip, caterpillars have evolved a series of physiological and behavioral 
adaptations. These modifications help them to circumvent waxes and associated 
defenses and to successfully establish on the plant to commence feeding. For exam-
ple, P. brassicae caterpillars produce water-soluble phenolic compounds that 
moisten the leaf surface; this later helps the adults to firmly attach eggs to leaves of 
members of the Brassicaceae (Voigt and Gorb 2009; Fatouros et al. 2012). Pieris 
brassicae has also evolved to ingest and detoxify the glucosinolates present in the 
heavy wax layer on plants in the Brassicaceae family, thereby enabling caterpillars 
to grow and develop. In a much more specialized and dramatic adaptation, the giant 
geometrid (Biston robustum: Geometridae) has the ability to alter the chemistry of 
its outer integument based on the chemicals present in the cuticular wax layer, to 
resemble the morphology of the plants with respect to surface chemistry, also known 
as phytomimesis (Akino 2005). This chemical camouflage (mimicking the chemis-
try of the host plant) allows larvae to hide from their predators. Clearly, while waxes 
play a significant role as an anti-herbivore defense by both physical and chemical 
means, caterpillars, especially with a co-evolution history with their host plants, 
have evolved both behavioral and morphological adaptations to overcome these 
defenses, an area that still needs to be examined.

 Trichomes

Walking on a leaf surface is not an easy task for caterpillars. If waxes do not deter 
them, their movement is severely obstructed by the dense mat of minute hairs, or 
trichomes, surrounding them, acting as another physical barrier (Levin 1973; 
Kariyat et al. 2017, 2018). Although miniature in stature, they play well-established 
roles in protecting the plants against biotic and abiotic stresses, such as extreme 
environmental conditions, temperature stresses, detoxification of heavy metals, and 
high soil salinity (Karabourniotis et al. 2020; Kaur and Kariyat 2020b), and, more 
importantly, as an anti-herbivore defense (Wagner  et  al. 2004). Trichomes are 
broadly divided into two types: non-glandular and glandular trichomes. Non- 
glandular trichomes are secretion-less sharp and pointed appendages that serve as a 
physical barrier to the movement of caterpillars (Kariyat et al. 2013a, 2017, 2018, 
2019b; Figs. 3, 6, 8, 9a, d, and 10). Glandular trichomes, in addition to acting as 
physical hindrance, can also have sticky exudates, toxins, and bioactive compounds 
in their glandular head that deter herbivores via chemical defenses; additionally, the 
compounds may activate downstream complex defense signaling cascades such as 
the jasmonic acid pathway (Peiffer et al. 2009; Kaur and Kariyat 2020a, b) (Figs. 3, 
4, 5, 8, and 9b, c).
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Fig. 3 Artistic representation of the potential defensive roles of trichomes against caterpillars. 
Trichomes (non-glandular and glandular) can potentially entrap caterpillars, with capacity of glan-
dular trichomes (with glandular bulbs on top) to act as toxins and signaling molecules to activate 
defense gene expression post-rupturing and stellate trichomes can physically injure the caterpil-
lars. (Illustration by Annette Diaz)

Fig. 4 (a) Cabbage looper larva (Trichoplusia ni: Noctuidae) struggling to walk on the leaf sur-
face of bottle gourd (Lagenaria siceraria: Cucurbitaceae) and (b) scanning electron microscopy 
image of the same leaf possessing both glandular and non-glandular trichomes at 400X. (Picture 
credit: Rupesh Kariyat and Ishveen Kaur)
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Fig. 5 (a) Fall army worm (Spodoptera frugiperda: Noctuidae) trying to feed on tomato (Solanum 
lycopersicon: Solanaceae) leaf surface covered with a dense mat of glandular and non-glandular 
trichomes, (b) first instar tobacco hornworm (Manduca sexta: Sphingidae) caterpillar walking 
unimpeded on the smooth trichome free surface of pepper (Capsicum annum: Solanaceae), (c) 
neonate M. sexta making an effort to feed on tobacco (Nicotiana tabacum: Solanaceae) leaves 
covered with glandular trichomes, and (d) neonate M. sexta struggling to walk on potato (Solanum 
tuberosum: Solanaceae) leaf with glandular trichomes. (Photo credit: Rupesh Kariyat)

Non-glandular trichomes are epidermal outgrowths that provide physical protec-
tion from different biotic and abiotic stresses and are devoid of any exudates (Fig. 9a, 
d). These trichomes start playing their part by disrupting the caterpillar integument 
with their sharp-pointed ends as soon as young neonates come in contact with a 
plant (Riddick and Wu 2011) (Figs. 3 and 10) or by preventing their access to the 
leaf epidermis, resulting in more prolonged foraging than actual feeding (Wilkens 
et al. 1996; Kariyat et al. 2017, 2018, 2019b; Andama et al. 2020, Kaur and Kariyat 
2020b) (Figs. 4, 5, and 10; Table 2). An obvious consequence of this delay in feed-
ing is the prolonged apparency for predators, thus mounting another line of defense 
even before the whole suite of chemical defenses are activated or induced.
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Table 2 Examples demonstrating the role of glandular trichomes in plant defense against 
caterpillars

Plant species
Trichome 
type

Caterpillar 
species Interaction References

Garden tomato 
(Lycopersicon 
esculentum: 
Solanaceae)

Foliar 
tetracellular 
glandular 
trichomes

Corn earworm 
(Helicoverpa 
zea: 
Noctuidae)

Phenolic compounds present 
in the foliar tetracellular 
glandular trichomes including 
flavonol glycoside rutin and 
some other phenolics as well 
have antibiotic effects on 
herbivores, measured by 
reduction of larval growth

Duffey and 
Isman (1981)

Type VI 
glandular 
trichomes

Tomato 
pinworm 
(Keiferia 
lycopersicella: 
Gelechiidae)

Glandular exudates provided 
physical barrier to caterpillars

Lin et al. 
(1987)

Foliar 
glandular 
trichomes

Tobacco 
hornworm 
(Manduca 
sexta: 
Sphingidae)

Rupturing of foliar glandular 
trichomes by herbivore 
contact resulted into the 
induction of proteinase 
inhibitor 2 which is involved 
in defense mechanisms in 
plants

Peiffer et al. 
(2009)

Glandular 
trichomes

Tobacco 
hornworm 
(Manduca 
sexta: 
Sphingidae)

Trichomes hindered 
caterpillars from searching for 
food as caterpillars spent most 
of the time mowing trichomes

Wilkens 
et al. (1996)

Glandular 
trichomes

Corn earworm 
(Helicoverpa 
zea: 
Noctuidae)

Growth of H. zea was 
impaired by higher glandular 
trichome density.

Tian et al. 
(2012)

Glandular 
trichomes

Tobacco 
hornworm 
(Manduca 
sexta: 
Sphingidae)

A novel recessive mutation 
called odorless-2 (od-2) 
which altered morphology, 
density, and chemical 
composition of glandular 
trichomes, increased the 
susceptibility of plants to 
attack by herbivore, indicating 
its importance in providing 
resistance to plants against 
herbivores

Kang et al. 
(2010)

Non- 
branched 
glandular 
trichomes

Tobacco 
hornworm 
(Manduca 
sexta: 
Sphingidae)

Negative effects on larval 
growth and development of 
caterpillars were observed due 
to feeding on trichomes

Kariyat et al. 
(2019b)

(continued)
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Plant species
Trichome 
type

Caterpillar 
species Interaction References

L. hirsutum f. 
glabratum Mill

Type VI 
glandular 
trichomes

Tomato 
pinworm 
(Keiferia 
lycopersicella: 
Gelechiidae), 
beet armyworm 
(Spodoptera 
exigua: 
Noctuidae)

2-tridecanone and 
2-undecanone present in 
glandular heads of type VI 
trichomes are major 
compounds having 
insecticidal properties

Lin et al. 
(1987)

Lycopersicon 
hirsutum Humb. 
& Bonpl. (LA 
361) (Solanaceae)

Type VI 
glandular 
trichomes

Tomato 
pinworm 
(Keiferia 
lycopersicella: 
Gelechiidae), 
beet armyworm 
(Spodoptera 
exigua: 
Noctuidae)

Acute toxicity from two 
unknown sesquiterpenes 
present in glandular heads of 
type VI trichomes was found 
against herbivores

Lin et al. 
(1987)

Lluttu papa 
(Solanum 
berthaultii: 
Solanaceae)

Glandular 
leaf 
trichomes

Potato tuber 
moth 
(Phthorimaea 
operculella: 
Gelechiidae)

Deterred oviposition, reduced 
feeding, longer larval 
development period, and 
decreased pupal weight were 
observed for herbivores 
feeding on glandular leaf 
trichomes

Malakar and 
Tingey 
(2003)

Glandular 
leaf 
trichomes

Potato tuber 
moth 
(Phthorimaea 
operculella: 
Gelechiidae)

Decreased foliar oviposition 
and feeding by herbivore, 
lower pupal weight, and 
increased mortality were 
observed

Malakar and 
Tingey 
(1999)

Type A and 
B glandular 
trichomes

Potato tuber 
moth 
(Phthorimaea 
operculella: 
Gelechiidae)

Reduced oviposition of 
herbivore was observed

Horgan et al. 
(2007)

European 
crowfoot 
(Aquilegia 
vulgaris: 
Ranunculaceae), 
Pyrenean 
columbine 
(Aquilegia 
pyrenaica: 
Ranunculaceae)

Glandular 
floral 
trichomes

General 
herbivores

Plants were found to have 
more trichomes in regions 
with more herbivores. Also, 
better access by the small 
insects to the flowers and 
fruits was observed on the 
removal of floral trichomes

Jaime et al. 
(2013)

Table 2 (continued)

(continued)
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Plant species
Trichome 
type

Caterpillar 
species Interaction References

Garden petunia 
(Petunia hybrida: 
Solanaceae)

Glandular 
trichomes

African cotton 
leafworm 
(Spodoptera 
littoralis: 
Noctuidae)

P. hybrida pleiotropic drug 
resistance (PhPDR2) type 
ABC transporters found in 
trichomes provided 
resistance to herbivores, 
since its downregulation 
decreased levels of 
petuniasterone and 
petuniolide (potent toxins 
against insect herbivores) 
and increased susceptibility 
of plants toward herbivore

Sasse et al. 
(2016)

Solanum tarijense 
(Solanaceae)

Type A 
glandular 
trichomes

Potato tuber 
moth 
(Phthorimaea 
operculella: 
Gelechiidae)

A negative relation between 
trichome density and 
oviposition by herbivore has 
been observed

Horgan et al. 
(2007, 2009)

Sacred thorn- 
apple (Datura 
wrightii: 
Solanaceae)

Glandular 
and 
non- 
glandular 
trichomes

General 
herbivores

Overall, the damage to sticky 
(having more than 95% of 
glandular trichomes) plants 
was more than velvety 
(having less than 5% 
glandular trichomes) plants, 
and the sticky plants produced 
45% fewer seeds than the 
velvety plants in the course of 
providing resistance against 
herbivores

Elle et al. 
(1999)

Pelargonium× 
hortorum

Glandular 
trichomes

Soybean looper 
(Chrysodeixis 
includens: 
Noctuidae)

Lesser hatching of herbivore 
eggs treated with exudates of 
glandular trichomes along 
with higher herbivore 
mortality was documented. 
Also, cutting leaf veins before 
feeding beyond the cuts by 
last instar caterpillars was 
observed

Hurley and 
Dussourd 
(2014)

Table 2 (continued)
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Fig. 6 Fifth instar caterpillar of tobacco hornworm (Manduca sexta: Sphingidae) (a) on trichome- 
rich surface of outbred horsenettle leaves (Solanum carolinense: Solanaceae) plant, (b) on low 
trichome inbred S. carolinense, and (c) on trichome free pepper (Capsicum annuum: Solanaceae) 
leaves. (Picture credit: Rupesh Kariyat)

Fig. 7 Artistic rendering of Manduca sexta caterpillar with peritrophic membrane or gut lining 
(red color) punctured by undigested trichomes potentially leading to mixing of hemolymph (dark 
green) and food bolus (light green inside peritrophic membrane; Kariyat et al. 2017). (Illustration 
by Annette Diaz)

Fig. 8 Scanning electron microscopy images of different types of trichomes present on the leaf 
surface of (a) sunflower (Helianthus annuus: Asteraceae) at 70X, (b) squash (Cucurbita pepo: 
Cucurbitaceae) at 70X, (c) cucumber (Cucumis sativus: Cucurbitaceae) at 70X, (d) bottle gourd 
(Lagenaria siceraria: Cucurbitaceae), (e) potato tree (Solanum grandiflorum: Solanaceae) at 
100X, and (f) Ethiopian eggplant (Solanum aethiopicum: Solanaceae) at 60X magnification. 
(Picture credit: Jesus Chavana, Ishveen Kaur, and Sakshi Watts)



Fig. 9 Scanning electron microscopic images of (a) non-glandular trichomes on leaf surface of 
bottle gourd (Lagenaria siceraria: Cucurbitaceae; 100X), (b and c) glandular trichome on the leaf 
surface of L. siceraria and tomato (Solanum lycopersicum: Solanaceae; 400X and 300X, respec-
tively) with bulbous head housing different defensive compounds to ward off herbivory, and (d) 
combination of glandular and non-glandular trichomes on leaf surface of the potato tree (Solanum 
grandifolium: Solanaceae; 100X). (Picture credits: Ishveen Kaur and Sakshi Watts)

Fig. 10 Scanning electron microscopic image displaying comparative size of stellate trichomes of 
eggplant (Solanum melongena: Solanaceae) and first instar tobacco hornworm (Manduca sexta: 
Sphingidae) caterpillar at 50X. (Picture credit: Sakshi Watts)
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Being tender, small, and lacking fully functional defense mechanisms (Zalucki 
et al. 2002), neonate larvae are even more vulnerable to desiccation and death by 
starvation or reduced feeding efficiency (Kariyat et  al. 2018; Despland 2018) 
(Figs. 3, 4, and 5; Table 2). For example, neonate tobacco hornworm (Manduca 
sexta; Sphingidae) caterpillars find it difficult to initiate feeding on Solanaceae spe-
cies possessing trichomes, thus leading to their starvation, desiccation, and ulti-
mately death (Kariyat et al. 2013a, 2017, 2018) (Fig. 5; Table 3). These trichomes 
act as a strong weapon against herbivores by their mechanical entrapment capabili-
ties, hence impeding the locomotion of these neonates and making them less active 
and weak by wounding them (Dalin et  al. 2008; Peiffer et  al. 2009) (Fig.  3). 
Moreover, they can act as extreme feeding deterrents and physically damaging 
structures by entangling and impaling soft-bodied insects, in the case of hook- 
shaped trichomes, as found in French bean (Phaseolus vulgaris: Fabaceae) and pas-
sionflower (Passiflora spp.: Passifloraceae) that can be fatal for herbivores such as 
sciarid fly (Bradysia pauper; Diptera: Sciaridae) and brush-footed butterfly larvae 
(Heliconiinae: Nymphalidae) (Gilbert 1971; Gepp 1977). Furthermore, the impor-
tance of these trichomes as physical structures impeding growth and development 
of larvae has been clearly demonstrated in Lycopersicon spp. (Solanaceae) where 
neonate Helicoverpa armigera suffered high mortality due to their entrapment in 
non-glandular trichomes (Simmons et al. 2004) (Table 2).

The role of non-glandular trichomes in plant defense has not been fully explored 
since it is usually assumed that they merely restrict herbivore movement (Figs. 3, 4, 
5, 6, and 10). However, recent studies have shown that they can have both pre- and 
post-ingestive effects, and these effects are also instar specific (Kariyat et al. 2017, 
2018) (Fig. 7). In addition to severely restricting feeding of early instars, they can 
damage later instars, following their ingestion. The undigested stellate trichomes 
can pierce holes in the peritrophic membrane (gut lining) of caterpillars (Kariyat 
et al. 2017; Figs. 3, 7, and 8; Table 2), with the dire possibility of food contents in 
gut mixing with hemolymph (Fig. 7). The peritrophic membrane is known to protect 
the caterpillar gut from physical and chemical damage, which facilitates digestion. 
The rupturing of this lining can force hemolymph to ooze inside the gut lining, 
which would eventually lead to sepsis, thus up-regulating the immune system of 
caterpillars, leading to diversion of resources toward defense from their growth and 
development (Pechan et al. 2002; Kariyat et al. 2017) (Fig. 7). Moreover, recent 
discoveries have shown that the presence of silica (involved in lignification) pack-
aged in non-glandular trichomes of rice (Oryza sativa: Poaceae) prevents chewing 
herbivores from damaging the plant (Andama et al. 2020; Kaur and Kariyat 2020a, 
b). In one recent examination of histo-chemical and morphological features of non- 
glandular trichomes, the presence of living cells in the non-glandular trichomes of 
plants in Lamiaceae and Verbenaceae was confirmed (Tozin et al. 2016). These cells 
are capable of bioactive compound synthesis, suggesting that non-glandular tri-
chomes are not simply a physical defense but can also assist or enhance plant chem-
ical defenses. Taken together, non-glandular trichomes severely discourage 
herbivory by affecting mass, feeding and foraging behavior, oviposition of adults, 
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Table 3 Examples of role of non-glandular trichomes in plant defense against caterpillars

Plant species
Trichome 
type

Caterpillar/herbivore 
species Interaction References

Mustard 
(Brassica nigra: 
Brassicaceae)

Non- 
glandular 
trichomes

Cabbage whitefly 
(Pieris rapae: Pieridae)

New leaves post 
damage had 76% 
more trichomes per 
unit area than control 
plants on damage by 
the herbivore

Traw and 
Dawson 
(2002)

Non- 
glandular 
trichomes

Cabbage looper 
(Trichoplusia ni: 
Noctuidae)

New leaves post 
damage had 113% 
more trichomes per 
unit area than control 
plants upon damage 
by the herbivore 
indicating their role 
against herbivory

Traw and 
Dawson 
(2002)

Jimsonweed 
(Datura 
stramonium: 
Solanaceae)

Leaf 
trichomes

General herbivores Decrease in the 
damage caused by 
herbivory was 
recorded with 
increase in the 
number of leaf 
trichomes

Valverde 
et al. (2001)

Horsenettle 
(Solanum 
carolinense: 
Solanaceae)

Non- 
glandular 
trichomes

Tobacco hornworm 
(Manduca sexta: 
Sphingidae)

Non-glandular 
trichomes were found 
more effective in 
deterring feeding by 
first and second instar 
caterpillars than late 
instars

Kariyat et al. 
(2018)

Feeding on trichomes, 
besides acting as 
feeding deterrent, also 
caused damage to 
peritrophic membrane 
(gut lining) of 
caterpillars

Kariyat et al. 
(2017)

Silverleaf 
nightshade 
(Solanum 
elaegnifolium: 
Solanaceae)

Non- 
glandular 
stellate 
trichomes

Tobacco hornworm 
(Manduca sexta: 
Sphingidae)

Feeding on trichomes 
resulted into reduced 
mass gain and 
increased time to 
pupation by 
caterpillars

Kariyat et al. 
(2019b)

Garden tomato 
(Lycopersicon 
esculentum)

Non- 
glandular 
trichomes

Tobacco hornworm 
(Manduca sexta: 
Sphingidae)

Trichomes hindered 
caterpillars from 
searching for food as 
caterpillars spent 
most of the time 
mowing trichomes

Wilkens 
et al. (1996)

(continued)
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Plant species
Trichome 
type

Caterpillar/herbivore 
species Interaction References

Canada nettle 
(Laportea 
canadensis: 
Urticaceae)

Stinging 
trichomes

The red admiral 
(Vanessa atalanta: 
Nymphalidae)

No significant 
deterrence in 
herbivore feeding was 
observed due to 
presence of stinging 
trichomes

Tuberville 
et al. (1996)

Passionflower 
(Passiflora 
lobata: 
Passifloraceae)

Hooked 
trichomes

Brush-footed butterfly 
(Heliconius pachinus: 
Nymphalidae)

Trichomes were able 
to deter non-specialist 
herbivore (H. 
pachinus)

Cardoso 
(2008)

Lyre-leaves 
rock-cress 
(Arabidopsis 
lyrata: 
Brassicaceae)

Non- 
glandular 
trichomes

Diamondback moth 
(Plutella xylostella: 
Plutellidae)

For herbivore damage 
to the plants, 
significant phenotypic 
and genetic 
correlation was 
found, since the 
plants with higher 
trichome density had 
lower herbivore 
damage. Although 
oviposition by 
herbivore also 
decreased with 
increased trichome 
density, correlation 
was not significant

Sletvold 
et al. (2010)

Non- 
glandular 
trichomes

Diamondback moth 
(Plutella xylostella: 
Plutellidae) and other 
herbivores

Glabrous (without 
trichomes) plants had 
more damage by 
herbivores than 
trichome-producing 
plants

Løe et al. 
(2007)

Milkweed 
(Asclepias 
syriaca: 
Apocynaceae)

Leaf 
trichomes

Monarch butterfly 
(Danaus plexippus: 
Nymphalidae)

Herbivore abundance 
was negatively 
correlated to leaf 
trichome density

Agrawal 
(2005)

Passionflower 
(Passiflora 
adenopoda: 
Passifloraceae)

Hook-like 
uncinate 
trichomes

Heliconine butterflies 
(Heliconius spp.: 
Nymphalidae)

Hooked trichomes of 
this species very 
effectively deterred 
herbivores

Gilbert 
(1971)

Table 3 (Continued)
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development, mortality, and fitness (Traw and Dawson 2002; Kariyat et al. 2017, 
2018, 2019b) (Table 3).

In the case of glandular trichomes, the trichome head is filled with sticky exu-
dates or secretions, which contain a diversity of defensive compounds (terpenoids, 
phenolics, alkaloids, and acyl sugars, to name a few) in the secretory cells (Table 2; 
Fig.  9b, c). In addition, they also have different morphotypes present within the 
trichomes with specialized functional diversity (Giuliani et al. 2020; Uzelac et al. 
2020) as evident from SEM images from different plant families (Figs. 4, 8, and 9). 
The glandular cells of these trichomes either entangle the herbivores with sticky 
exudates (Zalucki et al. 2002) or act as toxins (Hare 2005), which can interfere with 
their metabolic pathways, as soon as herbivores damage/disturb these glandular tri-
chomes. They can synthesize proteinase inhibitors that bind with the digestive 
enzymes of herbivores affecting the digestive ability of the caterpillar (Peiffer et al. 
2009) or release volatile terpenes (Wang et al. 2008; Biswas et al. 2009) that attract 
predators and parasitoids of the feeding caterpillars. For instance, the chemicals 
released by glandular trichomes of Lycopersicon spp. cause severe irritation and 
trapping of Phthorimaea operculella neonates due to the presence of methyl ketones 
(2-tridecanone, 2-undecanone) and sesquiterpenes in the globular cells of their tri-
chomes (Lin et al. 1987; Gurr and Grath 2002; Table 2). Similarly, the chemical 
exudates from glandular trichomes of L. hirsutum and L. pennellii entrapped larvae 
of Helicoverpa armigera, thereby causing their mortality (Simmons et al. 2004). 
Glandular trichomes can also activate defense priming through jasmonic acid 
(Kariyat et al. 2013b), a key phytohormone in plant defense signaling that initiates 
a wide range of defense responses in plants. In addition to these modes of defenses, 
exudates from trichomes also render the plant tissues indigestible and unpalatable 
by housing compounds such as polyphenol oxidase, making it difficult for herbi-
vores to digest the plant tissue. This protective effect is evident by the significant 
reduction in caterpillar mass gain and pupal mass along with longer development 
period, evident from reduced growth of Spodoptera exigua. The enzyme polyphenol 
oxidase catalyzes the production of quinones that can further alkylate nucleophilic 
amino acids, which makes the plant unpalatable (Bhonwong et al. 2009; Fig. 5). 
Rupturing foliar glandular trichomes of tomato (L. esculentum) by Manduca sexta 
induces a proteinase inhibitor, and presence of 2-tridecanone and 2-undecanone in 
the glandular heads of type VI trichomes in L. hirsutum f. glabratum has been found 
to have insecticidal properties against tomato pinworm (Keiferia lycopersicella: 
Gelechiidae) and S. exigua, thus highlighting the role of these defenses in plant 
protection (Lin et al. 1987). Clearly, these glandular trichome exudates act as direct 
chemical defenses and can significantly reduce caterpillar performance (Malakar 
and Tingey 1999; Tian et al. 2012; Pradhan and Maradi 2020; Table 2).

In addition, glandular trichomes can act as indirect defenses mediating multi-
trophic interactions. For example, o-acyl sugars in Nicotiana tabacum (Solanaceae) 
glandular trichomes act as a sugary first meal relished by neonate M. sexta caterpil-
lars (Fig. 6); however, post-ingestion of these sugars imparts a distinct scent to lar-
val body and frass that acts as location cues for their natural enemies, such as the 
rough harvester ant (Pogonomyrmex rugosus) (Hymenoptera: Formicidae) 
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(Weinhold and Baldwin 2011). This ant preys on M. sexta eggs and early instar 
caterpillars. Desert lizards (Phrynosoma platyrhinos) (Squamata: Phrynosomatidae) 
target later instars using the same cues (Stork et al. 2011). Thus, trichome ingestion, 
which is their first meal, makes them more vulnerable and apparent to their enemies, 
providing a fascinating example of multitrophic interactions mediated by trichomes.

 Caterpillar Adaptations

Specialized strategies to circumvent trichome defenses have evolved in the 
Lepidoptera, allowing caterpillars to feed and flourish on trichome-rich plants. 
Caterpillars have evolved morphological, physiological, and behavioral adaptations 
to minimize trichome defenses, and these caterpillars continue to impose selection 
pressure on their host plants. For example, before feeding, M. sexta caterpillars 
spend time shaving both glandular and non-glandular trichomes of Lycopersicon 
esculentum (Wilkens et al. 1996). This provides them an opening to the epidermis 
and then to underlying tissues below the epidermis. Caterpillars have also adapted 
yet another phenomenon to escape defenses mediated by trichomes, by weaving a 
network of silk fibers as a pathway to facilitate easier movement on a trichome cov-
ered leaf, allowing them to safely reach and remove the protective trichome layer on 
foliage before reaching their food source (Young and Moffett, 1979; Fordyce and 
Agrawal, 2001; Yadav and Yack, 2018). Some lepidopterans have been found to 
produce silk secretions on trichomes to facilitate their easy movement (Rathcke and 
Poole 1975; Fordyce and Agrawal 2001). Larvae of the specialist herbivore, the 
zebra longwing butterfly (Heliconius charithonia: Nymphalidae) on their host plant 
passionflower (Passiflora lobata: Passifloraceae), interweave silken threads on the 
hooked trichomes to facilitate their movement. In contrast, generalist herbivores, 
such as the brush-footed butterfly caterpillar (Heliconius pachinus: Nymphalidae) 
on P. lobata and the tiger clearwing butterfly caterpillar (Mechanitis isthmia: 
Nymphalidae) on Solanum spp. (Solanaceae), struggle to access the leaf tissue 
(Gilbert 1971; Cardoso 2008). The studies of lepidopteran larvae and their silk- 
based defense mechanism collectively suggest that early instar larvae employ 
behavioral adaptations to reduce their contact with trichomes. This includes moving 
their head in upward, downward, and side-to-side motions distinct from other cater-
pillars that produce silk (Hulley 1988). Another unique and interesting phenomenon 
observed is the structural modification in tarsi and longer tibia of these lepidopter-
ans to facilitate movement without coming in contact with dense trichome surface, 
but allowing them to insert their legs directly onto the epidermis (Medeiros and 
Boligon 2007). Similarly, in H. charithonia (a specialist herbivore on Passiflora 
spp.), the lateral proleg is sclerotized, helping to prevent the trapping of larvae on 
trichome hooks. Moreover, the presence of interwoven silken mats to facilitate 
movement over the trichomes and trichome tips indicates that the caterpillar often 
bites off the trichome tips to facilitate walking and feeding on plant tissues. In other 
systems, young neonates often aggregate to collectively feed on trichome-rich or 
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glabrous leaf surfaces. This social facilitation observed in tiger wing butterfly 
(Mechanitis menapis: Nymphalidae) caterpillars while feeding on glandular tri-
chome of Solanum acerifolium (Solanaceae) also assists them to continue feeding 
on leaf tissue with the aid of their siblings (Despland 2019).

Clearly, caterpillars have evolved a variety of behavioral and structural traits that 
allow them to circumvent this powerful defense. Studies performed on Manduca 
sexta and Pardasena diversipennis (Nolidae) on various solanaceous species have 
found that the caterpillars tend to “shave” trichomes with their mandibles from the 
leaf surface before they begin feeding on the leaves (Hulley 1988). This behavior is 
commonly known as mowing. In mowing, the caterpillars first begin feeding at the 
edge on the upper surface and then use their mandibles to mow the trichomes on the 
leaf surface, before they eat, thus allowing them to easily gain access to plant mate-
rial. Also, they start feeding at the edge of upper leaf after mowing the trichomes at 
the leaf margin, by approaching the leaf at angle of 45 degrees, without touching the 
trichomes on the abaxial surface of leaf, thus forcing these trichomes to fall under 
their own weight, thereby removing them (Hulley 1988). While these counter 
defenses are primarily behavioral or morphological, some caterpillars have evolved 
detoxification and physiological adaptations so they can ingest trichomes without 
being affected by their toxins, more critical in the case of glandular trichomes. For 
example, the larvae of the ello sphinx (Erinnyis ello: Sphingidae) feed on spurge 
nettle (Cnidoscolus urens: Euphorbiaceae) by grazing the urticating hairs of the 
petiole and also by stopping the latex flow into the leaf (Dillon et  al. 1983). 
Additionally, caterpillars often resort to grooming themselves post-feeding, possi-
bly to remove defensive chemicals secreted by the plant. Such defense mechanisms 
by caterpillars provide them with a greater possibility of survival especially for 
early instars as their mandibles are small and trichomes could be lethal, causing the 
loss of prolegs and impaling them (Levin 1973).

 Conclusions

Taken together, waxes and trichomes have been well established as an efficient 
multi-faceted defense strategy in plants against herbivores, especially against lepi-
dopteran larvae. Using Solanaceae as a model plant family and Manduca sexta as 
the model herbivore, we have demonstrated that trichomes are highly inducible by 
Manduca sexta feeding (Kariyat et al. 2013a) and are affected by genetic variation 
and breeding status of the host plant (Kariyat et al. 2013a). Trichome synthesis and 
expression are mediated through the jasmonic acid pathway (Kariyat et al. 2012), 
and caterpillars feeding on trichome-rich species will gain less mass (Kariyat et al. 
2018, 2019b) and take more time to begin feeding (Kariyat et al. 2018; Watts and 
Kariyat 2021), in a density-dependent manner. In addition, these effects are also 
species specific and vary based on trichome type (Kariyat et  al. 2018, 2019b). 
Trichome-mediated effects are also instar specific where early instars are primarily 
affected by delayed feeding (Kariyat et  al. 2017,  2019b), while late instars that 
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ingest trichomes are affected by their ruptured peritrophic membranes (Kariyat 
et  al. 2017; Kaur and Kariyat 2020a) with possible implications for immune 
response, development, and survival.

We have been successful in dissecting the genetic mechanisms and developmen-
tal regulation underlying trichomes (Chalvin et al. 2020). A wide range of manipu-
lative ecological and physiological studies have successfully determined the role of 
trichomes as the first line of defense against the voracious caterpillars that continu-
ously attack them. However, new discoveries in this field include the finding that 
there is metal accumulation in trichomes based on topographic analysis and energy 
dispersive X-ray (EDX) analysis using scanning electron microscopy (SEM), but 
these approaches are still in their infancy and require more attention. For example, 
fortification of trichomes (Mustafa et al. 2018; Hopewell et al. 2021) with metals 
has been found only in a few families, and the exact functions are unknown. 
Recently, Andama et al. (2020) demonstrated that trichomes are involved in defense 
against chewing herbivores in rice (Oryza sativa: Poaceae). More research is also 
warranted in fully understanding potential tradeoffs on trichome induction post- 
herbivory, examining fitness and whether these effects extend to the next generation 
(Nihranz et al. 2019). The advent of modern analytical chemistry tools also provides 
us a unique opportunity to examine, identify, and quantify the tremendous variety of 
compounds present in and on trichomes and their potential role in mediating multi-
trophic interactions.
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 Introduction

In forests, insect herbivores and their host plants are major components of the com-
munity. The study of their interactions is essential for understanding the mechanisms 
promoting and maintaining species diversity and niche differentiation in both trophic 
levels (Becerra 2015). Theory has long predicted that the evolution of plant anti-
herbivore defenses and insect counter-adaptations is the driver of trait diversification 
and coevolution (Ehrlich and Raven 1964). This arms race has also been implicated 
in mechanisms of coexistence (Becerra 1997; Lewinsohn and Roslin 2008; Kursar 
et al. 2009; Marquis et al. 2016; Maron et al. 2019). For example, recent work sug-
gests that herbivores play a key role in maintaining the high local diversity of rain-
forests by preventing most plant species from becoming abundant (Comita et  al. 
2014). Species with different defenses do not share herbivores and therefore can 
coexist, promoting high local diversity (Janzen 1970; Becerra 2007, Fine et al. 2013; 
Comita et al. 2014; Coley and Kursar 2014, Salazar et al. 2016a, b; Vleminckx et al. 
2018; Forrister et  al. 2019). For herbivores, host plant specialization has been 
regarded as one of the main mechanisms promoting insect diversity, as specialized 
partitioning of plant resources may allow more herbivore species to coexist (Novotny 
et  al. 2006; Lewinsohn and Roslin 2008). Thus, there is an intricate relationship 
between plant traits and host plant choice, yet we still do not fully understand the 
impacts of plant defenses on host choice nor the consequences at ecological and 
evolutionary time scales for herbivorous insects. In this chapter, we will review the 
relative effect of different plant defenses on host plant choice by Lepidoptera cater-
pillars. We will focus on insect herbivores associated with the Neotropical tree genus 
Inga (Fabaceae) in the rainforests of Central and South America, a region where the 
diversity of plants and invertebrates is among the highest in the terrestrial world and 
where the arms race coevolution may be particularly pronounced.

With more than 300 species, Inga is an ecologically important and abundant 
genus in Neotropical rainforests. Inga is among those genera with the greatest con-
generic species richness at a given site, with more than 40 species together contrib-
uting 6% of the stems occurring in 25 ha in Ecuador (Valencia et al. 2004). As a 
system for study of plant-herbivore interactions, the genus Inga is exceptional in 
that within a single genus, we can find a broad range of defensive traits and a diverse 
assemblage of herbivores. Throughout the Amazon and Panama, lepidopteran lar-
vae are the dominant group of herbivores attacking Inga, both in terms of numbers 
and damage caused (Kursar et al. 2006; Coley et al. 2018). Thus, for this chapter, we 
will focus mainly on lepidopteran herbivores due to their importance.

 Herbivores in Neotropical Forests Prefer Young 
Expanding Leaves

In tropical rainforests, one of the most prevalent patterns in herbivory is the differ-
ence in damage between expanding and mature leaves. The typical leaf lifespan in 
the understory is between 2 and 4 years (Coley and Barone 1996). Nevertheless, 
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across saplings of many genera, more than 75% of the damage that accrues during 
the lifetime of a leaf occurs during the ephemeral period of leaf expansion (1 to 3 
weeks) (Coley and Barone 1996; Kursar and Coley 2003). For example, for ten spe-
cies of Inga on Barro Colorado Island, Panama, 26% of leaf area was lost during 
leaf expansion, versus 0.23% of lost leaf area for mature leaves (Fig. 1a). This pat-
tern is also reflected in herbivore host preferences. During a period of 18 months, in 
the Yasuní National Park in the Ecuadorian Amazon, the number of caterpillars 
associated with 15 species of Inga was 5.4 times greater on young than on mature 
leaves (Fig. 1b). Similarly, occurrence of lepidopteran larvae was 4.3 times greater 
on young expanding leaves than on mature leaves (Fig. 1c). Thus, herbivores prefer 
young over mature leaves. The greater tenderness and nutritive value of young 
leaves (Kursar and Coley 2003) may allow caterpillar herbivores to grow faster and 
thereby minimize the amount of time they are vulnerable to predation and parasit-
ism (Benrey and Denno 1997; van Nouhuys and Lei 2004).

The preference of Lepidoptera for expanding leaves and the high rates of damage 
they inflict suggest that young leaves are under strong selective pressure to invest in 
anti-herbivore defenses. Mature leaves are tough and high in fiber (Coley and Kursar 
2003), a very effective physical defense. Because young leaves cannot lignify cell 
walls until they stop expanding, they must rely on defenses other than toughness 
(see below). It remains unclear, however, how leaf age-associated differences are 
translated into herbivore host choice. We hypothesize that given that young and 
mature leaves are so different, each leaf age must be associated with a different 
assemblage of herbivores.

Fig. 1 Comparison of herbivore attack on young expanding leaves vs mature leaves in Inga. (a) 
Average percent leaf area lost for ten species of Inga on Barro Colorado Island, Panama; (b) num-
ber of caterpillar herbivores per leaf found feeding on young and mature leaves for 15 species of 
Inga in Yasuní National Park, Ecuador. (c) Percentage of leaves where at least one herbivore was 
found feeding for fifteen species of Inga in Yasuní National Park, Ecuador. Data are for saplings 
that were visited monthly from February 2000 to November 2004 on Barro Colorado Island, 
Panama, and from September 2018 to February 2020 in Yasuní, Ecuador
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 Host Plant Selection by Herbivores and Plant Defensive Traits

For the rest of the chapter, we will focus only on the defenses of young expanding 
leaves, given that they are the most preferred by herbivores and therefore the most 
relevant for host choice. Key young leaf defenses in Inga can be grouped into six 
evolutionarily independent axes: (a) secondary metabolites, (b) density and length 
of trichomes, (c) diameter of extra-floral nectaries and the number and identity of 
ants visiting them, (d) chlorophyll content and rate of leaf expansion, and the (e) 
synchrony and (f) timing of young leaf production (Kursar et al. 2009; Endara et al. 
2017, 2018a). All defense axes contribute to host choice by herbivores (Table 1, 
Endara et al. 2017). In addition to being independent of each other, each defense 
category shows substantial variation across Inga species, with closely related spe-
cies being more different than expected by chance (Kursar et al. 2009). Consequently, 
plant traits, more than plant phylogeny, determine host choice by herbivores (Endara 
et al. 2017).

Table 1 Summary of the relationships between herbivore assemblages and Inga host defensive 
traits. The percentages in parentheses indicate the increase (↑) or decrease (↓) in the probability of 
occurrence for every unit of change in the host defensive trait. Blank cells indicate no 
significant effect

Lepidopteran herbivore family

Inga host defensive trait Riodinidae Gelechioidea
Noctuidae (including 
Erebidae)

Chemistry (includes 
phenolics, saponins, and 
amines)

Avoid hosts with 
tyrosine (↓ 32%) and 
tyramine gallates (↓ 
51%)

Avoid hosts with 
tyrosine gallates (↓ 
24%)
Prefer host with 
saponins (↑ 179%)

Prefer hosts with 
tyrosine (↑ 86%) and 
tyramine gallates (↑ 
168%)

Trichomes (includes 
length and density)

Positive Negative

Developmental (includes 
chlorophyll content and 
leaf expansion rate)

Prefer hosts with a 
high rate of 
expansion (↑ 70%)

Prefer hosts with a  
slow rate of 
expansion (↓ 49%)

Biotic (includes 
extrafloral nectary size 
and ants visiting the 
nectaries)

Positive

Timing in leaf production Prefer hosts that flush 
leaves at certain times 
of the year

Synchrony in leaf 
production

Prefer synchronous 
hosts (↑ 170%)
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 Chemical Defenses

Although we refer to chemistry as a single defensive class, in reality it includes 
thousands of compounds. Each compound can vary independently, leading to an 
almost infinite number of potential niche axes for herbivore species to occupy 
(Coley and Kursar 2014). We have catalogued over 9,000 compounds from Inga, 
including non-protein amino acids, flavonoids, flavan-3-ols, and saponins (Lokvam 
et al. 2004; Lokvam and Kursar 2005; Brenes-Arguedas et al. 2006; Lokvam et al. 
2007). Inga also overexpresses L-tyrosine, an essential amino acid, which is toxic 
to herbivores at the elevated concentrations found in young Inga leaves (Coley et al. 
2019; Lokvam et al. 2006). Together, these soluble chemical defenses are 1.9 times 
greater in expanding leaves than in mature leaves, constituting 46% of the total dry 
weight (DW) of a young leaf (Wiggins et al. 2016). Furthermore, chemical defen-
sive profiles between expanding and mature leaves are qualitatively different, with 
mature leaves showing higher intraspecific variation than expanding leaves (Wiggins 
et al. 2016). In fact, there is a consistent chemical phenotype among young leaves 
within the same species, despite variation in the environment or genotype 
(Bixenmann et al. 2011; Sinimbu et al. 2012; Endara et al. 2018b). Higher levels of 
intraspecific variation among mature leaves should select for broad diet breadth of 
herbivores (i.e., generalists), while defense canalization and greater investment in 
young leaves should select for higher specialization of herbivores. Although we 
have not compared host range for herbivores on mature versus expanding leaves, 
our results suggest that across the Amazon and Panama, most caterpillar species 
feed on young leaves of only 1–3 species of Inga at a site, even though 30–50 Inga 
species may be available (Fig.  2). Thus, lepidopteran herbivores associated with 
young Inga leaves are mainly specialists.

Secondary metabolites in Inga are strongly correlated with host choice and per-
formance of herbivores in laboratory and field experiments (Endara et  al. 2015, 
2017; Coley et al. 2019; Forrister et al. 2019). Bioassays using artificial diets were 
conducted in Utah with Heliothis virescens (Noctuidae), a generalist herbivore of 
tropical origin, and in Panama with Phoebis philea (Pieridae), which feeds on 
Cassia (Fabaceae) but not on Inga. Bioassays showed that all extracts and fractions 

Fig. 2 Number of Inga species per species of Lepidoptera from Los Amigos, Peru; Barro Colorado 
Island, Panama; Nouragues, French Guiana; and Tiputini, Ecuador
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of secondary metabolites were toxic (Coley et al. 2005; Lokvam and Kursar 2005; 
Lokvam et al. 2006; Coley et al. 2018). In addition to secondary metabolites, one 
clade of 17 species overexpresses tyrosine in young expanding leaves (Coley et al. 
2019). At these concentrations (5% DW to 29% DW), tyrosine is highly toxic to 
Heliothis virescens. In laboratory bioassays, we found that concentrations of 3.8% 
DW of tyrosine reduced larval growth by 50% compared to controls (p < 0.01), 
whereas concentrations of 10% DW (the mean concentration found in the young 
leaves) reduced growth to 2% of controls (p < 0.001) and produced high mortality 
(Lokvam et al. 2007). In Peru, larvae of a specialist herbivorous sawfly (Argidae) 
were presented with fresh young leaves from two chemotypes of I. capitata in a 
Petri dish choice experiment. This experimental approach separated the effects of 
field traits such as habitat, phenology, and ant protection from secondary metabo-
lites and nutritional content. Although the chemotypes were quite similar, the saw-
flies significantly preferred the chemotype on which they were most commonly 
found in the field (Endara et al. 2015). This suggests that even small differences in 
chemistry matter for host choice.

 Chemical Defenses Affect Host Choice of Lepidoptera

At the community level, our studies have shown a key role for Inga defensive chem-
istry in structuring herbivore assemblages both within (Endara et al. 2015, 2017; 
Forrister et al. 2019) and across sites (Table 1, Endara et al. 2018a; Coley et al. 
2019). For 38 species of Inga coexisting at a single site in the Peruvian Amazon, 
phylogenetically controlled analyses have shown that chemistry alone explained 
30% of the total variation in the assemblage of lepidoptera larvae associated with 
young leaves. Host plant species that were more similar in chemistry were also 
more similar in their assemblage of herbivores (Endara et al. 2017). For sympatric 
host plants with similar chemistry, 20% of herbivore species were shared, whereas 
dissimilar host plants had no herbivores in common. Secondary metabolites have 
also been found to play a key role in structuring local assemblages of herbivores 
associated with other species-rich genera such as Bursera, Ficus, Protium, and 
Piper (Becerra 2007; Volf et  al. 2017; Salazar et  al. 2018; Richards et  al. 2015; 
Massad et al. 2017).

Across sites, it has proven more difficult to determine the role of chemistry, or 
any host plant trait, on the assembly of herbivore communities. Our work with Inga 
is one of the few to measure defense traits and test their effect on herbivore assem-
blages across wide geographic ranges. For Inga, across four communities that span 
Panama and the Amazon Basin in Ecuador, Peru, and French Guiana, plant defen-
sive chemistry is the main predictor structuring sawfly larvae associations 
(Hymenoptera, Argidae; Endara et al. 2018a). We expect that a similar pattern will 
emerge for Lepidoptera.

Although we have not examined large spatial effects of the entire suite of Inga 
secondary metabolites on lepidopteran herbivores, we found that the overexpression 
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of tyrosine and its derivatives constrains host plant selection by herbivores (Table 1). 
For larvae of the family Lycaenidae, expression of tyrosine and tyramine gallates in 
the young leaves decreased the probability of host association by 32% and 51%, 
respectively. Larvae of the superfamily Gelechioidea avoid hosts that express tyro-
sine and its derivatives (Coley et al. 2019). In contrast, for Noctuidae moths in Peru, 
these compounds are among the main positive predictors for host plant association 
(Endara et al. 2017), illustrating the point that chemical traits that function initially 
as defenses can become oviposition cues for specialist herbivores (Lankau 2007; 
Reudler Talsma et al. 2008). Thus, the association of different herbivore families 
with different classes of secondary metabolites suggests that each family may have 
a different set of adaptations for handling saponins, tyrosine, and its galloylated 
derivatives, with some groups being specialists at detoxifying these chemicals.

 Chemical Diversity Affects Diversity and Abundance 
of Lepidoptera

Each Inga species invests in a large diversity of compounds, with a median of 316 
unique secondary metabolites observed in a single young Inga leaf. This value 
changes from one species to another, with some species investing in as many as 
1485 unique secondary metabolites. Variation in compound diversity across species 
can potentially affect variation in the species richness and abundance of insect her-
bivores. In fact, theory has predicted that the richness of insect herbivore assem-
blages is linked to the chemical richness of their host plants (Richards et al. 2015; 
Volf et al. 2019). In this regard, useful insights can come from studies that include 
assembly of host plants that are coexisting in sympatry and are exposed to the same 
pool of herbivores.

Preliminary analyses for assemblies of herbivores associated with sympatric 
Inga species show relationships between the richness of chemical compound classes 
and the abundance and richness of herbivore species. Here, chemical class richness 
is defined as the total number of classes present in the following categories: pheno-
lic compounds (33 classes), saponins (1 class), and metabolites containing amines 
(3 classes) (Endara et al. 2018b). We also quantified gravimetrically the percent DW 
investment in metabolites. For Inga trees coexisting at the Tiputini Biological 
Station in the Ecuadorian Amazon, species with higher richness of chemical classes 
were attacked by fewer lepidopteran herbivores (R2 = −0.42, p = 0.02, Fig.  3a). 
Furthermore, the impact of chemical class richness differentially affected insect 
herbivores with contrasting diet breadths. A higher richness of chemical classes was 
negatively associated with the richness of specialist insect herbivores (lepidopteran 
herbivores with 1–3 hosts; R2 = −0.40, p = 0.007, Fig. 3b). There was no significant 
correlation for more generalist herbivores (>3 hosts). Similar patterns were found 
for coexisting Inga species at Los Amigos Biological Station at the Peruvian 
Amazon, where hosts with higher chemical richness were also associated with less 
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species-rich assemblages of specialized herbivores (R2 = −0.30, p = 0.006, Fig. 3c), 
although no relationship with herbivore abundance was found. At both sites, there 
was no significant correlation between the degree of investment in metabolites and 
the abundance or species richness of herbivores.

These results agree with the hypothesis that greater chemical diversity of host 
plants should have a stronger effect on specialist than generalist insect herbivores 
(Root 1975), given that constraints on diet specialization have led specialized herbi-
vores to be more limited in the types of defensive chemicals that they can overcome 
or circumvent (Jaenike 1990). For coexisting Piper species at La Selva in Costa 
Rica, higher diversity of high-volatility compounds also showed a greater negative 
effect on specialist herbivores than on generalist herbivores (Salazar et al. 2016a, b; 
Massad et al. 2017, but see Richards et al. 2015). Consequently, chemically diverse 
hosts would benefit from reduced herbivore pressure, since diverse mixtures of 
metabolites would allow them to be defended against a wide variety of insect ene-
mies. Together, these findings support the defensive nature of secondary metabolites 
and the idea that community-wide chemical diversity influences plant-insect inter-
actions, including aspects of species diversity and composition of herbivore assem-
blies (Coley et al. 2005; Kursar et al. 2009; Coley et al. 2018; Becerra 2015; Salazar 
et al. 2018).

 Trichomes

Trichomes, hairs on the upper and lower surfaces of the leaf, play a pivotal role in 
plant defense against herbivores (Tian et  al. 2012). In particular, foliar trichome 
density negatively influences herbivore populations by physically hindering insect 
movement and behavior and/or through toxic chemicals they produce or release 
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Fig. 3 Relationship between chemical richness and lepidopteran herbivore abundance and rich-
ness in the genus Inga. (a) Number of chemical classes vs the number of individuals of lepi-
dopteran herbivores in Tiputini, Ecuador (R2 = −0.49, p = 0.02), (b) number of chemical classes 
vs number of specialist herbivore species in Tiputini, Ecuador (R2 − 0.40, p = 0.007). (c) Number 
of chemical classes vs number of specialist herbivore species in Los Amigos, Peru (R2= −0.30, 
p = 0.006). Specialist herbivores are defined as those lepidopteran larvae associated with ≤3 Inga 
host species
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(Agrawal 1999; Horgan et al. 2009; Kessler and Baldwin 2002; Lill et  al. 2006; 
Peiffer et al. 2009; Tian et al. 2012). Some Inga species have trichomes on the sur-
face of their young leaves, with those leaves that have a higher density of trichomes 
also having longer trichomes (R2 = 0.79, p < 0.001, Endara et al. 2017). The covari-
ance between these two traits may result from a mechanism of maximizing defense. 
Interspecific variation in the length and density of trichomes explained a significant 
variation of the herbivore assemblage on different Inga hosts at Los Amigos in Peru 
(R2adj = 0.06, p  =  0.02). In particular, for species of the moth superfamily 
Gelechioidea, trichome length significantly reduced the odds of occurrence for their 
larvae (proportional odds estimate for trichome length= 0.69, 95% CI (1.05 to 
0.45)). Furthermore, correlations between trichomes and herbivore associations 
need not be negative; for example, Inga host associations of butterflies in the family 
Riodinidae correlate positively with trichome density (Table 1, R2adj=0.12, p = 0.06, 
Endara et  al. 2017). This positive association is a possible example of specialist 
herbivores using a defense that they have circumvented as a cue in host choice (e.g., 
Lankau 2007; Reudler Talsma et al. 2008).

 Extrafloral Nectaries and Ant Attraction

Inga is characterized by the presence of nectaries on leaves (i.e., extrafloral nectar-
ies) that produce nectar and attract protective ants (Koptur 1984) only during the 
short period of leaf expansion (Fig. 4a). Across Central and South America, both 
traits are highly correlated in Inga, with larger nectaries receiving higher rates of ant 
visitation (R2 = 0.12, p ≤ 0.001, Coley et al. 2018). Variation in foliar nectar produc-
tion across Inga species also results in variation in ant visitation (Bixenmann et al. 
2013), and this variation seems to affect herbivore host selection. In Peru, phyloge-
netically controlled analyses show that herbivore assemblage similarity across Inga 
hosts correlates positively with increasing similarity in the number of ants visiting 
the extrafloral nectaries (Mantel r = −0.21, p = 0.02). Furthermore, species of Inga 
that are defended by similar species of ants are also associated with similar assem-
blages of lepidopteran herbivores (Mantel r = 0.25, p = 0.09).

Although ants commonly prey on caterpillars, the probability of occurrence of 
riodinids on host plants substantially increases with the number of ants visiting a 
nectary (Table 1). For every unit of increase in the mean number of ants, the odds of 
occurrence for Riodinidae species on Inga increased by 22 times (proportional odds 
estimate for ants= 22.14, 95% CI (221.3 to 2.73)). This apparently counterintuitive 
correlation is explained by the fact that the larvae of many riodinid species are 
tended by ants (myrmecophily, Fiedler 1991, Pierce et al. 2002) in exchange for 
larval secretions that contain carbohydrates and amino acids (Pierce and Mead 
1981; Pierce 1985). A strong positive effect of ants on riodinid host plant choice is 
thus expected (Fig. 4b).
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 Chlorophyll Content and Rate of Leaf Expansion

Inga species show large variation in the expansion rate and chlorophyll content of 
young leaves consistent with adaptations to reduce the impact of herbivory (Kursar 
& Coley 1992a, b, c). Within the genus Inga, these traits are highly negatively cor-
related, probably as a result of evolutionary trade-offs (Kursar & Coley 1992a, b, c; 
Coley et  al. 2018). The species that escape herbivory by expanding their leaves 
rapidly fuel this growth by delaying the development of chloroplasts (delayed 
greening, Fig. 4a) until the leaf is fully expanded and defended by toughness (Kursar 
& Coley 1992a, b, c; Kursar and Coley 2003). Since these correlated traits are 
related to the development of the expanding leaf and fall into an independent axis of 
defense variation from other traits (Endara et al. 2017), we recognized this defense 
strategy as a developmental defense (Kursar et al. 2009).

Developmental defenses influence the time frame for which leaves are both ten-
der and nutritious, and as such, they constitute an important driver for host plant 
choice by herbivores. For example, modeling of the probability of occurrence for 

Fig. 4 (a) Extrafloral nectaries on young leaves of Inga auristellae being visited by ants in 
Tiputini, Ecuador. Credit: Thomas Kursar. (b) An ant (Ectatomma tuberculatum) tending a 
Synargis sp. (Riodinidae) on Inga thibaudiana in Los Amigos, Peru. Credit: Maria Jose Endara. (c) 
A Gelechiidae larva webbing young leaves of Inga bourgonii in Tiputini, Ecuador. Credit: Thomas 
Kursar. d) Sawfly larvae (Argidae sp.) feeding on young leaves of Inga capitata in Los Amigos, 
Peru. Credit: Maria Jose Endara
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larvae of the moth superfamily Gelechioidea across widely separated communities 
in Central and South America suggests that these herbivores prefer host plants with 
a relatively low rate of leaf expansion (Table 1). For every unit of increase in the rate 
of leaf expansion, the odds of occurrence for Gelechioidea species on Inga decreased 
by half (proportional odds estimate for leaf expansion rate = 0.61, 95% CI (0.88 to 
0.42)). Gelechioidea have a wide range of feeding habits, with Inga-associated lar-
vae mostly showing leaf-mining, webbing, and scraping habits (Fig. 4c). Variation 
in leaf development could be particularly important for these intimate feeding strat-
egies because they need more time for successful development and are confined to 
a single leaf during their entire larval stage. The three-dimensional structure of leaf 
mines and webs is both dependent on the structure of leaf tissues, and rapidly 
expanding tissues may not be compatible with suitable structures, microhabitats, or 
nutrient supply (Pincebourde and Casas 2006; Ayabe et  al. 2018; Aoyama and 
Ohshima 2019).

In contrast, myrmecophilous Riodinidae larvae (Fig. 4b) are more likely to occur 
on Inga trees with rapidly expanding leaves (Table 1), with the odds of occurrence 
almost doubling for every unit of increase in the rate of leaf expansion (proportional 
odds estimate for leaf expansion rate= 1.7, 95% CI (2.6 to 1.08)). It has been sug-
gested that ant-tended riodinids have been selected to feed upon nitrogen-rich plants 
in order to meet the energetic requirements for their own development as well as the 
secretion of amino acids for the attendant ants (Pierce 1985). Leaf expansion rate is 
positively correlated with the nitrogen content of expanding leaves. Thus, riodinids 
prefer Inga species with rapidly expanding leaves because they have more nitrogen.

 Synchrony and Timing of Young Leaf Production: 
Phenological Defenses

Synchronization and timing of leaf production define windows of food availability 
for insect herbivores. Adaptive modification of these traits has been shown to be 
important in antiherbivore defense by Feeny (1976), Aide (1993), Coley and Kursar 
(1996), and more recently Lamarre et al. (2014). High synchrony in new leaf pro-
duction, particularly if it is community wide, can exceed the ability of the herbi-
vores that are present at that time to eat all the leaves. It could also impose tight 
phenological tracking on specialist herbivores. Although the phenology of tropical 
herbivores has been little studied, previous work has suggested that peaks of abun-
dance for insect herbivores, particularly for those with narrow host ranges, may 
reflect the availability of their principal food resource, young leaves (Checa et al. 
2009; Kishimoto-Yamada et al. 2010; Kishimoto-Yamada and Itioka 2015). Since 
young leaves are an ephemeral resource, it seems clear that food availability is lim-
ited. Field surveys often show a tight correlation between peaks of leaf production 
and peaks of herbivory (Murali and Sukumar 1993; Lamarre et al. 2014), suggesting 
that insect herbivores track production of their key food resource, especially of 
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plants in which production of young leaves is highly synchronized. In that case, 
individual plants that flush early are favored by suffering less herbivory, probably 
because fewer specialist herbivores are present at the beginning of a peak of flush-
ing (Murali and Sukumar 1993).

Our studies in the Peruvian Amazon have shown that the phenology of Inga leaf 
production is an important predictor for host plant selection by lepidopteran herbi-
vores (Endara et al. 2017). In particular, for larvae of the moth family Erebidae, 
Inga with flushing peaks in June–July and October–November were preferred over 
species that flushed during other times of the year (Table 1, R2adj = 0.13, p = 0.04). 
In addition, Erebidae larvae were mainly associated with Inga hosts that are highly 
synchronous (Table 1), with their probability of occurrence more than doubling for 
every unit of increase in the degree of synchrony in leaf production (proportional 
odds estimate for synchrony in leaf production= 2.7, 95% CI (5.58 to 0.97)). Thus, 
timing of flushing and synchrony in leaf production are important variables for host 
plant selection by herbivores.

 Constraints on Host Specialization

The “arms race” paradigm predicts that interactions between plants and insect her-
bivores may drive diversification and trait evolution in both groups, leading to phy-
logenetic signal in plant defenses and in host plant use by insect herbivores (Ehrlich 
and Raven 1964). Our findings in Inga are consistent with the hypothesis that Inga- 
herbivore interactions drive defense trait evolution, but in contrast to the classic 
phylogenetic signal paradigm, we found closely related Inga species to present sub-
stantial differences in defenses (Kursar et al. 2009). This suggests that herbivore 
selective pressure has promoted rapid and divergent evolution of anti-herbivore traits.

In addition, although the Ehrlich and Raven paradigm predicts host plant use by 
insect herbivores to be phylogenetically conserved (Ehrlich and Raven 1964; Brooks 
and McLennan 2002), we found Lepidoptera on Inga to shift between distantly 
related hosts, disrupting any signal of codiversification (Endara et al. 2017). Rather 
than a phylogenetically structured arms race model of reciprocal coevolution, our 
results support recruitment of herbivore assemblages through a process of ecologi-
cal sorting based on Inga host defenses (Endara et al. 2017; Endara et al. 2018a). 
This is exemplified by the three most abundant families of Lepidoptera associated 
with Inga trees in Peru. Closely related herbivores in each of the Gelechioidea, 
Erebidae, and Riodinidae are associated with Inga species that share similar 
defenses rather than close phylogenetic relationships. These results imply that her-
bivores are tracking resources for which their behaviors, morphologies, and physi-
ologies are to some extent pre-adapted (Janzen 1985; Agosta and Klemens 2008). 
Adult Lepidoptera must synchronize oviposition with the timing of leaf production, 
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and larvae must match growth rates with the leaf expansion phase; handle nutri-
tional, chemical, physical, and biotic defenses; as well as minimize predation. 
Switches to novel hosts with divergent defenses would require simultaneous changes 
in many of these herbivore adaptations (Brooks and McLennan 2002). It appears 
that closely related lepidopteran herbivores are similar in this complex set of adap-
tations and consequently constrained to feed on hosts with similar defenses.

A more detailed phylogenetic analysis with another group of insects associated 
with Inga suggests that the tracking of defenses in evolutionary time might be a 
general pattern for specialized herbivores (Endara et  al. 2018a). Inga-associated 
sawflies (Hymenoptera: Argidae) are highly specialized insect herbivores, whose 
larvae feed on expanding leaves of only one to two host plant species (Fig. 4d). 
Sawflies often sequester or modify toxic host compounds for use in anti-predator 
defense (Eisner et al. 1974; Petre et al. 2007; Boevé et al. 2013) and are often highly 
dependent on the host plant chemistry.

Across Panama and the Amazon basin, more than 90% of diversification events 
of Inga-associated sawflies involved shifts between Inga species with similar defen-
sive chemistry, regardless of phylogenetic relatedness. Although most of these 
events occurred in allopatry, host switching in sympatry also involved chemically 
similar Inga. For example, within French Guiana sawfly MOTU (molecular opera-
tional taxonomic unit) 9 attacked Inga jenmanii, and a sister taxon MOTU 10 
attacked I. obidensis. Both host plant species have a defensive chemistry based on 
galloylated tyrosine phenolics, but are not closely related phylogenetically (Endara 
et  al. 2018a). There were few sawfly examples of host shifts to novel hosts that 
expressed different classes of chemical defenses, suggesting that ecological specia-
tion is much rarer than defense tracking. Thus, in a manner analogous to Lepidoptera, 
sawfly diversification (often allopatric) seems largely constrained to colonization of 
chemically similar hosts for which they have appropriate adaptations.

The macroevolutionary patterns we observe with insect herbivores appear to 
reflect genetic and developmental constraints, but not in the classic sense. 
Traditionally, the use of host plants by phytophagous insects has been considered 
conserved at both ecological and evolutionary time scales, with closely related her-
bivores associated with closely related plants across multiple levels of phylogenetic 
divergence. However, insects appear to shift hosts much more frequently than 
expected (Agosta 2006; Janz 2011), which was initially considered to be evidence 
of high lability in the evolution of host association. However, analytical advances, 
such as phylogenetic structural models, that allow the combination of phylogenetic 
and host plant trait information (e.g., Hadfield 2010) have shown that, in reality, 
herbivore traits involved in host plant choice are evolving slowly, and host shifts 
depend more on existing host-choice traits. This suggests that plant defenses deter-
mine the extent of host choice in both ecological and evolutionary time scales. 
Therefore, improving our understanding of the ecology and evolution of plant- 
herbivore interactions will require close attention to host plant defenses.
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 Plant Traits Influence Herbivore Interactions with the Third 
Trophic Level

Herbivores not only are challenged by plant defenses but are also confronted with 
attack by the third trophic level. In lowland tropical rainforests, rates of predation 
and parasitism for larval Lepidoptera can be very high. Surveys in the Amazon 
using clay caterpillars found rates of attack to be 65%/caterpillar/day primarily due 
to arthropod predators, a rate almost ten-fold higher than in temperate forests 
(Roslin et al. 2017; Coley et al. 2018). Rates of attack to clay caterpillars are similar 
to those of cryptic, undefended real caterpillars (Richards and Coley 2007). 
Parasitism averages ~20% in both tropical and temperate systems (Dyer & Coley 
2002) with some tropical studies finding that up to 43% of larvae are parasitized 
(Connahs et al. 2011).

Several plant nutritional and defensive traits appear to influence the vulnerability 
of larvae to the third trophic level. Although release of volatile organic compounds 
following damage has been shown to attract predators and parasitoids (Aartsma 
et al. 2017), we have no evidence of this in Inga. Instead, extra-floral nectaries serve 
to attract predators, especially ants (Bixenmann et al. 2011 & 2013). We suggest 
that the relative rarity of mature leaf feeders in tropical forests may be because the 
high tannin and low nutritional content of mature leaves extends developmental 
times, thereby prolonging the period when they could be attacked by natural ene-
mies (Coley et al. 2006). As a consequence, mature leaf feeders have more defenses 
such as hairs, gregarious behavior, and warning colors and are rejected by ants in 
feeding trials. If mature leaf feeders are defended with chemicals, we predict that 
these will be synthesized by the caterpillar, as tannins, the most common compound 
class in mature leaves, are not feasible to sequester. In contrast, caterpillars that feed 
on fast-expanding young leaves have a short period before the leaf toughens and 
becomes unpalatable, so they must grow fast. The high nitrogen and water contents 
and low chemical defenses permit fast larval growth. They tend to be cryptic and 
highly palatable to ants in feeding trials. In contrast, caterpillars feeding on slow 
expanders have intermediate growth rates and apparently invest more in defense, as 
they are less preferred by ants. Because slow-expanding leaves have high concentra-
tions of chemicals, including low molecular weight molecules, caterpillars may 
have the opportunity to sequester the compounds of the host plant. Thus, the type of 
plant defense may shape the growth and defense strategies of herbivores and, in 
turn, their susceptibility to the third tropic level.

 Global Climate Change Will Affect Insect Herbivores Through 
Changes Experienced by Their Host Plants

A growing body of studies has documented the impact that climate change and 
extreme weather events are having on plants and animals. This impact is predicted 
to be particularly disruptive for multispecies interactions (Tylianakis et al. 2008), 
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and to increase with the level of specialization in interaction networks (Salcido et al. 
2020), since these interactions are susceptible to the phenology, physiology, and 
behavior of multiple species. In this review, we showed how the tight ecological and 
evolutionary relationships that exist between plant defenses and host plant choice 
have shaped the high levels of host specialization we observe in tropical forests. 
Thus, it would not be surprising if plant-herbivore interactions in the tropics were to 
be at a particularly high risk of perturbation by climate change (Tylianakis 
et al. 2008).

Many global change studies have focused on temperate ecosystems (Feeley et al. 
2017), but only a handful have dealt with herbivory (Tylianakis et  al. 2008). 
Increases in temperature and the length of the dry season can directly influence 
herbivores’ survival and development, but changes experienced by their host plants 
will also have impacts (Coley 1998, Cornelissen 2011). Below we discuss how two 
major plant traits, defensive chemistry and phenology of young leaf production, 
might change. We have no data on how other defenses, such as nectar production at 
extra-floral nectaries, leaf expansion rates, and trichome density, would respond, but 
we suspect they may show less change.

In general, the predicted increase in depositions of CO2 is expected to modify 
plant quality and defensive chemistry. A surge in carbon availability for plant tissue 
induces an increase in the C/N ratio, producing a “nitrogen dilution effect” (Coley 
1998; Bidart-Bouzat and Imeh-Nathaniel 2008; Robinson et al. 2012; Welti et al. 
2020) that decreases the nutritional quality of leaves for herbivores (Lincoln et al. 
1986; Robinson et  al. 2012). The excess in carbon for plant growth can also be 
shunted into secondary metabolites, producing an increase in carbon-based defen-
sive compounds such as terpenes and phenolics (reviewed in Coley 1998; Tylianakis 
et al. 2008, Ryan et al. 2010). Nevertheless, a decline in C-based compounds has 
been detected as well (Vanette and Hunter 2011; Decker et al. 2019).

Variations in plant tissue associated with higher atmospheric CO2 have been 
related to alterations in herbivore performance and host choice preferences. 
Although herbivores can compensate for reduction of nutritional quality in plant 
leaves by higher consumption rates (Stiling and Cornelissen 2007), they still show 
substantial decreases in relative growth rates and pupal weight (Stiling and 
Cornelissen 2007), as well as extended developmental times (Goverde and Erhardt 
2002; Smith and Jones 2002). These patterns are particularly exacerbated in chew-
ing herbivores, such as caterpillars (Bidart-Bouzat and Imeh-Nathaniel 2008; 
Cornelissen 2011). Compensatory feeding has also been observed for specialized 
herbivores that sequester toxic chemicals from their hosts, presumably to maintain 
the appropriate concentration of sequestered compounds (Decker et al. 2019). In 
addition, herbivores have responded to variations in plant tissue quality by switch-
ing hosts or the plant parts on which they prefer to feed (Williams et al. 1997; Agrell 
et al. 2005). Such alterations in herbivore development and behavior have the poten-
tial to make herbivores more vulnerable to predation and parasitism (Stiling et al. 
1999; Decker et al. 2019), with a subsequent reduction in herbivore diversity and 
abundance (Cornelissen 2011). Studies that span multiple decades have already 
documented widespread declines in Lepidoptera abundance for temperate regions 
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(Thomas et al. 2004; Schultz et al. 2017) and in generalist caterpillars and parasit-
oids in intact tropical forests (Salcido et al. 2020).

Changes in climatic factors, such as temperature and rainfall patterns, and the 
associated shift in phenological synchrony of life history events between interacting 
species, are among the most pronounced consequences of rapid environmental 
change (Bidart-Bouzat and Imeh-Nathaniel 2008; Yang and Rudolf 2010; 
Cornelissen 2011). For insect herbivores, synchronization with the phenology of 
their host plants is crucial. Key stages in the life cycles of herbivorous insects, such 
as egg deposition, diapause, migration, and possibly mating, must be synchronized 
with the availability of their principal food resource, expanding leaves. In temperate 
regions, global warming has advanced budburst timing, producing a phenological 
mismatch between plants and their insect herbivores (Bidart-Bouzat and Imeh- 
Nathaniel 2008; Yang and Rudolf 2010; Cornelissen 2011). The result is the altera-
tion of tightly coevolved species interactions, whose broad implications are still not 
well understood (Yang and Rudolf 2010; Burgess et al. 2018).

In tropical forests, the climatic drivers of leaf production are still unclear (Cleland 
et al. 2007; Girardin et al. 2016; Hubert-Wagner et al. 2017). In the Amazon, leaf 
production in aseasonal forests (where no substantial moisture stress is experienced 
during the whole year, as in the northwest Amazon) has been shown to be 
precipitation- driven (Asner et al. 2000; Girardin et al. 2016, but see Hubert-Wagner 
et  al. 2017). In forests with a marked dry season (e.g., southeastern Amazonian 
forests), leaf production is more sensitive to solar radiation (Bi et al. 2015; Hubert- 
Wagner et al. 2017). Because shifts in precipitation and radiation, such as an increase 
in drought events in the Amazon (Li et al. 2006), are predicted to occur in concert 
with rising global temperatures (Cleland et  al. 2007), phenological synchrony 
between plants and their insect herbivores is likely to be particularly sensitive to 
climate change. As discussed earlier, insect herbivores closely track young leaf pro-
duction of their host plants in Amazonian forests, and extensive mismatches between 
the phenology of hosts and their herbivores could have far-reaching effects.

Because climate-induced changes can have pervasive effects on a range of plant 
traits, as well as directly on the many species of herbivores, it is difficult to make 
precise predictions of community responses. Furthermore, climate change could 
influence the abundance of host plant species at a given site. We suggest that gener-
alist herbivores may be the most resilient to changes in plant chemistry, phenology, 
and abundance as they are able to feed on a variety of hosts. However, most insect 
herbivores on Inga (Fig. 2) and in the tropics in general (Forister et al. 2015) are 
quite specialized, so shifts in host plant traits could have more severe impacts for 
tropical herbivores.

 Conclusions

In this chapter, we used the Neotropical tree genus Inga and its associated insect 
herbivores to illustrate the tight relationship that exists between plant defenses and 
host plant choice by herbivores and their role in shaping the high levels of host 
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specialization observed in tropical forests. Related herbivores show a strong signal 
of feeding on Inga species with similar defenses rather than similar ancestry. 
Furthermore, Inga species with more classes of secondary metabolites are fed on by 
a fewer number of specialist herbivore species. Many studies on host range for 
insect herbivores at ecological and evolutionary levels focus on the role of host plant 
phylogeny and do not include information on host defensive traits. We argue that 
hypotheses exploring the role of host range in herbivore ecology and evolution 
should incorporate host defenses, or “host resources” sensu Brooks and McLennan 
(2002), including food availability. They should also incorporate phylogenetic rela-
tionships between species in each trophic level (Endara et al. 2018a).

Although the diversity of insect herbivores and their host plants in the Neotropics 
is among the highest in the terrestrial world, there is an evident lack of long-term 
and multi-site studies. This has slowed understanding of the factors structuring her-
bivore assemblages at a single site, as well as our understanding of the processes 
shaping host association and species divergence at regional scales. Similarly, much 
global change research has been geographically and taxonomically biased toward 
temperate ecosystems, despite the acknowledgement that plant-herbivore interac-
tions in the tropics might be at a higher risk due to global change perturbations. 
Thus, we need comprehensive long-term studies in the tropics that include plants, 
insects, species traits, and the effect of multiple drivers of global environmental 
change if we want to make reliable predictions of the effect of climate change on 
species interactions and its escalated effect for the entire community.
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 Introduction

Ecological specialization generates and maintains biological diversity through evo-
lutionary divergence between populations and subsequent coexistence between spe-
cies (Allio et al. 2021; Braby and Trueman 2006; Gloss et al. 2016; Wiens et al. 
2015). Dietary specialization typifies the life histories of most Lepidoptera (Forister 
et al. 2015), nearly all species of which are herbivorous (Wagner and Hoyt, Chapter 
“On Being a Caterpillar: Structure, Function, Ecology, and Behavior”). This form of 
ecological specialization is driven by both bottom-up (host plant quality and 
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defenses) and top-down (enemies) selective forces (Lawton and McNeill 1979; 
Bernays and Graham 1988). In either case, specialization revolves around so-called 
plant secondary compounds – those chemicals not typically required for primary 
plant growth, maintenance, and reproduction – although some clearly are used by 
plants as signaling molecules within defense pathways (Clay et al. 2009). Plants 
produce an enormous diversity of secondary chemicals, and the raison d'être of 
many of these is that they function as toxic anti-feedants (Fraenkel 1959). A para-
dox is that these same toxins can become co-opted by specialized arthropods, 
including Lepidoptera, as host-finding cues, feeding/oviposition stimulants (or anti- 
stimulants, in the case of compounds to which the insect is not adapted), and defen-
sive mechanisms for the arthropods themselves. The biology of lepidopteran larvae 
(caterpillars) has played a central role in the development of the field of coevolution. 
Foundational papers on the topic, including ones by Ehrlich and Raven (1964) and 
Berenbaum (1983), focus on patterns of host use in caterpillars as they relate to 
secondary chemistry.

Dietary specialization in Lepidoptera requires the ability to mitigate the toxic 
effects of these secondary compounds, which we broadly define as detoxification. 
In this chapter, we focus on detoxification strategies deployed by specialized cater-
pillars for exemplar toxins at two ends of the mode of action spectrum: cardiac 
glycosides (CGs) and glucosinolates (GSLs). Studies of these two classes of toxins 
have been foundational for our understanding of plant-caterpillar interactions 
(Fig. 1).

One mode-of-action strategy for plant toxins is to target highly conserved essen-
tial proteins or even specific amino acid residues found in animals but not in plants. 
The targeting of proteins used in nervous and circulatory systems is particularly 
widespread. Among such toxins, the best studied are the CGs, which bind to the first 
extracellular loop of the sodium/potassium ATPase (Na+/K+-ATPase; Fig. 1b). CGs 
contain three structures: a steroid core, a 5-(cardenolides) or 6-(bufadienolides) 
membered lactone ring, and sugar residue(s). These toxins evolved in ca. 60 genera 
from 12 plant families as well as in toads (Bufonidae) and fireflies (Lampyridae; 
Agrawal et al. 2012). Because plant genomes do not encode a copy of the Na+/
K+-ATPase, they do not suffer from its toxic effects.

The process of detoxification in all animals, not just insects, can be divided into 
three phases of xenobiotic metabolism: phase I is the functionalization step of 
detoxification characterized by oxidation, hydrolysis, and reduction reactions; 
phase II is the conjugation step in which lipophilic compounds are converted into 
more hydrophilic ones to facilitate excretion or sequestration; and in phase III 
excretion takes place (Amezian et al. 2021; Nakata et al. 2006). As we will discuss 
later, strategies to detoxify CGs that involve proteins active in these phases have 
evolved in several insects. However, an important alternative strategy in Danainae 
butterflies and other herbivores specialized on CG-producing plants involves target 
site insensitivity (TSI). TSI describes a biophysical phenomenon in which the toxic 
ligand fails to bind (or binds poorly) to the target site owing to “alteration in struc-
ture or accessibility” (Berenbaum 1986 citing Brooks 1976). Several insects have 
evolved to sequester CGs from their host plants in response to pressure from the 
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Fig. 1 (a) Upon attack by caterpillars (1), plants activate defense responses. In the case of 
Brassicaceae species, a reservoir of aliphatic glucosinolates (GSLs) is turned into toxic isothiocya-
nates (ITCs), activating the “mustard oil bomb” (2). In plants from all families, an intricate signal-
ing network regulates production of heightened levels of defensive chemicals on top of a pre-made 
reservoir of stored chemicals. Such plant immune responses are activated after plants recognize the 
onset of attack through cell-surface and intracellular receptors (3). Brassicaceae species in the 
genus Erysimum produce toxic cardiac glycosides (CGs) in addition to producing GSLs (Züst et al. 
2020). CGs are further produced by milkweeds and other Apocynaceae, plus species in 11 other 
plant families (Agrawal et al. 2012; 4). (b) CGs derive their toxicity from blocking activity of the 
caterpillars’ sodium/potassium ATPases (Na+/K+-ATPases). (c) Caterpillars of the monarch but-
terfly engage in leaf vein-cutting or laticifer clipping behavior. On the left, a caterpillar cut the 
main mid-vein of a milkweed leaf and can now feed on a leaf with impaired defensive capabilities. 
On the right, a caterpillar died from exposure to CG-rich latex before it could disable this highly 
effective defensive barrier. (Cartoons by Simon C. Groen and Sophie Zaaijer, photos by Simon 
C. Groen)
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third trophic level, in some cases by co-opting through gene duplication phase III 
drug transporters that originally evolved to remove CGs, which we will elaborate 
upon below.

At the other end of the spectrum, many plants produce non-toxic precursor 
glucoside molecules that are hydrolyzed, upon tissue damage, to toxic antiherbi-
vore compounds by one or more β-glucosidases stored elsewhere (Fig.  1a). 
However, this reaction can yield toxins that are also auto-toxic to plants (Morant 
et al. 2008). Cyanogenic glycosides and their evolutionary derivatives, the GSLs, 
are well- studied examples of precursors relevant to caterpillars, as are iridoid and 
benzoxazinoid glucosides. GSLs are found only in plant species of the Brassicales 
and in the distantly related tropical tree genera Drypetes and Putranjiva 
(Malpighiales: Putranjivaceae; Rodman et al. 1998). As such, GSLs are used as 
host-finding/oviposition cues and feeding stimulants for many specialized insects. 
Interactions between GSLs and Pieris spp. gave rise to the field of chemical ecol-
ogy, owing to Verschaffelt’s 1910 study in which GSLs painted on non-host leaves 
stimulated feeding by Pieris spp. caterpillars, the first bona fide experiment show-
ing that plant secondary compounds could be co-opted in this way. Some of the 
more toxic hydrolysis products of aliphatic GSLs, derived primarily  from the 
amino acid methionine, are the isothiocyanates (ITCs), which give wasabi and 
other mustards their peppery and pungent taste. ITCs are general toxins that 
widely target nucleophilic residues such as exposed cysteine and lysine residues 
in proteins as well as DNA. In this case, full TSI could not evolve because the 
toxin is so promiscuous. Instead, a common strategy in Brassicaceae-feeding 
insects is to “disarm” the mustard oil bomb by preventing the formation of the 
ITCs through desulfation of the GSLs (e.g., in Plutella spp.) or diversion of 
hydrolysis products to nitriles (e.g., in Pieris spp.); this has occurred in both cases 
through a process of gene duplication and neofunctionalization (see references 
below). In generalists, or more recently derived specialists, the main route of GSL 
detoxification is a metabolically expensive strategy: the use of phase II detoxifica-
tion enzymes (specifically glutathione S-transferases). Bacterial symbionts are 
able to hydrolyze ITCs, potentially facilitating colonization of GSL-bearing 
plants. Indolic GSLs, derived from the amino acid tryptophan, do not form stable 
ITCs, but rather are hydrolyzed into compounds that are oxidized by phase I 
enzymes. Thus, four of the principle means of detoxification (TSI, modification 
via phase I, conjugation via phase II, and excretion via phase III enzymes) can be 
subsumed by CGs and GSLs and will now be the subject of more detail.

We will use these two toxin classes to illustrate the different mechanisms by 
which caterpillars interact with toxins in general but will extend our discussion to 
other life stages, toxins, and plant-insect interactions to indicate potentially general 
mechanisms or to supplement known gaps in knowledge of how caterpillars interact 
with GSLs and CGs. We will start by providing an overview of functionally 
described proximate mechanisms of detoxification in Lepidoptera and then use this 
as a platform for diving into what is known about ultimate evolutionary patterns of 
Lepidoptera in response to their plant hosts.
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 Proximate Mechanisms of Detoxification

Resistance to host plant toxins evolves through different behavioral, physical, and 
physiological mechanisms including avoidance of toxin ingestion, reduced penetra-
tion through surface membranes such as the cuticle and gut lining, TSI, and active 
detoxification through metabolic enzymes (Li et al. 2007). These mechanisms often 
can be found in combination, providing a multi-tiered protection against toxins 
(Beran et al. 2018).

 Behavioral

Studies across Lepidoptera and beyond have established functional roles for mem-
bers of at least five chemoreceptor gene families in mediating behavioral avoidance 
of, or attraction to, plant odors and tastants that act as chemical signals. Chemical 
sensing starts through binding of an external ligand (e.g., a plant volatile) to recep-
tor proteins that are located in the dendritic membrane of chemosensory neurons, 
such as those found in antennae (peripheral events). This interaction is then trans-
lated into an electrical cue to the central nervous system. Most of the chemorecep-
tors expressed in insect sensory organs are members of three main families, the 
gustatory, ionotropic, and odorant receptors (GRs, IRs, and ORs, respectively; 
Depetris-Chauvin et  al. 2015). Added to these are receptors from the transient 
receptor potential (Trp) and degenerin/epithelial sodium channel (DEG/ENaC) or 
pickpocket (ppk) families, as well as the insect orphan G-protein-coupled DmXR 
protein (Depetris-Chauvin et al. 2015). Although members of these latter families 
are tightly involved in chemoreception in the main genetic model insect, the “fruit” 
fly Drosophila melanogaster (Benton et al. 2006, 2009; Matsuura et al. 2009; Mitri 
et al. 2009; Scott et al. 2001; Zelle et al. 2013), DEG/ENaC and DmXR orthologs 
have not yet been functionally described in Lepidoptera. Because of this, we will 
not discuss these further.

 Olfactory Receptors

Insects detect a wide set of plant volatiles through expressing ORs in olfactory sen-
sory neurons. OR function relies on an obligate partner, Orco, which is an OR itself 
(Benton et al. 2006). Indeed, knocking out Orco with CRISPR gene editing leads to 
largely disrupted foraging and oviposition behaviors of juvenile and adult moths 
toward host plants, as was observed for the silkmoth Bombyx mori (Bombycidae), 
the tobacco hawkmoth Manduca sexta (Sphingidae), and the Egyptian cotton leaf-
worm Spodoptera littoralis (Noctuidae; Fandino et  al. 2019; Koutroumpa et  al. 
2016; Liu et al. 2017). In one moth species, the importance of ORs in host plant 
detection was narrowed down to the level of an individual OR: CRISPR knockout 
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individuals for Or42  in the cotton bollworm Helicoverpa armigera (Noctuidae) 
were impaired for host detection because they could not sense phenylacetaldehyde 
(Guo et al. 2021). ORs also form one of the mechanisms through which at least 
adult insects may perceive ITCs. In the diamondback moth Plutella xylostella 
(Plutellidae), ITCs stimulate oviposition by gravid females, and this response relies 
on the combined activity of Or35 and Or49 (Liu et al. 2020).

 Ionotropic Receptors

A second class of receptors involved in sensing a wide set of plant volatiles is that 
of the IRs, which do not depend on Orco function (Benton et al. 2009). There is 
currently no evidence for a role of IRs in mediating caterpillar responses to ITCs or 
other volatile chemicals emitted from plants. However, a functional genetic study in 
M. sexta observed that adult females are deterred from ovipositing on two host 
plants, Nicotiana attenuata and Datura wrightii, when plants are already occupied 
by a feeding caterpillar from the same species or another such as S. littoralis (Zhang 
et al. 2019a). This avoidance behavior is displayed upon detection of the caterpillar 
frass-emitted carboxylic acids 3-methylpentanoic acid and hexanoic acid and medi-
ated through Ir8a, which was verified through abolishing Ir8a function using 
CRISPR (Zhang et al. 2019a).

 Gustatory Receptors

With one recent exception involving Pieris rapae and GSLs (Yang et al. 2021a, b), 
the GRs that insect taste sensilla express have only been functionally described in 
Lepidoptera when sensing chemicals not considered defensive chemicals. In 
Plutella xylostella, which specializes on GSL-containing plants, caterpillars made 
foraging decisions partially based on sensing the canonical plant hormones brassi-
nolide and 24-epibrassinolide via Gr34 (Yang et al. 2020). This was functionally 
verified through RNA interference/RNA silencing (RNAi) of Gr34 expression 
(Yang et al. 2020). That GRs can have dramatic effects on plant acceptance or rejec-
tion by caterpillars was demonstrated for larvae of the mulberry (Morus alba) spe-
cialist B. mori, where knocking out Gr66 with CRISPR led to the acceptance of a 
wide variety of plant species unrelated to mulberry when foraging. This stood in 
stark contrast to foraging patterns of wild-type B. mori caterpillars, which retained 
a strong feeding preference for mulberry (Zhang et al. 2019c).

 Transient Receptor Potential Channels

One of the main mechanisms by which insects and other animals may sense ITCs 
and other, often bitter, electrophilic plant compounds with deterrent effects is 
through transient receptor potential (Trp) channels (Kang et al. 2010). Functional 
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genetic studies in D. melanogaster  revealed the Trp channels TrpA1 and Painless to 
be involved in sensing ITCs, as knockout mutant flies showed a reduction in aver-
sive responses to ITCs (Al-Anzi et al. 2006; Kang et al. 2010). Although more stud-
ies are needed in Lepidoptera, for now at least, we know that TrpA1 and Painless are 
expressed in sensory organs of the Brassicaceae specialist P. rapae (Mao et al. 2020) 
and that one of the “model” ITCs, allyl ITC (AITC), activates the TrpA1 channel in 
the generalist Helicoverpa armigera (Wei et al. 2015). Furthermore, there is func-
tional evidence that TrpA1 is involved in tasting bitter compounds in caterpillars of 
Manduca sexta (Afroz et al. 2013).

 Non-receptor Chemosensory Gene Families

Before reaching a herbivore’s chemoreceptor, plant compounds travel through the 
lymph that fills the sensilla housing the dendrites of chemosensory neurons. This 
sensillar lymph contains a variety of water-soluble proteins, including members of 
two closely related families, the odorant-binding proteins (OBPs) and chemosen-
sory proteins (CSPs; Vieira and Rozas 2011). Although these proteins are highly 
abundant, much about them is still unknown. Most likely, OBPs and CSPs mediate 
the solubilization and transport of generally hydrophobic odorants through the sen-
sillar lymph and thereby regulate the sensitivity of the olfactory system (Leal, 2013; 
Vieira and Rozas 2011).

OBPs and CSPs typically contain six and four positionally conserved cysteine 
residues, respectively, which could have particular ecological relevance in 
Brassicaceae specialists such as Plutella xylostella. The exposed cysteines could 
make OBPs vulnerable to attack by reactive electrophiles such as the ITCs that 
mustard plants produce. A study of another Brassicaceae specialist, the fly 
Scaptomyza flava (Drosophilidae), observed a striking loss of OBPs (Gloss et al. 
2019b). Losses were particularly apparent within the Plus-C OBP subfamily whose 
member genes encode six additional cysteine residues compared to other OBPs 
(Zhou et al. 2004), which might render them even more vulnerable to ITCs. Loss of 
OBPs may in this scenario contribute to a lower sensitivity of Brassicaceae special-
ists to the deterrent effects of ITCs.

On the other hand, OBPs and CSPs may have a detoxification function in the 
strict sense if they can remove harmful ligands such as ITCs from the peripheral 
nervous system. Moreover, expression of OBP and CSPs is not restricted to the 
olfactory tissues; they may also participate in detoxification of plant defensive 
chemicals in other tissues such as the gut (Bautista et al. 2015), although this still 
awaits experimental support (Pelosi et al. 2018). Such potential multiple functions 
in xenobiotic responses make it difficult to formulate predictions for how OBPs 
may evolve in response to the presence of host plant-derived ITCs. When character-
izing the genomes of Lepidoptera that are Brassicaceae specialists, such as Plutella 
xylostella, and those of Lepidoptera that are not, such as the monarch butterfly 
(Danaus plexippus), there is no obvious difference in the number of OBPs in their 
genomes: 38 and 32, respectively (Cai et al. 2020; You et al. 2013; Zhan et al. 2011). 

Ecology and Evolution of Secondary Compound Detoxification Systems in Caterpillars



122

A similar pattern was visible for the CSP gene family, with 31 CSPs for P. xylostella 
and 34 CSPs for the monarch (You et al. 2013; Zhan et al. 2011).

While there is at least some mechanistic knowledge of how caterpillars sense 
potential host plants from the Brassicaceae that give rise to ITCs, virtually nothing 
is known about how herbivores sense plants that store less reactive toxins such as 
CGs (Agrawal et al. 2021). It will be fascinating to find out more about the molecu-
lar mechanisms that give rise to complex adaptive behaviors such as the leaf vein-
cutting behavior displayed by larvae of the monarch and several other herbivores of 
milkweeds, including the milkweed tussock moth Euchaetes egle (Arctiidae) 
(Dussourd and Eisner 1987). Via a process of elimination, a series of experiments 
suggested that polar (water-soluble) CGs or non-CG chemicals might stimulate this 
behavior in monarch caterpillars (Helmus and Dussourd 2005). Deactivating the 
latex-containing canals in veins of milkweed leaves (which contain concentrated 
CGs) reduces exposure to toxic CGs, making this a life or death matter (Fig. 1c).

 Prevention of Defense Response Induction

While behaviors such as selection of host plants and tissues as well as laticifer clip-
ping are effective ways to avoid or, in the case of certain specialist herbivores, per-
haps seek exposure to toxic plant defensive chemicals, there are further mechanisms 
that have evolved to prevent activation of plant defenses upon engagement of lepi-
dopterans with host plants. Through expressing enzymes with immuno-suppressive 
effects on the host plant, caterpillars could actively stop plants from inducing toxin 
production upon feeding. One widespread mechanism is for caterpillars to produce 
glucose oxidase in their saliva (Eichenseer et al. 2010). Glucose oxidase is the most 
highly abundant salivary enzyme in H. zea and other caterpillars, converting 
D-glucose and molecular oxygen to D-gluconic acid and hydrogen peroxide (Musser 
et  al. 2002). The hydrogen peroxide in turn elicits a burst of salicylic acid (SA) 
production by the host plant, which suppresses the synthesis of higher levels of 
defensive chemicals through interference with plant defensive signaling by jas-
monic acid (JA) and ethylene (Fig. 1a; Diezel et al. 2009). JA/SA antagonism and 
its modulation by ethylene likely evolved in the last common ancestor of angio-
sperms (Groen and Whiteman 2014; Thaler et al. 2012a, b). The conserved nature 
of JA/SA antagonism may partially explain the pattern that caterpillars of highly 
polyphagous species were more likely to possess relatively high levels of glucose 
oxidase activity than caterpillars from more specialized species (Eichenseer 
et al. 2010).

Another mechanism of preventing plant production of defensive chemicals is to 
evade molecular detection of attack by plant receptor proteins that survey plant cells 
(Fig. 1a; Ngou et al. 2021; Yuan et al. 2021a, b). A particularly well-studied exam-
ple can be found in the interaction between cowpea (Vigna unguiculata) and cater-
pillars. This plant activates production of defensive chemicals upon recognition of 
so-called inceptin-related peptides, present in caterpillar oral secretions, which are 
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peptides derived from chloroplastic ATP synthase γ-subunit proteins (Schmelz et al. 
2012; Steinbrenner et al. 2020). While these active inceptins are generated when 
caterpillars of generalist herbivores such as the fall armyworm Spodoptera frugi-
perda (Noctuidae) are attacking cowpea, they are not generated when larvae of the 
legume-specializing velvet bean caterpillar (Anticarsia gemmatalis) feed on the 
plant. A functional screen of inceptin amino acid building blocks identified that 
unlike the main inceptin found in all other Lepidoptera examined (Vu-In; 
+ICDINGVCVDA−), the oral secretions of A. gemmatalis caterpillars predomi-
nantly contained an inactive, C-terminal truncated peptide (Vu-In−A; 
+ICDINGVCVD−), which also functioned as an effective antagonist of Vu-In- 
induced responses (Schmelz et al. 2012).

 Diversion Strategies for Precursor Toxins

If defensive chemicals are already stored constitutively, as is the case for the mus-
tard oil bomb and other toxins that are released upon β-glucosidase-mediated hydro-
lysis of stored precursor glucoside molecules, an alternative strategy to prevent 
toxin formation is to modify the precursors or divert the hydrolytic process. 
Prevention of ITC formation could have strong effects on caterpillar survival, 
growth, and development time, as was shown definitively for the small cabbage 
white Pieris rapae in feeding experiments with microencapsulated formulations of 
allyl ITC, its precursor allyl GSL, and myrosinase (Agrawal and Kurashige 2003).

One effective way through which several specialists on Brassicaceae disarm the 
mustard oil bomb and prevent ITC formation is to remove the sulfate group in GSLs 
using sulfatase enzymes (GSSs; Ratzka et al. 2002). This removal renders myrosi-
nases ineffective, as they cannot use desulfo-GSLs as substrates and are competi-
tively inhibited by sulfate (Ratzka et  al. 2002). This mechanism has evolved in 
Plutella xylostella, whose genome encodes three GSSs with distinct expression pat-
terns and substrate specificity patterns in response to dietary GSLs (Heidel-Fischer 
et al. 2019). Two of these gene copies evolved under positive selection while acquir-
ing their new GSL desulfation capabilities (Heidel-Fischer et al. 2019). As a further 
testament to the importance of GSSs for P. xylostella fitness when feeding on GSL- 
containing host plants, larvae experienced reduced survival and slower development 
when GSSs were knocked out using CRISPR (Chen et al. 2020).

A second diversion mechanism of the mustard oil bomb has evolved in the pierid 
butterflies. Upon caterpillar feeding and concomitant GSL degradation, nitrile- 
specifier proteins (NSPs) in the gut redirect the GSL hydrolysis reaction away from 
formation of ITCs and toward formation of nitriles, which are subsequently excreted 
with the feces (Wittstock et al. 2004, Wheat et al. 2007). The genes involved in GSL 
and ITC production in Brassicales plants and members of the NSP gene family in 
pierids show evidence of evolving in an escalating evolutionary arms race pattern 
(Berenbaum and Feeny  1981). Key innovations are linked to gene and genome 
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duplications and shifts in diversification rates, followed by gradual changes in trait 
complexity that appear to have been facilitated by allelic turnover (Edger et al. 2015).

 Physical Barriers (Peritrophic Membrane)

The peritrophic membrane or matrix (PM) (see Wagner and Hoyt, Chapter “On 
Being a Caterpillar: Structure, Function, Ecology, and Behavior”) is a semi- 
permeable chitinous matrix that lines the midgut of caterpillars and most other 
insects. The PM not only serves to protect the midgut epithelium from microorgan-
isms and mechanical damage, but also from large plant defensive chemicals such as 
CGs, including the highly polar CG digitoxin (Barbehenn 1999, 2001). A study in 
Helicoverpa zea observed that the PM reduced hydrogen peroxide in the midgut, 
acting as a physical antioxidant (Summers and Felton 1996).

The PM in insects is formed through binding between chitin fibrils and PM pro-
teins with multiple chitin binding domains (CBDs). Multi-CBD chitin binding pro-
teins form the two major types of structural proteins in the PM alongside the insect 
intestinal mucin proteins. While CRISPR knockout mutants for mucin proteins in 
the cabbage looper Trichoplusia ni did not perform worse when fed a diet of GSL- 
containing cabbage leaves than wild-type caterpillars (Wang and Wang 2020), 
mucin proteins are involved in protecting caterpillars of Plutella xylostella against 
the harmful effects of terpenoids such as (3E)-4,8-dimethyl-1,3,7-nonatriene 
(DMNT; Chen et al. 2021). DMNT repressed expression of PxMucin in the larval 
midgut, and knock-down of this gene led to PM rupture and caterpillar death. These 
harmful effects of DMNT were both direct and indirect, since DMNT-induced dam-
age to the PM led to further costly imbalances in the midgut microbiome of caterpil-
lars (Chen et al. 2021).

Another constituent protein of the PM is the chitin-binding protein Peritrophin 
A. Insect herbivores show enhanced expression of this gene when jasmonic acid- 
mediated defensive signaling and production of reactive oxygen species are active 
(Groen et al. 2016; Mittapalli et al. 2007; Whiteman et al. 2011). The chitin fibrils 
and glycoproteins present in the PM are further targeted by a group of carbohydrate- 
binding proteins known as lectins. Indeed, a study dissecting the PM from the 
Spodoptera littoralis midgut showed distinct abnormalities in the PM with disrupted 
microvilli structures owing to lectin binding (Vandenborre et al. 2011).

A second set of important physical barriers are transepithelial diffusion barriers 
such as septate junctions in the midgut and the hemolymph (or blood)-brain barrier 
(BBB), which is also known as the perineurium (Petschenka et al. 2013). Septate 
junctions limit solute passage through intercellular spaces in epithelia. One of the 
proteins that has been implicated in maintaining junctional activity is the Na+/
K+-ATPase β subunit encoded by the gene Nrv2 in D. melanogaster (Paul et al. 
2003, 2007). This epithelial barrier function is independent of its role in Na+/
K+-ATPase pump activity. The presence of the junctions, combined with a lack of 
active uptake mechanisms for hydrophilic substances, which cannot permeate lipid 
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bilayer membranes passively, can provide at least some protection against polar 
CGs such as ouabain (Dobler et al. 2015; Petschenka et al. 2013; Rubin et al. 1983). 
However, to prevent lipophilic defensive chemicals (e.g., the apolar CGs digoxin 
and digitoxin) from penetrating the midgut and the BBB, active detoxification 
mechanisms that counteract passive diffusion of the compounds through the lipid 
bilayers are necessary, which we will discuss below.

 Target Site Insensitivity

Physiological investigations of the monarch butterfly provided early evidence of the 
existence of a Na+/K+-ATPase (the target of CGs) with dramatically lowered sensi-
tivity (increased resistance) to CGs (Holzinger et  al. 1992; Holzinger and Wink 
1996). Molecular investigations demonstrated that this insensitivity may be 
explained in the monarch butterfly, at least in part, by an amino acid substitution of 
asparagine for histidine at position 122 (N122H) of the Na+/K+-ATPase’s alpha 
subunit (Holzinger et al. 1992; Holzinger and Wink 1996). This form of molecular 
substitution that alters the toxin’s binding potential to the enzyme is called “target 
site insensitivity” (TSI). By screening all Na+/K+-ATPase transmembrane domains 
involved in CG binding, a pair of studies detected the presence of the same substitu-
tion in five distantly related insect species representing a total of at least four inde-
pendent origins across a phylogenetic distance of 300 million years (Dobler et al. 
2012; Zhen et al. 2012). Remarkably, these screens also identified other amino acid 
substitutions associated with TSI of the Na+/K+-ATPase to CGs.

However, it was unknown if these substitutions could be sufficient for conferring 
resistance at the whole-organism level in a way that is beneficial, i.e., adaptive, for 
the animal. A follow-up study embarked on reconstructing possible mutational 
paths linked to CG insensitivity by comparing protein sequences of the CG binding 
site between the monarch butterfly and other animals with CG-rich diets to those of 
animals not regularly encountering dietary CGs (Weinreich et al. 2006, Karageorgi 
et al. 2019). Many evolutionary paths involved mutations in binding site residues 
111, 119, and 122 (Karageorgi et al. 2019). A subset of these paths, including the 
monarch’s, were then introduced into the genome of  D. melanogaster through 
single- base edits using CRISPR (Gratz et al. 2014; Lin et al. 2014; Port et al. 2014; 
Groen and Whiteman 2016; Karageorgi et al. 2019). Since D. melanogaster is not 
specialized on a CG-rich diet, Karageorgi and co-workers (2019) tested whether the 
mutations conferred CG insensitivity at the neurophysiological and whole- 
organism levels.

A series of fly lines was engineered that represents steps in the evolution of CG 
insensitivity as observed in the lineages of the monarch butterfly and other 
CG-resistant species (Karageorgi et al. 2019). Mutating residues Q111 and N122 
caused nervous system dysfunction, and co-introduction of A119S limited these 
deleterious side effects (Karageorgi et  al. 2019). At the neurophysiological and 
whole-organism levels, flies with insensitivity mutations at sites 111 and 122 were 
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highly resistant to CGs, just as the monarch is. Again, co-introducing A119S was 
important by enhancing the resistance-conferring effects of these insensitivity muta-
tions (Karageorgi et  al. 2019). Overall, residue S119 unlocked adaptive paths to 
resistance through interactive effects (epistasis) with sites 111 and 122 (Weinreich 
et  al. 2006, Karageorgi et  al. 2019), a result confirmed independently (Taverner 
et al. 2019).

TSI is a particularly effective strategy in response to toxins with narrow target 
ranges such as CGs, where a single or few TSI mutations have the potential for 
producing large fitness consequences. However, toxins such as ITCs, other reactive 
electrophiles, and reactive  oxygen species have a wide target range, and it is 
unknown if insensitivity of at least some of the target sites has the potential to 
evolve in response to such toxins.

We explored whether this could be the case by taking a comparative genomics 
approach for a Brassicaceae-specialized herbivorous fly, Scaptomyza flava. For 
such a comparative analysis, we could not work with lepidopteran herbivores 
because herbivory evolved too long ago and the availability of genomic data is still 
relatively limited (Groen and Whiteman 2016). In the analysis we used data from  
D. melanogaster and further leveraged available protein biochemistry data from 
human biomedical science studies where interactions between GSL breakdown 
products and target proteins were studied functionally. We find that S. flava ortho-
logs of genes that encode proteins targeted by GSL breakdown products in humans 
evolve faster than orthologs of human genes that do not encode such proteins 
(Fig. 2). It will be interesting to see if similar polygenic patterns of presumptive TSI 
have evolved in lepidopteran specialists on Brassicaceae such as Pieris spp. and 
Plutella spp.

 Detoxification

Alongside the behavioral changes, structural barriers, immunosuppressive mecha-
nisms, and TSI to prevent or negate the toxic effects of plant defensive chemicals, 
caterpillars may actively detoxify and metabolize these compounds through a con-
served set of enzyme families. These enzymes are active not only at the interface of 
plant cells and caterpillar mouthparts as part of the insect’s saliva (Rivera-Vega 
et  al. 2017a,b) but also in tissues such as the gut, the BBB, and the Malpighian 
tubules (Li et al. 2007).

The three phases of detoxification in animals, as defined earlier, are each charac-
terized by the activity of certain ubiquitous enzyme families, and we will review 
these below. Caterpillars of different species harbor distinct subsets of these enzyme 
families, and in most cases specific plant defensive chemicals can only be metabo-
lized by a small number of detoxification enzymes (Heidel-Fischer and Vogel 2015).

Over the last 10–20 years, genomics and transcriptomics studies have provided 
evermore comprehensive insights into xenobiotic metabolism of caterpillars. One 
comparative genomics study found that among lepidopteran species feeding on 
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photosynthesizing plant tissue, highly polyphagous species had higher numbers of 
genes encoding cytochrome P450 monooxygenase (CYP450; phase I), carboxyl/
choline esterase (CCE; phase I), and glutathione S-transferase (GST; phase II) genes 
(Gloss et al. 2019a; Rane et al. 2019). These genes are collectively among the most 
important in detoxification sensu stricto because they transform toxins into less 
toxic molecules.

Comparative gene expression studies in which transcriptomes have been 
sequenced in caterpillars reared on genetically manipulated crucifer plants, such as 
the model plant Arabidopsis thaliana, have shown how generalists and specialists 
appear to use different strategies to try to cope with the mustard oil bomb. In the 
tobacco budworm Heliothis virescens, a generalist, 3,747 transcripts were 
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Fig. 2 Genes encoding proteins putatively targeted by GSL breakdown products display acceler-
ated evolution in the Brassicaceae-specialized herbivorous fly Scaptomyza flava. Inferred putative 
targets of GSL breakdown products in S. flava and its one-to-one orthologs in D. melanogaster 
relatives were determined via orthology with human proteins that have functionally verified inter-
actions with these products using the PantherDB database (Mi et al. 2013). Then, for each set of 
single-copy orthologous Scaptomyza and Drosophila genes, amino acid sequences from five spe-
cies w ere aligned in MUSCLE: S. flava, D. grimshawi, D. mojavensis, D. virilis, and D. melano-
gaster  (Gloss et al. 2019b). Using PAML v4.5’s codeml module (Yang 2007), branch site tests for 
accelerated ratios of the number of non-synonymous substitutions per non-synonymous site (dN) 
to the number of synonymous substitutions per synonymous site (dS), dN/dS,  were run for all 
terminal branches    (Yang 1998) , which has been described in more detail previously  (Gloss et al. 
2014) . We define “accelerated” as being part of the top 5% tail of dN/dS values. Asterisk indicates 
a significant difference (P < 0.05) in the number of putative targets of GSL breakdown products 
with accelerated ratios of dN/dS (inferred targets) versus the number of putative non-targets with 
accelerated ratios of dN/dS (control) using a chi-square test. (Cartoon of S. flava larva by Sophie 
Zaaijer)
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differentially expressed when feeding on plants with intact GSL production com-
pared to engineered plants with disrupted production, whereas only 254 transcripts 
were differentially regulated in a specialist, the large cabbage white Pieris brassicae 
(Schweizer et  al. 2017). Moreover, twice as many transcripts were upregulated 
rather than downregulated in H. virescens, while these proportions were similar 
(i.e., 50:50) in P. brassicae. Several canonical detoxification genes were strongly 
induced in H. virescens by the presence of GSLs in host plants (up to 30-fold), 
including 17 CYP450s and 9 CCEs (phase I), as well as 7 ABC transporters (phase 
III; Schweizer et al. 2017). In P. brassicae, on the other hand, a member of the NSP 
gene family, known to divert GSL breakdown toward less toxic nitriles (see above), 
was regulated by GSLs, plus a homologue of GSTD1 (Schweizer et al. 2017), which 
efficiently catalyzes the conjugation of reduced glutathione (GSH) with ITCs in the 
dipteran herbivore Scaptomyza nigrita (see below; Gloss et al. 2014).

Although similar experiments with genetically engineered host plants are not yet 
possible for milkweed herbivores, transcriptomes of monarch caterpillars reared on 
Asclepias curassavica and A. incarnata, two species that differ substantially in CG 
concentrations, have been measured. Monarch larvae differentially expressed sev-
eral hundred genes when feeding on these different hosts, including numerous phase 
I, II, and III detoxification genes, suggesting that these genes play a role in monarch 
toxin resistance and sequestration (Tan et al. 2019a, b).

Transcription of xenobiotic metabolism genes is regulated by a signaling net-
work with at least five different pathways through it, each initiated by different 
classes of receptors: (1) the membrane-localized G protein-coupled receptors; (2) 
cyclic adenosine 3´,5´-monophosphate (cAMP)-response element binding protein 
(CREB), which is a bZIP family transcription factor and requires phosphorylation 
by environment-responsive mitogen-activated protein kinase (MAPK) cascades to 
initiate signaling; (3) Cap’n’collar isoform C/Kelch-like ECH associated protein 1 
(CncC/Keap1), which is another bZIP family transcription factor and ortholog of 
Nuclear factor erythroid-derived 2-related factor 2 (Nrf2) found in mammals; (4) 
the basic helix-loop-helix (bHLH)-Per-ARNT-Sim (PAS) domain-class transcrip-
tion factor aryl hydrocarbon receptor (AhR), which heterodimerizes with the AhR 
nuclear translocator (ARNT) before binding to xenobiotic response elements (XRE) 
in target gene promoters to activate their transcription; and 5) the nuclear receptor 
(NR) superfamily transcription factor Hormone receptor-like in 96 (HR96), which 
is related to genes encoding the Steroid and Xenobiotic Receptor (SXR) and 
Constitutive Androstane Receptor (CAR) in vertebrates (Amezian et al. 2021; Li 
et al. 2021a, b). Both CAR and SXR may translocate to the nucleus upon activation 
and subsequently dimerize with Retinoid-X-Receptor (RXR) to enhance target gene 
transcription (Amezian et al. 2021).

Which receptors initiate signaling depends partly on the solubility of the plant 
defensive chemicals the insect encounters. ITCs and another GSL breakdown prod-
uct, indol-3-carbinol (I3C), are relatively lipophilic, and after passing through the 
cell membrane, they can elicit a burst of reactive oxygen species (ROS) directly or 
indirectly. This in turn can activate transcription through CncC/Keap1 (Nrf2) inter-
action with the antioxidant response element (ARE) in promoters of downstream 

S. C. Groen and N. K. Whiteman



129

detoxification genes such as CYP450s and GSTs (Chen et al. 2018; Giraudo et al. 
2015; Li et al. 2021a, b).

CGs, on the other hand, occur in a range of polarities and, therefore, solubilities. 
In addition to being perceived through their inhibition of the Na+/K+-ATPase, there 
are hints they could be perceived by intracellular receptors, which may depend on 
the solubility of individual CGs. Although polar, water-soluble plant defensive com-
pounds, including several alkaloids such as nicotine, cannot passively diffuse 
through membranes and may thus be perceived by membrane-localized receptors 
such as GPCR (Amezian et al. 2021; Li et al. 2021a, b; Yang et al. 2020), polar CGs 
have not been connected with this mechanism. Certain polar compounds, including 
the CG ouabain, can be actively transported into cells via transmembrane transport-
ers such as organic anion transporter peptides (Groen et al. 2017; Wink 2018). Polar 
CGs, along with lipophilic membrane-permeable CGs such as digitoxin, might then 
be perceived by intracellular receptors. However, while in mammals the relatively 
polar CG digoxin interacted with the nuclear receptor RORγT, this was not the case 
for its distant ortholog in insects, the steroid-sensing receptor DH3/Hr3 (Ahmed 
et al. 2020; Huh et al. 2011). Genetic screening in the model insect D. melanogaster 
may be the most efficient way forward for identifying if there is an intracellular 
receptor for CGs in insects in addition to the Na+/K+-ATPase at the cell membrane 
(Groen and Whiteman 2016).

We will now go into more depth regarding the multiple families of canonical 
insect xenobiotic metabolism genes.

 Phase I: Oxidation, Hydrolysis, Reduction

Here, the goal is to provide an overview of the role that phase I enzymes, principally 
CYP450s, play in mediating detoxification of plant secondary compounds encoun-
tered by lepidopteran larvae. We then narrow our discussion to focus on their role in 
CG and GSL detoxification.

CYP450s are membrane-localized enzymes with important roles in metabolizing 
a variety of chemicals, ranging from steroid hormones to fatty acids to vitamins. 
The monooxygenases achieve this by adding oxygen atoms to target chemicals, 
using heme as a co-factor. A critical part of the heme group is an iron atom, which 
is activated by a conserved cysteine residue (Feyereisen 2012). The oxygenated 
substrates typically become more water-soluble and more amenable to being tar-
geted by enzymes in subsequent phases of the detoxification process (which is why 
they are called phase I).

CYP450s are critical for successful detoxification of a range of plant defensive 
chemicals, and particularly well-studied members of the CYP450 family in this 
regard are those of the CYP6 clade. Members of the CYP6AE clade show a bloom 
(expansion in gene number through duplications) in Lepidoptera (Dermauw et al. 
2020). Silencing or knocking out CYP6AE genes in the cotton bollworm H. armig-
era impairs caterpillar tolerance toward the cotton toxin gossypol (Mao et al. 2007) 
and the furanocoumarin xanthotoxin that is found in plants from the Rutaceae and 
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Apiaceae (Wang et al. 2018), respectively. In particular, CYP6AE19 was shown to 
metabolize xanthotoxin, but not as efficiently as the P450 CYP6B1 from the black 
swallowtail Papilio polyxenes, a specialist on furanocoumarin-containing plants 
(Wang et al. 2018). P. polyxenes caterpillars can tolerate dietary furanocoumarin 
concentrations of up to 1% using CYP6B1, its paralogue CYP6B3, and other 
CYP6Bs as detoxifying enzymes (Berenbaum and Zangerl 1993; Cohen et al. 1992; 
Hung et al. 1995; Wen et al. 2003). CYP6B1 and -3 probably evolved toward sub-
functionalization under independent purifying selection after the duplication event 
that gave rise to both, and now display different efficiencies with which they metab-
olize different types of furanocoumarin (Wen et al. 2006). A similar pattern of sub-
functionalization under selection apparently occurred in the parsnip webworm 
Depressaria radiella (formerly D. pastinacella), which has an even narrower host 
range (restricted to Apiaceae) than P. polyxenes, with at least two CYP450s 
(CYP6AE89 and CYP6AB3) efficiently metabolizing a variety of different furano-
coumarins (Calla et  al. 2020; Li et  al. 2004a, b; Mao et  al. 2006, 2007a, 2008). 
Going in the other direction, away from specialization and toward more generalized 
host plant ranges, substrate specificities of CYP450s in Papilio spp. were broader in 
the oligophagous species P. multicaudatus than in the specialist P. polyxenes and 
broader still in the polyphagous species P. glaucus and P. canadensis; this was 
linked to the relative abundance of furanocoumarin-producing plants in the diet (Li 
et al. 2003; Mao et al. 2007b).

In the context of handling toxic GSL breakdown products, it appears that CYP6B 
enzymes can process I3C as a substrate, which is one of the major derivatives of 
indole GSLs. Caterpillars of the generalist moth H. virescens showed enhanced 
transcription of CYP6B8 and several other CYP6AE and CYP6AB genes after 
encountering GSLs, including I3C (Schweizer et  al. 2017). Comparison of the 
homolog of CYP6B8 in another generalist, H. zea (which has a wide host range and 
occasionally encounters GSLs), with CYP6B1 from the Rutaceae and Apiaceae 
specialist P. polyxenes (which practically never encounters GSL-producing plants), 
showed that while CYP6B1 did not metabolize the indole GSL breakdown product 
I3C, CYP6B8 did (Li et al. 2004a, b). CYP6B8 further metabolized a number of 
other chemically diverse plant defensive compounds including quercetin, flavone, 
chlorogenic acid, rutin, and xanthotoxin (Li et al. 2004a, b). The latter compound is 
one of the defensive chemicals abundant in hosts of P. polyxenes, and indeed, 
CYP6B1 of the specialist had a 30-fold higher metabolic clearance rate toward xan-
thotoxin than CYP6B8 (Li et al. 2004a, b), pointing to a trade-off between breadth 
and efficiency in terms of substrate handling for these CYP450s.

There is some evidence that CGs may also be substrates for CYP450s (Marty and 
Krieger 1984). However, the identity of individual CYP450s that may metabolize 
CGs in caterpillars from the monarch and other milkweed herbivores is currently 
unknown. Two studies that compared transcriptomes of monarch caterpillars reared 
on host plants with different CG profiles revealed suites of CYP450s that were dif-
ferentially expressed (Gonzalez-De-la-Rosa et al. 2020; Tan et al. 2019a), poten-
tially narrowing down the set of candidate CYP450s that may be involved in 
processing CGs. It has recently been established that an enzymatic reduction step is 
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critical for detoxification of the toxic CG voruscharin, produced by one of the mon-
arch’s main host plants Asclepias curassavica (Agrawal et al. 2021). After a first 
non-enzymatic step in which voruscharin is converted to uscharidin, a step facili-
tated by the alkaline pH of the gut milieu (Berenbaum 1980), this compound is then 
enzymatically reduced to the more polar and less toxic CGs calactin and calotropin 
(Agrawal et al. 2021; Marty and Krieger 1984; Seiber et al. 1980). Oxidoreductases 
such as CYP450s are candidates for carrying out this step, as indeed, CYP450s such 
as the Halloween genes have well-studied roles in facilitating molecular alterations 
of plant-derived steroids that are chemically related to CGs to synthesize molting 
hormones (Gilbert 2004; Seiber et al. 1980).

The carboxyl/cholinesterases (CCEs) form another functionally diverse super-
family of enzymes. These hydrolyze carboxylic esters to their component alcohols 
and acids. Although CCEs have been studied less intensively than P450s, evidence 
has been found for a role of CCEs in targeting host plant defensive chemicals. In 
caterpillars of Depressaria radiella, CCEs are involved in processing plant-derived 
aliphatic esters in the midgut (Zangerl et al. 2012). Furthermore, in adults of the 
generalist moth Spodoptera littoralis, two CCE genes, SlCXE7 and SlCXE10, were 
found to degrade the plant volatile (Z)-3-hexenyl acetate in the antennae, but it is 
unclear which of these genes could have a role in processing volatile cues in the 
larval stage as well (Durand et al. 2010, 2011). It is further unknown if CCEs could 
be involved in processing GSLs, GSL breakdown products, or CGs. However, tran-
scriptomic studies have identified a number of CCEs that are responsive to the pres-
ence of dietary GSLs in Heliothis virescens (Schweizer et  al. 2017) and to host 
plants with different CG contents in the monarch (Gonzalez-De-la-Rosa et al. 2020; 
Tan et al. 2019a).

 Phase II: Conjugation

In the second phase, the products of the first phase or, often, the toxins themselves 
are conjugated to other molecules. The enzymes that catalyze these reactions are 
various transferases such as GSTs, many of which are regulated by the Keap1-Nrf2- 
ARE signaling pathway. Perhaps their best-studied detoxification mechanism is the 
conjugation reaction with GSH. Conjugation neutralizes reactive nucleophile sites 
of plant defensive chemicals. It can further increase their solubility in water, thereby 
facilitating their excretion from cells in phase III.

GST-mediated detoxification can happen through the metabolism of secondary 
products generated from other detoxification enzymes (phase II). It can also occur 
directly during phase I as an alternative to P450- or CCE-mediated detoxification. 
Despite their central role in processing a range of plant defensive chemicals, GSTs 
appear not to have undergone a gene family-wide expansion in the Lepidoptera 
(You et al. 2015).

GSTs play an important role in the detoxification of ITCs in caterpillars of gen-
eralist species that have not evolved specialized mechanisms to prevent ITC forma-
tion, such as GSL desulfation through GSSs in Plutella spp. and diversion of GSL 
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breakdown toward nitriles under the influence of NSPs in Pieris spp. Although 
mechanistic evidence is still being gathered, it appears that GST-mediated ITC 
detoxification occurs via a series of enzymatic steps known from mammalian stud-
ies as the mercapturic acid pathway (Traka and Mithen 2009). This pathway starts 
with activity of GSTs, generating ITC conjugates with GSH, cysteinylglycine 
(CysGly), and Cys, which end up as conjugates with an N-acetylcysteine group 
through the action of N-acetyltransferases (Traka and Mithen 2009). The last step 
deserves particular attention. While ITCs leave the mammalian body in urine and 
bile as N-acetylcysteine conjugates, such conjugates have not been observed in cat-
erpillar frass, despite detection of all conjugates from intermediate steps in the path-
way (Jeschke et al. 2016, 2017, 2021; Schramm et al. 2012). It is currently unclear 
if lepidopteran genomes do not encode the required enzymes, whether such enzymes 
are perhaps not expressed at the caterpillar stage, or if the enzymatic reaction may 
be impeded by the relatively high pH of the caterpillar midgut milieu (Berenbaum 
1980; Schramm et al. 2012).

Thus far, ITC detoxification via GSTs and the mercapturic acid pathway has 
been studied in a variety of generalists (e.g., Helicoverpa armigera, Mamestra bras-
sicae, Spodoptera spp., Trichoplusia ni) and Brassicaceae specialists, but also in a 
specialist on legumes: Anticarsia gemmatalis. A comparative study of GST activity 
in response to the presence of dietary ITCs showed that in the highly polyphagous 
species Spodoptera frugiperda, GSTs metabolize a wide range of ITCs (Wadleigh 
and Yu 1988). This range becomes progressively narrower in GSTs of T. ni, which 
is less polyphagous and metabolizes only allyl and benzyl ITC, and A. gemmatalis, 
which does not typically encounter ITCs and metabolizes only benzyl ITC. These 
comparisons suggest that GST substrate specificity may evolve according to the 
proportion of GSL-containing plant material in the diet (Wadleigh and Yu 1988).

This study and subsequent studies further identified that GST levels are induced, 
not only when ITCs are present in the diet, but also when indole GSL-derived I3C 
and indole-3-acetonitrile are present in the diet (Li et al. 2007; Wadleigh and Yu 
1988). In the generalist Spodoptera litura, expression of the epsilon-class GST 
(Slgste1) in the midgut was responsive to the formation of ROS induced by I3C 
(Chen et al. 2018). Induction of expression was regulated by binding of SlNrf2 to an 
antioxidant response cis-regulatory element in the Slgste1 promoter. This was func-
tionally verified through RNAi on SlNrf2: caterpillars with silenced SlNrf2 showed 
reduced expression of Slgste1, lower levels of peroxidase reactions by GSTs, and 
reduced cell viability in response to treatment with I3C (Chen et al. 2018).

Although a specialist such as Pieris rapae does not rely mainly on GST- and 
GSH-dependent detoxification to handle dietary GSLs, it may have additional adap-
tations to prevent oxidative damage that could still be induced by non-ITC break-
down products of GSLs. P. rapae individuals show genetic variation in/near 
Glyoxalase 1 (Glo1), encoding a lactoyl-GSH lyase that is linked to caterpillar per-
formance on Arabidopsis thaliana plants (Nallu et al. 2018). As part of the glyoxa-
lase pathway, Glo1 neutralizes toxic by-products of metabolism, using GSH in the 
process.
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In addition to clade-specific defensive chemicals such GSLs, GSTs have also 
been found to provide protection against more widely occurring toxins. The com-
pound 12-oxophytodienoic acid (12-OPDA), which is part of the jasmonate family 
and  also acts as a signaling molecule (Groen et  al. 2013), has a reactive α,β-
unsaturated carbonyl structure. It easily adds cellular nucleophiles, making OPDA 
potentially toxic for herbivores. The glutathione S-transferase GST16 inactivates 
12-OPDA in the insect gut by isomerization to inactive iso-OPDA in Helicoverpa 
armigera (Shabab et al. 2014), and GST family members perform the same function 
in a suite of other generalist moth larvae (Dabrowska et al. 2009).

A more recently identified family of genes acting in phase II detoxification is that 
of the UDP-glycosyltransferases (UGTs; Ahn et al. 2012). UGTs may catalyze con-
jugation of sugars with lipophilic plant defensive chemicals, which increases water 
solubility of the toxins and makes it easier for them to be processed further in sub-
sequent phases of detoxification. UGTs show lineage-specific expansions within the 
Lepidoptera and appear to play an important role in the xenobiotic response (Ahn 
et al. 2012).

While not yet studied in the context of GSLs and ITCs, a role for UGTs has been 
identified for caterpillar detoxification of three other classes of toxins that share 
certain properties with ITCs. The first class is represented by capsaicin from pep-
pers (Capsicum spp.), which in mammals and D. melanogaster is perceived by Trp 
receptors as are ITCs (Li et al. 2020a, b). Although it is unknown if Trp receptors 
are involved in capsaicin perception in Lepidoptera as well, capsaicin does have a 
deterrent effect on feeding and oviposition in Helicoverpa spp. moths (Ahn et al. 
2011a). Interestingly, these species all appear to employ UGT-mediated glucosyl-
ation as a means of capsaicin detoxification, including not only the generalists 
H. armigera and H. zea but also the specialist H. assulta, despite the latter showing 
higher capsaicin tolerance levels (Ahn et al. 2011a,b).

The second class is exemplified by the sesquiterpene dimer gossypol from cot-
ton, which, not unlike ITCs, is able to cross membranes passively as an apolar 
chemical, deriving its toxicity from damaging amino acids in proteins. Gossypol 
toxicity occurs through interaction between its highly reactive aldehyde groups and 
amino acids, while six phenolic hydroxyl groups lend it additional toxicity. 
Enzymatic essays with insect cells expressing UGT41B3 and UGT40D1 from the 
generalist Helicoverpa armigera showed that these UGTs can glycosylate gossypol 
to diglycosylated gossypol isomers, a process which may be involved in detoxifica-
tion in vivo (Krempl et al. 2016).

The third class is formed by benzoxazinoid glycosides, which are produced by a 
subset of monocots, including maize. Benzoxazinoids are indole-derived defensive 
chemicals whose aglucone breakdown products delay caterpillar growth and sur-
vival. Spodoptera frugiperda detoxifies these aglucones through UGT-mediated 
reglucosylation. In the process, the chemical is inverted compared to its original 
benzoxazinoid glycoside state as found in the host plant. This inverted glucosylation 
ensures that the benzoxazinoids cannot be turned into the toxic aglucone form by 
either plant or insect ß-glucosidases again, making the detoxification strategy effec-
tive for enhancing caterpillar fitness (Maag et al. 2014; Wouters et al. 2014).
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In all of these examples, more work will be necessary to narrow down the mech-
anistic involvement of UGTs to the levels of individual genes and the enzymes for 
which they code. Lastly, UGTs are enriched in the transcriptome of monarch cater-
pillars compared to the transcriptomes of the pupal and adult life stages (Ranz et al. 
2020). Although it was speculated that these UGTs may have a role in the detoxifi-
cation of milkweed host toxins such as CGs, this has not yet been studied function-
ally (Ranz et al. 2020).

 Phase III: Excretion

Enzymatic reactions in phases I and II make plant defensive chemicals available for 
the last phase of the detoxification process, if they were not already available as 
water-soluble compounds. In this last phase, phase III, the compounds become sub-
strates of several diverse sets of transporters from multiple gene families and sub-
families. Activity of these transporters is particularly important in three tissue types 
where they shunt away plant defensive chemicals and/or their processed derivatives: 
the gut, the BBB, and the Malpighian tubules. We will now focus on two classes of 
transporters that are expressed in all three of these tissues.

The first class is formed by the multidrug transporters (Mdrs), which are also 
known as P-glycoproteins and B-type ABC transporters (Dermauw and Van 
Leeuwen 2014). Tissue-specific gene expression measurements and staining with 
Mdr-specific antibodies detected the presence of Mdrs in the midguts of generalist 
herbivores as well as CG-adapted insects (Dobler et  al. 2015; Petschenka et  al. 
2013). Mdr expression is further enriched in the Malpighian tubules (Chahine and 
O’Donnell 2009; Dow and Davies 2006), where efflux capacity increases dramati-
cally upon toxin exposure (Chahine and O’Donnell 2009). The regulation of Mdr 
expression appears to be coordinated with that of genes involved in earlier phases of 
xenobiotic detoxification (Chahine and O’Donnell 2011). Lastly, Mdrs are expressed 
in the BBB across all of the animal kingdom (Hindle and Bainton 2014). 
Physiological assays, complemented with reverse genetic studies, have established 
that Mdrs act as active diffusion barriers to apolar CGs such as digoxin in 
Lepidoptera, other insects, and vertebrates (Gozalpour et al. 2013; Petschenka et al. 
2013; Groen et al. 2017).

Interestingly, knockout mutants of Mdr50 in D. melanogaster are compromised 
in their digoxin resistance (Groen et  al. 2017). The putative monarch orthologs 
show interesting properties: (1) the monarch orthologs appear to have undergone a 
bloom compared to orthologs in caterpillars that do not regularly encounter dietary 
CGs (Fig. 3); and (2) expression of these genes is upregulated on a diet containing 
CG-rich milkweeds (Gonzalez-de-la-Rosa et al. 2020). If the role of Mdr50 is con-
served in the monarch butterfly, this might provide a mechanism for the monarch to 
minimize exposure to apolar CGs by reducing their entry from the midgut to the 
hemolymph. Excluding apolar CGs such as the thiazolidine ring-containing vorus-
charin from the hemolymph could have important fitness consequences. This CG is 
the most abundant CG in one of the monarch’s main milkweed hosts, Asclepias 
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Fig. 3 (a) In addition to TSI-conferring substitutions in the Na+/K+-ATPase, monarch caterpillars 
may resist CG toxicity by excluding CGs (black and brown compounds) from the sensitive nervous 
tissue by ABC transporters and organic anion transporting polypeptides (purple transmembrane 
proteins) that are mainly active in the midgut, blood-brain barrier (depicted), and Malpighian 
tubules. This mechanism is particularly important for protecting the nervous tissue (purple area) 
against apolar CGs, which can cross membranes passively, by transporting these back into the 
hemolymph (red area), whereas polar CGs (black) can be kept out to some extent through tight 
junctions between cells. (b) Orthologs of D. melanogaster Mdr50 (a B-type ABC transporter) may 
have experienced a gene bloom in the monarch butterfly (Danaus plexippus) relative to the silk 
moth (Bombyx mori), the cabbage looper Trichoplusia ni, the postman butterfly (Heliconius mel-
pomene), and the Glanville fritillary (Melitaea cinxia). The asterisk at the cabbage looper indicates 
that its genome may encode more than three Mdrs. (c) A duplication was also detected for the 
monarch ortholog of Oatp33Eb (see text for details). (Cartoon by Sophie Zaaijer)
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curassavica, accounting for 40% of leaf CGs, and its abundance was negatively cor-
related with caterpillar growth (Agrawal et al. 2021). It will also be interesting to 
study Mdrs more closely in caterpillars of species such as Empyreuma pugione and 
Daphnis nerii. These species specialize on CG-bearing plants, but do not have 
known TSI substitutions in their Na+/K+-ATPases. Indeed, in  vitro analyses of 
enzyme activity in the presence of increasing CG concentrations indicate that their 
Na+/K+-ATPases are highly sensitive to CGs (Petschenka and Dobler 2009; 
Petschenka et al. 2012, 2013; Petschenka and Agrawal 2015). This sensitivity sug-
gests they may have evolved alternative mechanisms of handling dietary CGs, 
which may include efflux through Mdrs (Petschenka et al. 2013).

A second class of transporters is formed by the organic anion transporting poly-
peptides (Oatps). Many of these transporters show strong expression in the BBB 
and midgut (Hagenbuch and Stieger 2013; Hindle and Bainton 2014), while some 
are highly expressed in the Malpighian tubules (Torrie et al. 2004). Like Mdrs, the 
expression of Oatps is coordinated with that of other enzymes involved in xenobi-
otic detoxification. Besides their role in this process, Oatps are also involved in the 
metabolism and efflux of endogenous solutes (Dow and Davies 2006). In vitro and 
in  vivo reverse genetic screens on D. melanogaster established that a subset of 
Oatps prevent polar CGs such as ouabain from interfering with Na+/K+-ATPase 
function (Groen et al. 2017; Torrie et al. 2004). The Oatps provide a baseline level 
of protection against CGs in insects not specializing on CG-containing diets. These 
transporters may have provided a substrate for natural selection to work upon in 
insects that transitioned to feeding on CG-producing host plants (Groen et al. 2017).

Although the Oatp family and the superfamily of solute carrier transporters they 
belong to, the SLC22 organic cation/anion/zwitterion transporters, underwent an 
expansion in the Lepidoptera (Denecke et al. 2020), the absolute number of Oatps 
does not appear to have changed in the monarch (Fig. 3). However, there has been a 
duplication of the monarch ortholog of D. melanogaster Oatp33Eb, and a fly knock-
out mutant of Oatp33Eb (an Oatp that is typically expressed in the gut system) 
showed the lowest lethal dose of ouabain of several Oatp mutants compared to wild- 
type flies (Groen et al. 2017). It will be interesting to find out if these monarch Oatps 
are indeed involved in dealing with dietary CGs.

Which transporters allow herbivores on Brassicaceae to expel ITCs and other 
GSL breakdown products has not been determined. However, evidence from bio-
medical studies suggests that instead of B-type ABC transporters (P-glycoproteins 
or Mdrs), it is likely the C- and G-type ABC transporters that may be important. 
Like B-type transporters, the C-type transporters are full ABC transporters with at 
least 12 transmembrane domains and a nucleotide-binding domain that has ATPase 
activity (Dermauw and Van Leeuwen 2014). In human cells, Multidrug resistance 
protein1 (MRP1 or ABCC1) mediates efflux of AITC, BITC, PEITC, and sulfora-
phane as conjugates with GSH and cysteinylglycine (Callaway et al. 2004; Hu and 
Morris 2004; Zhang and Callaway 2002), whereas its subfamily relative MRP2 
(ABCC2) transports the GSH-conjugated form of PEITC (Ji and Morris 2005a).

Unlike B- and C-type transporters, Breast cancer resistance protein (BCRP or 
ABCG2) is a half transporter, and besides the nucleotide binding domain with 
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ATPase activity, it contains only six transmembrane domains. BCRP transports the 
unchanged form of PEITC, without conjugation to molecules such as GSH (Ji and 
Morris 2005b). Future functional studies may find out if B-, C-, and/or G-type trans-
porters may be involved in GSL detoxification in caterpillars as well.

 Microbial Interactions

With important caveats (e.g., that many caterpillar individuals may lack a resident 
gut microbiome), microbes associated with caterpillars and their immediate host 
plants may have important modulating effects on the different mechanisms caterpil-
lars use for dealing with plant defensive chemicals.

Chewing herbivores could benefit from microbes through at least two mecha-
nisms. One is through the sometimes immunosuppressive effects of microbes on the 
host plant when deposited via oral secretions (regurgitant derived from the foregut) 
or the saliva (Grant 2006). Experiments with the Colorado potato beetle (Leptinotarsa 
decemlineata) demonstrated that larvae benefitted from the suppressive effects of 
oral secretions containing Pseudomonas and Enterobacter spp. bacteria on antiher-
bivore defenses in one of the host plants, tomato (Solanum lycopersicum; Chung 
et al. 2013). Immunosuppression by bacteria in oral secretions has more recently 
also been found to occur for Spodoptera frugiperda caterpillars, particularly when 
the herbivores deposited Pantoea spp. bacteria on tomato host plants (Acevedo et al. 
2017). It is not yet known if bacteria in caterpillar saliva, as opposed to regurgitant 
oral secretions (Grant 2006), could also influence the outcome of plant-herbivore 
interactions. However, it is interesting that salivary glands of Trichoplusia ni are 
enriched for a distinct bacterial flora compared to other organs that open directly 
into the digestive system, including the mandibular glands, the Malpighian tubules, 
and the midgut itself, and that Pseudomonas bacteria were one of the enriched gen-
era (Lawrence et al. 2020).

A second mechanism of microbial effects on caterpillar fitness, and one that has 
been studied somewhat more extensively, is through modification of plant defensive 
chemicals by enzymes derived from microbes (Mason et al. 2019a). At an extreme, 
entire microbes become internalized in herbivore cells in an endosymbiotic rela-
tionship. More commonly, however, single microbial genes end up in the herbivore 
genome through horizontal gene transfer (Hansen and Moran 2014). In this sce-
nario, a microbe-herbivore association becomes fixed and microbe- produced detox-
ification enzymes are now indirectly derived from microbes (Mason et al. 2019a). 
This has happened relatively frequently in clades of herbivores such as piercing/
sucking insects and chelicerates (Hansen and Moran 2014; Wybouw et al. 2018; 
Greenhalgh et al. 2020). In the whitefly Bemisia tabaci, the herbivore genome even 
had a host plant-derived phenolic glucoside malonyltransferase gene incorporated 
that allows detoxification of phenolic glycosides (Xia et al. 2021). Genomic analy-
sis of three lepidopteran herbivores (Bombyx mori, Heliconius melpomene, and 
Danaus plexippus) revealed that horizontal transfer events had occurred ca. 12 times 
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per species and that at least some of the genes with putative origins from bacteria or 
fungi were transferred prior to the formation of many herbivore species (Sun et al. 
2013). Several of the genes encode enzymes that are potentially involved in metabo-
lizing amino acids, starch, and sugar, and some might be involved in detoxification 
of host plant defensive chemicals (Li et al. 2011). In one well-studied example, all 
lepidopteran genomes examined contain orthologs of bacterial β-cyanoalanine syn-
thase/cysteine synthase (CAS/CYS) genes, which is probably the result of an ancient 
horizontal gene transfer event from methylobacteria in the ancestor of all Lepidoptera 
(Wybouw et  al. 2014, 2016). Caterpillars of a variety of species show inducible 
CAS activity upon encountering plant-produced cyanide in their diet. Functional 
studies in the Brassicaceae specialist Pieris rapae showed that CAS enzymes con-
vert this toxic defensive chemical via a cross-reaction with cysteine into the less 
toxic products β-cyanoalanine and hydrogen sulfide (Witthohn and Naumann 1987; 
Meyers and Ahmad 1991; Stauber et al. 2012; Van Ohlen et al. 2016).

Yet, many of the relevant associations between microbes and caterpillars fall 
toward the more plastic/labile end of the spectrum (Mason et  al. 2019a). Unlike 
herbivores with piercing/sucking mouthparts (Hansen and Moran 2014), caterpil-
lars appear to lack a resident gut microbiome (Hammer et al. 2017). They probably 
derive a large proportion of their gut microbiome from their diet (Hammer et al. 
2017) and may even obtain much of it from the soil (Hannula et al. 2019). In addi-
tion to this lack of specificity in caterpillar gut microbiomes, there also remains 
much to be discovered about whether and how caterpillars may receive benefits 
from microbes in dealing with host plant defenses (Hammer and Bowers 2015). 
Observations on fitness outcomes of interactions between caterpillars and internal, 
non-disease causing microbes show a continuum from positive, to neutral, to nega-
tive. Caterpillars of Anticarsia gemmatalis showed better survivorship and growth 
when their gut microbiome was left intact (Visôtto et al. 2009), while suppressing 
gut bacteria had no detectable effect on fitness in Manduca sexta (Hammer et al. 
2017). A negative effect of gut microbes was observed in Spodoptera frugiperda 
caterpillars feeding on maize plants. When a defensive protease (Mir1-CP) pro-
duced by maize damaged the peritrophic matrix, gut bacteria from the genera 
Enterobacter, Enterococcus, and Klebsiella then penetrated this protective barrier, 
invaded the hemocoel, and exacerbated the negative fitness consequences of the 
maize protease on the caterpillars (Mason et al. 2019b). It will be fascinating to see 
if such interactive effects of plant defenses and microbial infections occur more 
generally.

Several studies have assessed mechanisms of how gut microbes may affect 
detoxification of ITCs and GCs. Although more work on caterpillars is needed, 
experiments across various species of chewing insects (and humans) have identified 
bacteria that metabolize these defensive chemicals. Among the gut microbiota of 
the cabbage stem flea beetle Psylliodes chrysocephala, the bacterial genera Pantoea, 
Pseudomonas, and Acinetobacter were associated with degradation of ITCs (Shukla 
and Beran 2020). However, only Pantoea spp. had measurable effects on ITC detox-
ification in follow-up experiments (Shukla and Beran 2020), despite the fact that 
strains of Pseudomonas bacteria produce enzymes that detoxify ITCs (Fan et al. 
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2011) and can suppress plant defenses locally and systemically (Groen et al. 2013, 
2016). Separate studies on the human gut microbiome identified that the bacterium 
Eggerthella lenta carries a “CG reductase” operon that metabolizes CGs (Koppel 
et al. 2018). Taken together, these studies show that gut microbes have the potential 
to play a role in ITC and CG detoxification, but much more research will be needed 
to determine if the microbiome may perform similar functions in the guts of cater-
pillars that feed on toxic host plants.

 Ultimate Causes of the Evolution and Maintenance 
of Detoxification Mechanisms

A salient discussion of the genomic and phenotypic targets of selection associated 
with how herbivorous insects interact with plant defensive chemicals requires 
identification of the agents of selection. Selection on insect herbivores is applied 
by both bottom-up agents (e.g., the host plants that are fed on) and top-down 
agents (e.g., predators and parasites; Price et al. 1980). Comparison between dif-
ferent species of herbivores and between herbivores and their non-herbivorous 
relatives can reveal genotypic and phenotypic signatures of selective pressure by 
each of these agents.

 Bottom-Up Agents of Selection

Host plant species are typically polymorphic for the production of defensive chemi-
cals, and the same is true for many counter-adaptations in insects. Such coinciding 
patterns of trait distributions are hypothesized to be the consequence of coevolu-
tionary dynamics (Flor 1956; Ehrlich and Raven 1964; Karasov et al. 2014; Stahl 
et al. 1999).

These dynamics can be subdivided into distinct classes according to several cri-
teria, a main one being if dynamics show directionality or whether instead they are 
fluctuating (Hall et al. 2020; Woolhouse et al. 2002). When directionality is present, 
the dynamics often resemble “arms races,” which may, for example, result in escala-
tion of plant defensive chemical production over generations and counter- adaptations 
by herbivores (Ehrlich and Raven 1964; Dawkins and Krebs 1979; Kareiva 1999; 
Van Valen 1973). As part of arms race dynamics, successive selective sweeps are 
likely to occur, purging alleles that are non-adaptive in the participating species. 
However, depending on fitness costs associated with evolving traits and the genetic 
architecture of these traits, polymorphisms can be maintained over short to longer 
periods of time. When polymorphisms are stably maintained, the dynamics appear 
as “trench warfare” (Stahl et  al. 1999). On the other hand, costs may also drive 
selection and evolutionary dynamics to fluctuate, favoring different traits or trait 
values during different episodes of selection (Hall et al. 2020). This could result in 
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fluctuations in the frequencies of alleles involved in regulating the traits (Speed 
et al. 2015).

The presence and nature of fitness costs associated with traits under selection can 
thus play an important role in determining which type of coevolutionary dynamics 
populations of herbivores and their host plants will follow over time. On the plant 
side, the production of toxins can be constrained by several different types of costs: 
1) opportunity costs may arise if toxin production in early life stages diminishes 
subsequent plant growth vigor and competitive ability (Coley et al. 1985; Züst et al. 
2011); 2) metabolic costs are incurred when toxins are produced (Bekaert et  al. 
2012; Gershenzon 1994); 3) allocation costs may cause growth and/or reproduction 
to be reduced when limited resources are spent on toxin production (Simms 1992); 
4) toxin production can carry genetic costs depending on the presence and level of 
genetic correlation with other traits, for example, via genetically hardwired signal-
ing networks (Groen et  al. 2020; Züst and Agrawal 2017); and 5) production of 
toxins effective against one herbivore genotype may have negative fitness conse-
quences on interactions with other genotypes or other species and thus carry eco-
logical costs. For example, producing toxins effective against a generalist herbivore 
may harm mutualistic interactions with pollinators or increase plant susceptibility to 
specialist herbivores (Strauss et al. 1999). Although fitness costs have been notori-
ously difficult to measure (Bergelson and Purrington 1996; Koricheva 2002), it 
appears that at least in some environmental contexts, GSL and CG production may 
incur costs to plants (Stowe and Marquis 2011; Züst et al. 2015).

On the herbivore side, the types of costs associated with detoxification can be 
divided into similar classes. While in plants costs and benefits of toxin production 
will be influenced by the probability of encountering certain herbivores, costs and 
benefits of detoxification in herbivores will be influenced by the chance that dietary 
toxins will be encountered (Després et al. 2007). Perhaps they have not received as 
much attention from scientists in terms of theoretical framework development and 
experimental work as the costs on the plant side (Després et al. 2007; Karban and 
Agrawal 2002).

Behavioral avoidance of toxin ingestion by searching for hosts or tissues with 
lower toxin levels comes with opportunity costs in the form of spending time search-
ing or actively manipulating the host plant to subvert activation of defenses. These 
costs will increase as well-defended plants increase in population frequency 
(Després et al. 2007; Karban and Agrawal 2002). Another set of costs that increase 
as hosts produce more toxins are the metabolic and allocation costs as herbivores 
spend energy on detoxification (Després et al. 2007). Costs of handling plant toxins 
have thus far been established for several toxin-herbivore combinations in the 
Lepidoptera, including GSLs in Pieris rapae and Helicoverpa armigera (Agrawal 
and Kurashige 2003; Wang et al. 2021; Jeschke et al. 2021), nicotine in Spodoptera 
eridania (Cresswell et  al. 1992), furanocoumarins in Depressaria pastinacella 
(Berenbaum and Zangerl 1994), and CGs in the monarch (Seiber et al. 1980; Zalucki 
et al. 2001; Agrawal 2005; Rasmann et al. 2009; Tao et al. 2016; Agrawal et al. 2021).

As a general pattern, herbivores combine several of the mechanisms described in 
the previous section to deal with plant defensive chemicals: e.g., behavioral 
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avoidance of toxin ingestion is regularly associated with enzymatic detoxification. 
The monarch combines laticifer clipping behavior with enzymatic detoxification of 
and TSI to CGs (Agrawal et al. 2021; Dussourd and Eisner 1987; Marty and Krieger 
1984; Seiber et  al. 1980), while a generalist herbivore on Brassicaceae such as 
Helicoverpa armigera combines searching for low-level GSL areas of leaves with 
GSL detoxification via the mercapturic acid pathway (Jeschke et al. 2021; Shroff 
et  al. 2008). However, it is unknown if such trait co-occurrences arise from 
environment- imposed, phenotypic, or genetic constraints (Després et  al. 2007). 
Theoretical modeling has shown that such combined strategies may confer fitness 
advantages when traits are associated with ever-rising costs and the probability of 
ingesting certain toxins is low (Vacher et al. 2005). Genetic costs may be particu-
larly pronounced when TSI-conferring mutations evolve, especially when the target 
proteins of toxins are active in the nervous system. TSI-conferring mutations can 
incur costs when they lower the efficiency of a protein in the herbivore (Després 
et  al. 2007). We have observed this in experiments with D. melanogaster, when 
substitutions conferring TSI of the Na+/K+-ATPase to CGs that have evolved in the 
monarch and other specialists on milkweeds were introduced in flies (Karageorgi 
et al. 2019; Taverner et al. 2019). While the substitutions heightened insect resis-
tance to CGs, they also appear to have caused pleiotropic nervous system defects. 
These potential defects were ameliorated through epistasis when accompanied by a 
facilitating or compensatory substitution near the TSI-conferring substitutions in 
the first extracellular loop of the Na+/K+-ATPase (Karageorgi et al. 2019; Taverner 
et al. 2019). Contrary to other toxin resistance traits, the costs of TSI are fixed, i.e., 
they do not change with the probability of dietary toxin ingestion (Després et al. 
2007). However, these costs can be modulated through epistatic interactions with 
genetic variation elsewhere in the herbivore genome and by environmental 
fluctuations.

A second general pattern is that costs and benefits of toxin resistance traits in 
herbivores can be phenotypically plastic. Generalists, and to a lesser extent special-
ists, are presented with highly variable levels and diverse combinations of toxins 
both across and within host plant species (Després et al. 2007). The within-species 
variability is partially under genetic control by the plant and partially by factors 
such as the plant’s phenological stage and fluctuations in biotic and abiotic factors 
it encounters. To the extent that this is controlled by genetics (Fig. 1a), such vari-
ability may be an evolved plant strategy that follows the moving target theory or, 
perhaps more likely, the optimal defense theory, since it is thought to increase costs 
for the herbivore to acclimate its gut milieu and other traits as cocktails of dietary 
toxins change in composition, causing the herbivore population to always be chas-
ing moving fitness optima (Wetzel and Thaler 2016; Li et al. 2020a, b). A study with 
artificial diets with variable levels of the furanocoumarin xanthotoxin presented 
to caterpillars of the generalist Trichoplusia ni provides support for this notion that 
toxin level variability suppresses herbivore performance (Pearse et al. 2018).

In response to variable toxin levels in host plants, generalists have evolved toxin- 
induced avoidance behaviors and both constitutive and induced  production of 
detoxification enzymes (Després et al. 2007). TSI, on the other hand, is typically 
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restricted to specialist herbivores that use it alongside more generalized toxin resis-
tance mechanisms. The use of more than one resistance mechanism may confer 
robustness to the efforts of specialists to deal with host plant toxins. This strategy 
might also prevent specialization from becoming an evolutionary “dead end” if host 
plant populations dwindle, in which case shifts to novel host plants might be neces-
sary (Termonia et al. 2001).

Examples from specialists on CG-producing plants illustrate how herbivore 
adaptations to the presence of certain toxins in their host plants may facilitate shifts 
to other plant species producing those toxins. Our reconstructions of host plant 
usage of herbivorous insects revealed that in three independent instances among the 
Coleoptera, Diptera, and Lepidoptera, close relatives of specialists on CG-producing 
plants in the Apocynaceae were feeding on Solanum spp. (Solanaceae) plants 
(Fig. 4; Begon 1975; Brown 1987; Schoville et al. 2018). Intriguingly, the species 
feeding on Solanum spp. hosts all possess one or more substitutions in the Na+/
K+-ATPase that confer TSI to CGs (Karageorgi et al. 2019). While only a subset of 
Solanaceae plant species are known to produce CGs like the Apocynaceae, 
Solanaceae produce saponins such as glycoalkaloids and steroidal glycosides 
(Pomilio et  al. 2008), and there is some evidence that these may inhibit Na+/

Fig. 4 Mutations in three codons of the Na+/K+ATPase alpha subunit gene ATPa (highlighted in 
the sequences above the sequence of D. melanogaster as a reference species without target site 
insensitivity mutations in the bottom) have evolved at least three times (red dots) in insects from 
different orders that feed on plant species of the nightshade family (Solanaceae) (center). These 
insects are weakly or completely non-sensitive to the steroidal toxins that the plants produce. The 
known species are the nymphalid butterfly Mechanitis polymnia (blue, with mutations causing 
codon changes to amino acids L, A, and N at positions 111, 119, and 122 of the Na+/K+ATPase 
alpha subunit, respectively, appearing as if the mutations were introduced into the D. melanogas-
ter sequence), the "fruit" fly D. subobscura (red, with mutations causing codon changes to amino 
acids V, S, and H), and the Colorado potato beetle Leptinotarsa decemlineata (orange, with muta-
tions causing codon changes to amino acids V, N, and N). (Cartoon by Sophie Zaaijer)
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K+-ATPase as well (Blankemeyer et al. 1995). This sets up a potential mechanism 
of cross-resistance that could facilitate host switches between Solanaceae and 
CG-producing Apocynaceae plants, which may be facilitated further by the activity 
of conserved, generalized toxin resistance mechanisms such as the expression of 
multidrug transporters in the midgut and BBB of all of these species (Fig. 3; Dobler 
et al. 2015; Groen et al. 2017). Indeed, the milkweed butterfly clade (Danainae) is 
the sister group of Ithomiinae, which are specialists on the Solanaceae. The latter 
clade includes Mechanitis polymnia, which has a somewhat CG-insensitive Na+/
K+-ATPase (Petschenka et al. 2013; Karageorgi et al. 2019). It is likely that host 
switching between Solanaceae and Apocynaceae has occurred (Brown 1987).

Although fluctuating dynamics and “trench warfare” dynamics are yet to be stud-
ied in the context of plant-herbivore interactions (Gloss et al. 2013), dynamics that 
resemble arms races have been examined in several plant-lepidopteran herbivore 
study systems. Among them are the well-studied interactions between Brassicaceae 
plants and their herbivore communities, which include Pieris spp. (Edger et  al. 
2015; Griese et  al. 2021); between milkweeds and their herbivore communities, 
including monarch and queen butterflies (Agrawal and Fishbein 2008; Agrawal 
et al. 2021); and between wild parsnip and the herbivores Depressaria pastinacella 
and Papilio polyxenes (Berenbaum and Feeny 1981; Berenbaum and Zangerl 1998).

Potential mechanisms for how arms race dynamics may lead to co-diversification 
between herbivore and host plant species have been studied in most detail for the 
pierid butterflies and their Brassicales host plants (Edger et  al. 2015). Here we 
review the herbivore side of these interactions. Pieris spp. contain the NSPs, which 
are part of the NSP-like gene family that also includes the NSP paralog, the major 
allergen (MA) protein. These proteins are unique to pierids and are related to the 
single domain major allergen (SDMA) proteins, which are generally expressed in 
the gut systems of caterpillars (Fischer et al. 2008). Like NSPs, MAs can also dis-
arm the mustard oil bomb (Edger et  al. 2015). Based on experimental work and 
comparative analyses, it appears that the Pieris spp. maintain a breadth of potential 
host plant species while specializing on a smaller subset of hosts through gene 
duplications and subsequent sub- or neo-functionalization of NSPs and MAs. While 
NSPs show more stable expression, they have experienced positive selection related 
to specialization on different host plants with unique GSL profiles (Heidel-Fischer 
et al. 2010; Okamura et al. 2019a,b). MAs showed GSL-inducible expression but 
were more evolutionarily stable and are perhaps involved in detoxification of those 
GSLs that are produced more commonly among the host plants of the Pieridae 
(Okamura et al. 2019a,b). Like the NSPs, the horizontally transferred CAS/CYS 
enzymes also underwent further duplication in Pieris spp. and other species feeding 
on cyanogenic plants compared to lepidopteran species not feeding on such plants 
(Li et al. 2021a, b). This may have further facilitated the ability of Pieris spp. to 
handle the formation of equimolar levels of cyanide upon the breakdown of GSLs 
to nitriles (Steiner et al. 2018). In particular, the number of BSAS genes encoding 
the CAS/CYS enzymes  showed a stepwise increase as species specialized onto 
Brassicaceae host plants with BSAS2, which shows high affinity for cyanide, gener-
ally present in all Lepidoptera; while  BSAS3 is restricted to the Pieridae, and 
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BSAS1 is restricted even further to the Pierinae (Herfurth et al. 2017). The CAS/
CYS enzymes may be complemented in their role of cyanide detoxification by two 
rhodaneses, which may add robustness to the detoxification process. The rhodanese- 
encoding genes, TST1 and TST2, differ in their expression, subcellular localization, 
and kinetic properties and are the result of a rhodanese family expansion in the 
Pieridae (Herfurth et al. 2017; Steiner et al. 2018).

However, such arms race dynamics between Brassicales specialists and their 
host plants are not a given: Plutella xylostella’s genome encodes three GSSs that 
stem from duplications of insect arylsulfatases (Heidel-Fischer et al. 2019). Each 
GSS has distinct expression patterns in response to dietary GSLs and mediates 
desulfation of different types of GSLs with varying efficiency. Rather than showing 
signatures of arms race coevolution early after duplication from an arylsulfatase 
gene and evolving in a stepwise manner, copies of GSS genes neofunctionalized in 
parallel under positive selection caused by the herbivore’s host shift to GSL- 
producing plants while gaining their novel detoxification functions (Heidel-Fischer 
et al. 2019).

Interestingly, aside from D. radiella, all Lepidoptera in these examples are mul-
tivoltine (Hazel 1977; Berenbaum and Zangerl 1991; Brower 1998; Fei et al. 2014; 
Agrawal 2017; Moranz and Rahman et  al. 2019). The herbivores thus have the 
potential to evolve faster than their host plants, which have no more than one gen-
eration per year. This discrepancy sets up an apparent paradox: how are host plants 
able to prevent losing out in these arms races? A first potential reason might be that 
defense or, alternatively, loss of susceptibility is relatively more straightforward for 
the host plant than using a plant as a host is for the herbivore (Thompson 1986). For 
example, the most abundant sterol in herbivorous insects is cholesterol, but insects 
rely on plant-produced sterols to synthesize it. Changes in sterol profiles may not 
have apparent fitness consequences in host plants (Corbin et  al. 2001) but could 
provide effective loss of susceptibility to herbivores, with relative cholesterol levels 
and larval survival deteriorating the most in a host plant specialist (Jing et al. 2012, 
2013). A second potential reason is that escalation of arms races comes with the 
production of novel defenses by host plants, and being able to combine defensive 
traits may give plants an evolutionary advantage (Gilman et al. 2012; Speed et al. 
2015). A third potential reason is that coevolution can be diffuse. For example, 
because of its migratory lifestyle, the monarch butterfly encounters multiple species 
of milkweed hosts. This may pose a limitation to the monarch for evolving more 
efficient mechanisms of handling the CGs and other toxins produced by any one 
milkweed species (Agrawal et al. 2021). A fourth potential reason is that herbivores 
are attacked by natural enemies in the form of pathogens, parasites, parasitoids, and 
predators, and top-down control by these organisms may dampen the negative 
effects that herbivore populations may have on host plant populations. It is possible 
that natural selection becomes less efficient if effective population sizes are reduced. 
Finally, interactions between the first and third trophic levels lead to trade-offs that 
prevent herbivores from adapting strictly to plant defenses. We will now take a more 
detailed look at the effects of these top-down agents of selection on herbivore-plant 
interactions.
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 Top-Down Agents of Selection

Organisms that are natural enemies of caterpillars and other lepidopteran life stages 
not only form independent agents of selection by consuming their prey partially or 
wholely (Bernays 1997) but also influence caterpillar fitness in conjunction with 
bottom-up, host plant-derived agents of selection (Bernays and Graham 1988; Lill 
et al. 2002; Thaler et al. 2012a, b; Kaplan et al. 2014; Singer et al. 2014). For these 
effects to occur, caterpillars do not need to experience attack directly; even the per-
ceived threat of attack may cause caterpillars, including Pieris rapae and the mon-
arch, to become less efficient at dealing with plant defensive chemicals (Lund et al. 
2020; Lee et al. 2021). In addition, plant toxin level variability may not only affect 
herbivore performance from the bottom-up but may influence top-down selection as 
well. Trichoplusia ni caterpillars ingesting higher dietary levels of the furanocou-
marin xanthotoxin were attacked at lower rates by the parasitoid wasp Copidosoma 
floridanum (Paul et al. 2020). Interactive top-down and bottom-up effects can even 
be modulated further by viruses, microbes, and parasites of the natural enemies, 
showing the ecological complexities (Harvey et al. 2003; Tan et al. 2018).

Among Brassicales specialist herbivores, the effects of plant-produced GSLs and 
their breakdown products on multi-trophic interactions appear to be species depen-
dent. For example, the performance of an endoparasitoid Diadegma semiclausum 
was negatively correlated with GSL concentrations, as the wasp developed better 
when caterpillars of its host Plutella xylostella were actively detoxifying GSLs via 
desulfation (Sun et  al. 2020). In contrast, the performance of the endoparasitoid 
Hyposoter ebeninus was positively correlated with higher GSL concentrations of 
the Brassicaceae plants that their hosts, caterpillars of Pieris rapae and Spodoptera 
exigua, were feeding on (Kos et al. 2012). The authors speculated that this may have 
been caused by negative effects of plant GSLs on caterpillar immunity against the 
parasitoid (see also Smilanich and Muchoney, Chapter “Host Plant Effects on the 
Caterpillar Immune Response”).

Interactive effects between host plant defensive chemicals and the insect immune 
system were also invoked to explain population-specific patterns of selection on 
immunity genes in the monarch butterfly (Tan et  al. 2019a, b). While the North 
American population of monarchs predominantly uses the common milkweed 
Asclepias syriaca as larval host plant, caterpillars of monarch populations outside 
North America typically feed on other milkweed species, including A. curassavica. 
This species and other alternative milkweed hosts outside North America contain 
higher CG concentrations. Such elevated CG levels are known to affect the success 
rate of infection by the protozoan parasite Ophryocystis elektroscirrha (Sternberg 
et al. 2012; Gowler et al. 2015; Tao et al. 2016) and may also influence performance 
of other pathogens, predators, and parasites of the monarch (Brower et al. 1967, 
1968). The use of dietary CGs in defense against attack could in principle lead to 
relaxation of selection on the monarch’s immune system genes, especially when 
their expression is accompanied by costs (de Roode et al. 2013; Gerardo et al. 2010; 
Parker et al. 2011).
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One mechanism by which the monarch and many other specialist herbivores on 
a variety of host plants minimize fitness losses from attack by natural enemies is 
through sequestration of plant defensive chemicals (see Bowers, Chapter 
“Sequestered Caterpillar Chemical Defenses: From “Disgusting Morsels” to Model 
Systems”). However, sequestration of these chemicals comes with a set of chal-
lenges. For chewing herbivores such as caterpillars, this is particularly true in the 
case of sequestering plant-produced, non-toxic precursor glucoside molecules such 
as GSLs that are hydrolyzed by plant-derived β-glucosidases upon herbivore feed-
ing. Herbivores would need to leave GSLs intact if they are to evolve GSL storage 
and the ability to set up their own mustard oil bomb. Perhaps not surprisingly, the 
first well-studied instance of GSL sequestration was for an aphid species that spe-
cializes on Brassicaceae, Brevicoryne brassicae (Kazana et al. 2007). As a piercing- 
sucking herbivore, it can leave at least the aliphatic GSL intact, allowing it to store 
GSLs in its body. It further produces its own myrosinase enzyme in separate com-
partments, which is brought in contact with the GSLs upon wounding, thereby 
effectively setting itself up as a “booby trap” to predators and parasites. However, 
chewing herbivores, including caterpillars, may not have easy access to this option, 
given the amount of tissue disruption they bring about. Sequestration of intact and/
or modified GSL by chewing herbivores has thus far only been reported outside 
Lepidoptera: in larvae of the sawfly Athalia rosae (Hymenoptera; Müller et  al. 
2001) and in the flea beetle Phyllotreta armoraciae (Coleoptera; Sporer et al. 2021). 
In the sawfly, GSL breakdown in the gut appears to be prevented by rapid GSL 
uptake across the epithelium, which may be facilitated by low activity of plant 
myrosinases in the anterior gut (Abdalsamee et al. 2014). The flea beetle appears to 
employ similar mechanisms and may have an additional mechanism to reduce activ-
ity of plant myrosinases in the gut to trace levels (Sporer et al. 2021). Intriguingly, 
P. armoraciae can supercharge GSL sequestration via 13 putative sugar porters in 
the major facilitator superfamily (MFS) that import GSLs (Yang et al. 2021a, b). 
These proteins, dubbed glucosinolate-specific transporters (GTRs), show expres-
sion predominantly in the Malpighian tubules, and silencing them via RNAi showed 
that GTR activity in the tubules enabled the beetles to sequester high GSL levels in 
their hemolymph (Yang et al. 2021a, b). Characterization of sugar transporters has 
started in the moths Bombyx mori and Helicoverpa armigera (Govindaraj et  al. 
2016; Yuan et al. 2021a, b), and it will be interesting to see their characterization in 
Brassicaceae-specializing lepidopterans such as Pieris spp. and Plutella spp. It 
could also be fruitful to study ABC transporters in caterpillars of Brassicaceae spe-
cialists since at least one of these broad-spectrum transporters, the C-type ABC 
transporter MRP, has already been shown to mediate toxin sequestration in another 
beetle, Chrysomela populi (Strauss et al. 2013).

While Brassicales specialists such as Pieris brassicae and P. rapae do not appear 
to sequester intact GSLs (Müller et  al. 2003), P. brassicae caterpillars do show 
attack-induced production of an intensely green regurgitant (that likely contains 
high levels of nitriles), which has been shown to act as a deterrent to Myrmica rubra 
ants. These observations further suggest that nitriles may have a defensive role for 
P. brassicae and could come with adaptive benefits (Müller et al. 2003). Sequestration 

S. C. Groen and N. K. Whiteman



147

of nitriles might even bring more benefits to herbivores in some interactions with 
natural enemies than the ability to release ITCs. When GSL desulfation in Plutella 
xylostella was disrupted by silencing its GSS genes via RNAi, the caterpillars sys-
temically accumulated ITCs (Sun et al. 2019). Not only did the ITCs impair cater-
pillar development, but the larvae were still efficiently captured and eaten by the 
lacewing Chrysoperla carnea, a predator able to degrade ingested ITCs via the mer-
capturic acid pathway (Sun et al. 2019).

Specialists on CG-producing plants may have easier paths to evolve sequestra-
tion since these dietary toxins come to the herbivores in stable form. A series of 
different studies over the last 50 years using a variety of approaches have elucidated 
an important part of the genetic, molecular, and physiological mechanisms underly-
ing CG sequestration in the monarch. Several studies with monarch butterflies 
reared on milkweeds (including Asclepias curassavica and A. fruticosa as host 
plants) demonstrated that the monarch may selectively avoid sequestration of more 
toxic apolar CGs such as voruscharin, a compound to which its Na+/K+-ATPase is 
sensitive, despite the monarch’s TSI mutations. The monarch preferentially seques-
ters the less toxic polar CGs calotropin and calactin, compounds to which the TSI 
mutations provide >50-fold relative increase in resistance (Reichstein et al. 1968; 
Roeske et al. 1976; Seiber et al. 1980, 1983; Cheung et al. 1988; Groeneveld et al. 
1990; Malcolm 1990; Nelson 1993; Malcolm 1995; Petschenka et al. 2018; Jones 
et al. 2019; Agrawal et al. 2021). The monarch achieves this biased sequestration in 
part through converting voruscharin into calotropin and calactin via non-enzymatic 
and enzymatic steps (Agrawal et al. 2021; Marty and Krieger 1984; Seiber et al. 
1980) and through transporting CGs via as-of-yet unknown carriers (Frick and 
Wink 1995). New experimental work should identify these CG carriers in the mon-
arch; past studies have identified a set of candidate carriers. Kowalski and co- 
workers recently identified that the B-type ABC transporters ABCB1-3 may allow 
the dogbane beetle Chrysochus auratus, a specialist on the CG-producing plant 
Apocynum cannabinum, to sequester calotropin and other CGs (Kowalski et  al. 
2020). Interestingly, the most efficient transporters of calotropin were ABCB2 and -3,  
which are most closely related to D. melanogaster Mdr50 (Groen et al. 2017). It is 
precisely in orthologs of Mdr50 that we observed a gene bloom in the monarch 
genome (Fig.  3). From data produced by several population genetic/genomic  
studies, it can be observed that the monarch population does not seem to show 
genetic variation for the TSI mutations (Aardema et  al. 2012; Zhan et  al. 2014, 
Pierce et  al. 2016), but does show genetic variation for sequestration (Freedman 
et al. 2020). It will be interesting to see if this genetic variation may be found in and 
around genes that code for CG detoxification enzymes, CG carriers, and/or other 
proteins that may be involved in sequestration.

Evolution of the substitutions in the monarch’s Na+/K+-ATPase that confer 
TSI to many, but not all, CGs appears to have followed arms race dynamics 
(Aardema et  al. 2012; Petschenka et  al. 2013; Petschenka and Agrawal 2015; 
Pierce et al. 2016). The latest escalation (at least as far as major effect substitu-
tions in the first extracellular loop are concerned) was the addition of substitution 
N122H. This step was most likely linked to CG sequestration, rather than merely 
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coping with the toxins as part of the diet (Petschenka and Agrawal 2015). N122H 
was not necessary for protecting caterpillars against CG toxicity when toxins 
were ingested with the diet, but the substitution allowed tolerance of CGs when 
hemolymph with sequestered CGs from the monarch was injected into the body 
cavity (Petschenka and Agrawal 2015). Intriguingly, not all CG-sequestering 
lepidopteran species have evolved accompanying TSI substitutions. For exam-
ple, larvae of several species of arctiid moths sequester CGs, but their Na+/
K+-ATPases do not harbor TSI substitutions (Petschenka et al. 2012; Petschenka 
and Agrawal 2015). This suggests that costs of N122H and other TSI substitu-
tions may be high and would need to be offset by compensatory mechanisms and/
or ecological benefits. Our own and our collaborators' work with D. melanogas-
ter  has shown that the monarch’s TSI substitutions indeed come with substantial 
costs in the form of imbalances in nervous system functioning (Karageorgi et al. 
2019). Exactly how the monarch nullifies these deleterious side effects is 
unknown, but one mechanism is the evolution of a facilitating substitution in the 
form of A119S that offsets the negative pleiotropic consequences of N122H 
(Karageorgi et al. 2019). For sequestration to evolve, other (potential) costs need 
to be overcome. Agrawal and colleagues recently measured significant CG 
sequestration costs for monarch caterpillars that were evident in reduced growth 
rates (Agrawal et al. 2021). Slower growth may have been caused by the burden 
of energetic costs that selective detoxification and transport mechanisms may 
incur (Després et  al. 2007). Ultimately, the sum total of all costs needs to be 
lower than the ecological benefits of sequestration in the form of lower predation 
rates, which will depend on local environmental constraints (Després et al. 2007). 
Reduced predation due to sequestration is certainly possible for the monarch in 
at least some locations and conditions as several studies with natural enemies 
have shown (Brower et al. 1967, 1968), and this fits within a more general pattern 
that toxin-sequestering specialists are measurably better defended against preda-
tion than generalists (Zvereva and Kozlov 2016).

A meta-analysis of 159 publications on the costs and benefits of toxin accumula-
tion in herbivores further revealed that chemical defenses were generally beneficial 
when herbivores are threatened by generalist predators, but not when threatened by 
specialist predators or generalist and specialist parasitoids (Zvereva and Kozlov 
2016) (see also Singer et  al., Chapter “Predators and Caterpillar Diet Breadth: 
Appraising the Enemy- Free Space Hypothesis”). Furthermore, chemical defenses 
were more effective against vertebrate predators, particularly birds, compared to 
invertebrate predators (Zvereva and Kozlov 2016). Studies with different types of 
natural enemies of the monarch show patterns that are broadly consistent with this 
(Brower et al. 1967, 1968, 1985; Fink and Brower 1981; Fink et al. 1983; Brower 
and Calvert 1985; Brower 1988; Glendinning et al. 1988; Glendinning and Brower 
1990; Glendinning 1992; Koch et al. 2003; Rafter et al. 2013; Hermann et al. 2019; 
Stenoien et al. 2019).

One important mechanism through which sequestering species may enhance the 
benefits of sequestration is evolving aposematism (see also Bowers, Chapter 
“Sequestered Caterpillar Chemical Defenses: From “Disgusting Morsels” to Model 
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Systems”). The monarch and other sequestering specialist herbivores have evolved 
warning coloration as a corollary to their accumulation of protective toxins that 
serves to advertise the herbivores’ toxicity and can prevent attacks from happening, 
especially when vertebrate predators are a threat (Zvereva and Kozlov 2016). A first 
population genomic study has identified part of the genetic basis of the monarch’s 
orange-and-black warning coloration (Zhan et al. 2014). Future studies may more 
fully characterize the genetic architecture of the monarch’s CG detoxification- and 
sequestration-related traits and determine the extent of genetic correlation with its 
aposematic colorations. In this way, the evolution of the monarch’s mechanisms to 
deal with bottom-up and top-down selection pressures can be understood more 
completely.

The herbivores on which we have focused, the Brassicaceae specialist pierid 
butterflies and the milkweed butterflies, and their mechanisms of handling host 
plant- produced toxins are fitting illustrations of broader patterns concerning the 
role of defensive chemical detoxification and sequestration for caterpillars to nav-
igate interactions with selective agents at lower and higher trophic levels. A meta- 
analysis of 112 studies found that effect sizes of top-down selection pressures 
were generally larger than those of bottom-up selection pressures (Vidal and 
Murphy 2018). However, for specialist chewing herbivores, this pattern was 
turned upside down, which suggests that mechanisms such as the sequestration of 
host plant defensive chemicals in defense against natural enemies could have alle-
viated top-down selection pressures. An illustration of this pattern was found in a 
study of the insect community around Brassica nigra and B. oleracea plants: in 
this community, where specialist herbivores were more abundant than generalists, 
bottom-up selection had a larger influence on herbivore abundance than top-down 
selection (Kos et al. 2011).

Finally, it is interesting to contemplate the role that climate change may play in 
influencing the ecology and evolution of detoxification phenotypes sensu lato. For 
example, experimental increases in temperature raised cardenolide levels in foliage 
of A. curassavica, a species now widespread in the southern USA, that may be caus-
ing a reduction in the proportion of migrating monarchs (Faldyn et al. 2018). There 
is some concern that, owing to the fitness reduction monarchs experienced when 
feeding on plants grown in experimentally warmed conditions, these butterflies 
could become caught in an ecological trap. Adult female monarchs in the southern 
USA prefer to oviposit on A. curassavica, and as the climate warms, so too should 
cardenolide levels rise in these plants. Although higher cardenolide levels tend to 
enhance protection from natural enemies, there are also costs to sequestration, and 
overall, this could reduce average fitness of monarchs in these populations. 
Unconsidered by Faldyn et  al. (2018) is the potential role for an evolutionary 
response in such scenarios. Adaptation in the populations of monarchs facing higher 
cardenolide concentrations owing to warming conditions could produce any variety 
of adaptations, including reduced preference for A. curassavica, mitigation of the 
higher cardenolide levels physiologically, and/or increased resistance or tolerance 
of cardenolides that are particularly toxic. On the other hand, higher temperatures 
directly reduce fitness as well (York and Oberhauser 2002). This one example 
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highlights the difficulty in predicting the impacts of climate change at the plant-
insect nexus. More research in this area is certainly needed, especially in the area of 
adaptation per se.
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Sequestered Caterpillar Chemical 
Defenses: From “Disgusting Morsels” 
to Model Systems

M. Deane Bowers

To Theodore Sargent and Lincoln Brower, two talented 
biologists who shared with all of us their vast knowledge of 
both larval and adult Lepidoptera. They are missed.

 Introduction

As is clear from the chapters in this book, caterpillars have served as the inspiration 
and basis for many historically critical steps forward in our understanding of ecol-
ogy, behavior, and evolution. For example, relevant to this chapter on caterpillar 
sequestration and unpalatability, in his work on the importance of coloration in 
sexual selection, Darwin was stymied by the bright colors of many caterpillars, 
which, of course, cannot reproduce. This led to a series of experiments and 
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observations in the late nineteenth century, showing that this bright coloration 
advertised the fact that these caterpillars were unpalatable to predators (see below), 
thus reconciling Darwin’s dilemma. In 1930, Fisher published The Genetical Theory 
of Natural Selection, in which he used gregarious caterpillars as a way to resolve the 
conundrum of how warningly colored, unpalatable insects could evolve. He noted 
that in gregarious, toxic caterpillars, if an individual loses its life, its siblings will be 
protected; although, “… the selective potency of the avoidance of brothers will of 
course be only half as great as if the individual itself were protected; against this is 
to be set the fact that it applies to the whole of a possibly numerous brood” (Fisher 
1930, p. 178). Here is stated an early incarnation of the theory of kin selection, as 
well as the resolution of a paradox: how warning coloration could evolve.

Other important advancements in our understanding of plant and insect ecology 
and evolution have involved lepidopteran caterpillars. For example, the concept of 
coevolution was developed based on the relationships between butterflies and the 
chemistry of their larval host plants (Ehrlich and Raven 1964), and our ideas about 
the role of plant secondary compounds as important plant defenses and their subse-
quent use by insects as defenses were also based on research with caterpillars (Slater 
1877; Haase 1896; Vershaffelt 1910; Fraenkel 1959, 1969). Although other groups 
of phytophagous insects, such as grasshoppers, bees, and beetles, have played 
important roles in the development and testing of theory and practice in ecology and 
evolution, lepidopteran caterpillars are clearly the stars.

While all caterpillars are caught in the middle between their host plants and their 
natural enemies, those that are unpalatable due to sequestering chemical defense 
compounds from their host plants are particularly notable: not only do they acquire 
nutrition from their host plants, but they also acquire chemical compounds that 
serve as defenses against higher trophic levels: predators, parasitoids, and patho-
gens. As a result, not only is the nutritional quality of a potential host plant impor-
tant for larval growth and development, but the content of chemical compounds that 
can be sequestered is important as well. Thus selective pressures on sequestering 
caterpillars come both from the host plant (traits such as host plant choice, toxin 
tolerance, and toxin detoxification) and from natural enemies (levels of sequestered 
compounds and efficacy against different types of enemies) (Price et al. 1980; Ode 
2006; Fordyce and Nice 2008). In the past few decades, researchers have come a 
long way in understanding how the bottom-up and top-down pressures impact 
sequestering herbivores; but there is still a great deal to learn.

Plants produce an incredible diversity of secondary metabolites (Hegnauer 
1962-1996; Rosenthal and Berenbaum 1991). While these compounds may serve 
several primary roles, such as antioxidants or UV filters (and lines between primary 
and secondary compounds are blurred, Erb and Kliebenstein 2020), their primary 
role is as a protection against plant enemies, including herbivores and pathogens 
(Fraenkel 1959, 1969). While these secondary metabolites may serve as effective 
deterrents or toxins to many herbivores, certain species can tolerate these com-
pounds, and may actually use them as feeding or oviposition stimulants (Schoonhoven 
et  al. 2006; Nishida 2014). After ingestion by herbivores, these plant secondary 
metabolites may undergo a number of fates: they may be eliminated intact; they 
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may be metabolized with any of a number of effective enzyme systems (Heckel 
2014) and the metabolites absorbed (e.g., sugars that are the result of metabolism 
may be absorbed and used (Pasteels et al. 1983)) or excreted; or they may be seques-
tered, either as the intact compound or as a metabolite (Duffey 1980; Rimpler 1991; 
Bowers 1993; Nishida 2002; Opitz and Müller 2009; Dobler et  al. 2011). 
Sequestration can be defined as the selective uptake, transport, and storage of chem-
ical compounds from host plants or prey (see Heckel 2014). While this review will 
deal with sequestration of plant secondary compounds (also called plant allelo-
chemicals or plant secondary metabolites) by caterpillars from their host plants, 
sequestration of defensive compounds is not unique to invertebrates. Poison dart 
frogs provide a fascinating system in which sequestration of defensive compounds 
by this diverse clade of frogs is from their invertebrate prey (e.g., Saporito et al. 
2012). In addition, caterpillars can defend themselves via other chemical methods 
(Bowers 1993), such as the production of hairs or spines that produce urticating or 
toxic compounds (Diaz 2005; Battisti et al. 2011) and the osmeteria of swallowtail 
caterpillars that produce a variety of different unpalatable compounds (Honda 1981, 
1983; Frankfater et al. 2009). Although potentially potent defenses, those will not 
be covered in this chapter.

The goals of this chapter are to first provide some historic perspective on studies 
of caterpillar palatability and unpalatability and then to review some of the more 
recent work on caterpillar sequestration and defense against natural enemies. In this 
latter context, I will use caterpillars sequestering one group of plant secondary 
metabolites, the iridoid glycosides, as a model system, discuss variation in seques-
tration among different caterpillar species and how host plant species can affect 
sequestration, and then consider how global change, such as introduced plants, 
elevated nitrogen and carbon dioxide, and use of pesticides can affect caterpillar 
sequestration and their multitrophic interactions.

 Historic Studies of Caterpillar Palatability/Unpalatability

Initial descriptions of unpalatability in insects focused on adult Lepidoptera. In 
1862, Bates proposed that butterflies in what he designated as the Danaidae and 
Heliconiidae (the latter including an assemblage of taxa later shown to include three 
different groups: ithomiines, heliconiines, and acraeines) were unpalatable, writing 
“There is nothing apparent in their structure or habits which could render them safe 
from persecution by the numerous insectivorous animals which are constantly on 
the watch in the same parts of the forest which they inhabit. It is probable they are 
unpalatable to insect enemies” (Bates 1862, p.  510). Five years later, Wallace 
(1867b) tackled the question of brightly colored caterpillars, when, in a meeting of 
the Royal Entomological Society of London, he asked members to help him “clear 
up a difficult point”: this being Darwin’s conclusion that bright coloration in ani-
mals was due to sexual selection. Wallace noted that larval Lepidoptera were an 
exception to this rule and, “could not owe their gaudy attire to sexual selection.” 
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Wallace wrote that “Just as certain moths were agreeable and others distasteful to 
birds, so also he did not doubt that certain larvae were agreeable and others distaste-
ful to birds, but distastefulness alone would be insufficient to protect a larva unless 
there were some outward sign to indicate to its would-be destroyer that his contem-
plated prey would prove a disgusting morsel, and so deter him from attack” (Wallace 
1867b p. lxxx–lxxxi).

To obtain more information about caterpillar palatability and coloration, Wallace 
inserted a notice in the March 23, 1867, issue of The Field, The Country Gentleman’s 
Newspaper, in which he asked the help of readers to make observations that would 
be “of great interest to Mr. Darwin and myself.” In this notice, entitled “Caterpillars 
and Birds” (Fig. 1), he asked readers to collect observations on bird acceptance or 
rejection of different caterpillar species. He asked for observations on which cater-
pillars birds ate or rejected; for readers to offer birds as many different caterpillar 
species as they could collect and observe bird responses; or to put caterpillars in the 
garden, “in a soup plate or other vessel, which must be placed in a larger vessel of 
water, so that the creatures cannot escape, and then after a few hours note which 
have been taken and which left.” At the end of this note, he added, “this question has 
an important bearing on the whole theory of the origin of the colours of animals, and 
especially of insects” (Wallace 1867a, Fig. 1). This may have been one of the earli-
est, if not the earliest, call to arms of citizen scientists.

This request resulted in several sets of such observations, some of which were 
reported in meetings of the Royal Entomology Society. In 1869, Weir and Butler 
published back-to-back articles addressing Wallace’s request and reporting their 
results with a variety of different caterpillar species. Weir (1869) tested a variety of 
adults, some pupae, and larvae of several species and found three of them to be 
rejected: Diloba caeruleocephala L. (Noctuidae) (feeds on deciduous trees and 
shrubs, especially Sorbus, Prunus spinosa, Crataegus), Zygaena (Anthrocera) filip-
indulae (Zygaenidae) (feeds on Lotus corniculatus and L. pentaphyllum (Fabaceae)), 
and Cucullia verbasci (Noctuidae) (feeds on Verbascum (Scrophulariaceae), which 
contains iridoid glycosides). Butler (1869) found Abraxas grossulariata 
(Geometridae) (feeds on Ribes rubrum, R. nigrum, Prunus spinosa, Crataegus, 
Corylus, Euonymus europaeus, Salix) and Halia vauaria (now Macaria wauaria) 
(Geometridae; feeds on Ribes) to be unpalatable. For certain of these species, we 
now know not only that they are unpalatable, but the likely source of their unpalat-
ability; for example, Zygaena filipendulae sequesters cyanogenic glycosides 
(Zagrobelny et al. 2004, 2018; Zabrobelny and Møller 2011), and C. verbasci is 
likely to sequester iridoid glycosides (Bowers, pers. obs.).

Slater (1877), in his paper “On the food of gaily-coloured caterpillars,” acknowl-
edged these earlier observations by “modern entomologists” (Slater 1877, p. 205) 
and went on to be the first to suggest that these “…strikingly-coloured insects, not 
otherwise specially protected, will be found to feed upon poisonous plants, or upon 
such as, though not poisonous, possess unpleasant, or at least very powerful odours 
or flavours” (op.cit., p. 205). These observations led to numerous observations and 
experiments during the late 1800s and early 1900s about the palatability or unpalat-
ability of many different caterpillar species (Poulton 1887, 1890 summarize many 
of the experiments done to date), using a variety of animals as predators, including 
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Fig. 1 Alfred R. Wallace’s notice in The Field, the Country Gentleman’s Newspaper, in which he 
asked for readers to do experiments to investigate the acceptability or not of various caterpillar 
species. Accessed from http://wallace- online.org
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lizards (Poulton 1887; Pritchett 1903; Eltringham 1909), birds (Butler 1869; Weir 
1869, 1870; Poulton 1887), frogs (Poulton 1887), and spiders (Poulton 1887).

It was not until the 1960s and early 1970s that experimental work on butterfly 
and, to a lesser extent, caterpillar palatability and chemical defense began again in 
earnest. The early experiments by Jane Van Zandt Brower (JVZ Brower 1958a, b, c) 
and Lincoln Brower (Brower et al. 1968; Brower 1969) and the chemical and behav-
ioral experiments by Miriam Rothschild and Thomas Reichstein (e.g., Rothschild 
et al. 1970) were the beginnings of what is now a burgeoning field of study, the field 
of chemical ecology. These pioneers, notably two of them women (J. VZ Brower 
and M. Rothschild) in a field dominated by men, accompanied by others investigat-
ing plant secondary compounds and their importance for herbivorous insects (see 
below), opened the doors to what is now an exploding area of investigation, from 
both basic and applied perspectives.

 Caterpillar Sequestration and Unpalatability

Sequestration of plant secondary metabolites by caterpillars (and other insects) has 
been the focus of a number of reviews (e.g., Duffey 1980; Bowers 1993; Nishida 
2002; Opitz and Müller 2009; Dobler et al. 2011; Heckel 2014). In an extensive and 
detailed review, Opitz and Müller (2009) document over 250 species of insects that 
sequester plant secondary compounds: these belonging to six orders: Coleoptera, 
Diptera, Hemiptera, Hymenoptera, Lepidoptera, and Orthoptera. Although this 
number does not make sequestration a “common phenomenon among herbivorous 
insects” (Petschenka and Agrawal 2016), it is also true that new examples of seques-
tration are frequently being discovered. For example, a few example reports since 
Opitz and Müller (2009) include the Death’s Head Hawkmoth, Acherontia atropos 
(Sphingidae), which sequesters the alkaloid atropine (an anticholinergic agent) 
from Atropa belladonna (Solanaceae) (Kubinova et al. 2014); colchicine (an alka-
loid and a mitotic inhibitor) sequestration by larvae of Polytela gloriosae (Noctuidae), 
the Lily Moth, from the Gloriosa lily, Gloriosa superba (Colchicaceae) (Sajitha 
et al. 2019); and sequestration of the iridoid glycoside, antirrhinoside, by larvae of 
Calophasia lunula (Noctuidae), the toadflax defoliator, from dalmatian toadflax 
(Linaria dalmatica, Plantaginaceae) (Jamieson and Bowers 2010). Thus, it is likely 
that the numbers of sequestering species will continue to increase as more species 
are investigated.

A number of different classes of plant secondary metabolites are sequestered by 
caterpillars (Nishida 2002; Opitz and Müller 2009; Heckel 2014). Especially well- 
studied are the alkaloids (e.g., Hartmann and Ober 2000 Wink 2019), cardenolides 
(Rothschild et  al. 1970; Dobler et  al. 2011; Petschenka et  al. 2013), cyanogenic 
glycosides (Engler-Chaouat and Gilbert 2007; Zagrobelny and Moller 2011), gluco-
sinolates (Müller 2009; Winde and Wittstick 2011; Halkier and Gershenzon 2006) 
and iridoid glycosides (Bowers 1991, 1993; Dobler et al. 2011). Other classes of 
compounds that are sequestered include grayanoids (Nishida 2002), terpenoids 
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(Opitz and Müller 2009), cycasin (Rothschild et al. 1986; Bowers and Larin 1989; 
Nash et al. 1992), and phenolics (Hesbacher et al. 1995; Scott et al. 2014; Scott 
Chialvo et al. 2018).

In some, but not most, cases, data from chemical analyses and feeding experi-
ments with potential predators are both available, thus allowing linkage of palat-
ability/unpalatability with levels of chemical sequestration; but this information is 
not always available nor feasible. This is certainly an area inviting further investiga-
tion. For example, early experiments on caterpillar palatability to predators showed 
that certain species were acceptable while others were avoided, but the basis of 
predator rejections was not determined (see above) and more recent experiments 
(e.g., Dyer 1995) did not identify the chemical basis of caterpillar rejection. 
Similarly, while sequestration of various plant secondary metabolites has been doc-
umented in a variety of species (Opitz and Müller 2009), the consequences for pal-
atability of those insects are not always known, and almost never to the full range of 
possible natural enemies.

 Iridoid Glycosides as a Model System

The iridoid glycosides are terpenoid-derived compounds found in over 50 families 
of plants (Hegnauer 1973; Bowers 1991; Jensen 1991; Rimpler 1991). Because of 
their medical importance (Dinda 2019), the last few decades have seen increased 
emphasis on the discovery and isolation of iridoid glycosides; thus in 1980, there 
were about 500 iridoid glycosides known (El-Naggar and Beal 1980) and a recent 
book (Dinda 2019) reported over 3000 iridoids! Many traditional medicinal plants 
apparently owe their properties to iridoid glycosides, and increasing interest in the 
pharmacological value of these compounds has led to rapid discovery of new com-
pounds (Dinda 2019 and references therein). Indeed, their wide range of bioactivi-
ties supports a number of therapeutic possibilities for these compounds (Tundis 
et al. 2008; Dinda 2019), and the use of valerian (Valeriana officinalis , Valerianaceae) 
as a treatment for insomnia has been known for decades (Shinjyo et al. 2020).

Probably the first suggestion of the importance of iridoid glycosides for caterpil-
lars was a paper by Nayar and Fraenkel (1963), in which they suggested that “catal-
posides” (a mixture of iridoid glycosides found in Catalpa spp., Bignoniaceae) 
served as feeding stimulants for larvae of the catalpa sphinx, Ceratomia catalpae 
(Sphingidae). Slightly later, Hegnauer (1973, Volume 6, page 352) in his classic 
series on plant secondary chemistry, Chemotaxonomie der Pflanzen, suggested that 
iridoid glycosides were important in the host plant relationships of checkerspot but-
terflies (Euphydryas spp.). In 1979, Bowers suggested that these compounds were 
also important in the unpalatability of caterpillars and adults of butterflies in the 
genus Euphydryas (Nymphalidae). The anti-feedant properties of iridoid glycosides 
were first illustrated with the iridoid glycoside, ipolamiide, which was shown to be 
a feeding deterrent to a generalist caterpillar, Spodoptera littoralis (Noctuidae), as 
well as two generalist grasshopper species (Bernays and DeLuca 1981). Sequestration 
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of iridoid glycosides was first described by Bowers and Puttick (1986) in larvae of 
three species that specialize on plants containing iridoid glycosides, Euphydryas 
phaeton (Nymphalidae, the Baltimore checkerspot), Junonia coenia (Nymphalidae, 
the buckeye), and C. catalpae, and by Stermitz et al. (1986) for adults of another 
checkerspot species, E. anicia (Nymphalidae, the anicia checkerspot).

Experiments demonstrating unpalatability of larvae of taxa that sequester iridoid 
glycosides are less common than chemical analysis; however, there have been sev-
eral. In early experiments, Bowers (1980, 1981) showed that adult checkerspots in 
the genus Euphydryas were unpalatable to blue jays, Cyanocitta cristata, and that 
larvae of E. phaeton were also unpalatable to these birds (Bowers 1980). Later 
experiments showed that adult checkerspots were also unpalatable to gray jays, 
Perisoreus canadensis (Bowers and Farley 1990). Subsequent experiments with lar-
vae of the buckeye (J. coenia) showed that ants (Dyer and Bowers 1996), spiders 
(Theodoratus and Bowers 1999; Strohmeyer et  al. 1998), paper wasps (Stamp 
2001), and praying mantis (Fig. 2, Bowers and Massa unpublished) found larvae of 
the buckeye to be unpalatable; however, unpalatability depended on the host plant 
species on which caterpillars had fed. In general, both vertebrate and invertebrate 
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Fig. 2 Praying mantis (third instar) behavior toward third instar larvae of the buckeye (Junonia 
coenia) when they were reared on Plantago major (contains only aucubin and in relatively low 
amounts of 0.5–2% dry mass) or P. lanceolata (contains aucubin and catalpol in amounts from 5% 
to 12% dry mass) throughout their development. Caterpillar chemical content was not measured. 
Mantis ate significantly more larvae reared on P. major than those reared on P. lanceolata 
(χ2 = 5.63, P < 0.025) and rejected significantly more larvae reared on P. lanceolata than those 
reared on P. major (χ2 = 28.78; P < 0.001). Unpublished data from Massa and Bowers
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predators behave similarly toward larvae sequestering iridoid glycosides: they find 
them distasteful and reject those sequestering higher levels of these compounds 
(Bowers 1980, 1981; Bowers and Farley 1990; op.cit.). Variation in palatability and 
chemical defense among individuals within a species can be due not only to the host 
plant on which a caterpillar feeds (Bowers 1980; Theodoratus and Bowers 1999), 
but also to the ontogenetic stage of the particular plant species used as food (Quintero 
et al. 2014; Quintero and Bowers 2018).

The ability to sequester iridoid glycosides has been documented in four different 
orders (reviewed in Rimpler 1991): Hemiptera (Nishida and Fukami 1989), 
Hymenoptera (Bowers et al. 1993), Coleoptera (Willinger and Dobler 2001; Baden 
et al. 2011), and Lepidoptera (Rimpler 1991; Bowers 1993; Fig. 3, Table 1) and the 
grasshopper, Romalea guttata, can sequester the non-glycosidic iridoid, nepetalac-
tone (Blum et al. 1987). Within the Lepidoptera, sequestration has been documented 
in several different families (Rimpler 1991; Table 1), including both butterflies and 
moths. For iridoid glycosides, not all can be sequestered; some are metabolized or 
broken down, and these metabolites are excreted (Rimpler 1991). For some iridoid 
glycosides a more complex compound is metabolized into one that can be seques-
tered. Such is the case with the catalpa sphinx, Ceratomia catalpae (Sphingidae), in 
which the iridoid glycoside, catalposide, is broken down into catalpol and a metabo-
lite, and the catalpol sequestered (Bowers 2003). Thus the host plant compounds 
may not be directly mirrored in the sequestering caterpillar.

While most species shown to sequester iridoid glycosides are specialists on 
plants containing these compounds, a few of these species are quite general in their 
feeding habits, for example, Spilosoma congrua (Erebidae, Arctiinae) (Robinson 
et al. 2002) and the painted lady, Vanessa cardui (Nymphalidae) (Robinson et al. 
2002). For both of these species, iridoid glycoside sequestration occurs when they 
feed on the introduced weed, narrow-leaved plantain (Plantago lanceolata, 
Plantaginaceae) (Bowers and Stamp 1997; Lampert et al. 2014), although levels of 
sequestered iridoids are lower than those of most specialists (Fig. 3).

 Caterpillar Sequestration: Comparisons Across Species

Although sequestration is found in many different lepidopteran groups, the ability 
of different species to sequester is quite variable, even in closely related species. 
The monarch (Danaus plexippus, Nymphalidae) and the queen (Danaus gilippus) 
butterflies served as early models for the study of unpalatability and sequestration. 
JVZ Brower (1958a) showed that both monarch and queen adults were unpalatable, 
although monarchs were more unpalatable than queens; later, L Brower showed that 
larvae of the monarch were unpalatable (Brower et al. 1967). Chemical analysis and 
more direct comparisons across species showed that queen butterflies sequestered 
lower amounts of cardenolides than monarchs when reared on the same host plant 
species and that the palatability of these two species differed (Cohen 1985; 
Malcolm 1991).
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Fig. 3 Comparison of sequestration of iridoid glycosides in eight lepidopteran species. All mea-
surements were made on newly molted larvae in the last larval instar before pupation; this was the 
fifth instar in all but E. phaeton, in which it was the sixth instar. Table 2 shows the larval host plants 
on which larvae were fed. Iridoid glycosides were quantified using gas chromatography. Sample 
sizes range from 10 to 16. A. Iridoid glycosides as percent dry weight of larvae. B. Iridoid glyco-
sides as milligrams per individual
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Sequestration of cardenolides has been examined more broadly in danaines; 
although most of this research is focused on adult cardenolide content, larval stages 
have been investigated as well. A comparison of larvae of three danaine species, 
which differ in the resistance of their sodium/potassium ATPase (NA+/K+-ATPase) 
to cardenolides (Euploea core, not resistant; Danaus gilippus, intermediate resis-
tance; D. plexippus, highly resistant; Petschenka and Agrawal 2015), showed that 
these species also differ in their ability to sequester cardenolides (Petschenka and 
Agrawal 2015). The resistance of this enzyme is due to specific amino acid substitu-
tions that alter its cardenolide binding properties (termed target site specificity) 
(Dobler et al. 2012; Petschenka and Agrawal 2015). Thus monarchs, which have a 
highly resistant NA+/K+-ATPase, have an amino acid substitution that prevents 
cardenolides from effectively binding to the enzyme (Vaughan and Jungreis 1977; 
Holzinger et al. 1992). Larvae were reared on eight different milkweed species and, 
for all host plants, E. core sequestered no detectable cardenolides, D. gilippus was 
intermediate, and D. plexippus sequestered the highest amounts (Petschenka and 
Agrawal 2015). Thus, larvae of these three species vary considerably in their ability 
to sequester cardenolides.

Similarly, heliconiine species sequestering cyanogenic glycosides may also vary 
in their ability to sequester these compounds, with some species being very efficient 
and others being poor sequesterers (Engler-Chaout and Gilbert 2007; Sculfort et al. 
2020). Host plant levels of cyanogenic glycosides were also important in 

Table 1 Lepidopterans shown in Fig. 4 and their taxonomic affiliations and the host plants on 
which larvae were reared to obtain sequestration data

Species Family Tribe Host plant (family) References

Junonia coenia Nymphalidae Junoniini Plantago 
lanceolata
(Plantaginaceae)

Knerl and Bowers 
(2013)

Euphydryas 
phaeton

Nymphalidae Melitaeini Plantago 
lanceolata
(Plantaginaceae)

Bowers (unpublished 
data)

Vanessa cardui Nymphalidae Nymphalini Plantago 
lanceolata
(Plantaginaceae)

Lampert et al. (2014)

Anartia 
jatrophae

Nymphalidae Victoriini Plantago 
lanceolata
(Plantaginaceae)

Knerl and Bowers 
(2013)

Ceratomia 
catalpae

Sphingidae Sphingini Catalpa 
bignonioides
(Bignoniaceae)

Bowers (2003)

Spilosoma 
congrua

Erebidae Arctiini Plantago 
lanceolata
(Plantaginaceae)

Bowers and Stamp 
(1997)

Eucaterva 
variaria

Geometridae Ourapterygini Chilopsis linearis
(Bignoniaceae)

Bowers (unpublished 
data)

Calophasia 
lunula

Noctuidae Oncocnemidini Linaria dalmatica
(Plantaginaceae)

Jamieson and Bowers 
(2010)

Sequestered Caterpillar Chemical Defenses



176

Fig. 4 Caterpillars for which data are shown in Fig. 3. (a) Euphydryas phaeton (Nymphalidae), 
the Baltimore checkerspot. Photo by M.D. Bowers. (b) Junonia coenia (Nymphalidae), the buck-
eye. Photo by M.D. Bowers. (c) Eucaterva variaria (Geometridae). Photo by M.S. Singer. (d) 
Vanessa cardui (Nymphalidae). Photo by K. Hernandez. (e) Spilosoma congrua (Erebidae), the 
agreeable tiger moth. Photo by M.D.  Bowers. (f) Ceratomia catalpae (Sphingidae). Photo by 
M.D. Bowers. (g) Calophasia lunula (Noctuidae), the toadflax defoliator. Photo by M. Jamieson. 
H. Anartia jatrophae (Nymphalidae), the white peacock. Photo by N. Muchoney
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determining levels found in the insects. Furthermore, heliconiine larvae may pro-
duce cyanogenic glycosides de novo, and there may be a trade-off between seques-
tration and de novo production of these compounds (Engler-Chaout and 
Gilbert 2007).

The ability to sequester iridoid glycosides has arisen in a number of different 
lepidopteran taxa, occurring in five different families: Nymphalidae, Erebidae, 
Noctuidae, Geometridae, and Sphingidae (Rimpler 1991; Table  1). In order to 
directly compare the efficiency with which larvae of eight different species, repre-
senting these five families, sequester iridoid glycosides, data were compiled for 
iridoid glycoside content of newly molted last instar larvae. Newly molted larvae 
were used to minimize any plant material being found in the gut. Iridoid glycosides 
are polar compounds and are sequestered in the insects’ hemolymph (Bowers 2003). 
Five of these species were reared on the same host plant species, Plantago lanceo-
lata (Plantaginaceae) (Table 1), a common weed introduced into North America 
about 200 years ago (Cavers et al. 1980). This plant species contains primarily two 
iridoid glycosides, aucubin and catalpol (Bowers et al. 1992a, b). The others were 
reared on the host plant on which they most commonly feed: C. catalpae was reared 
on Catalpa bignonioides (Bignoniaceae), which contains primarily catalpol and 
catalposide (von Poser et al. 2000; Bowers 2003) (only catalpol is found in larvae); 
Eucaterva variaria was reared on Chilopsis linearis, which contains catalpol and 
esters of catalpol (von Poser et al. 2000) (only catalpol is found in larvae, Bowers 
unpublished data); Calophasia lunula was reared on Linaria dalmatica, which con-
tains antirrhinoside, linarioside, and several other iridoid glycosides (Handjieva 
et al. 1993) (only antirrhinoside is found in larvae, Jamieson and Bowers 2010). In 
some cases, such as C. catalpae and E. variaria above, as well as others (e.g., 
Gardner and Stermitz 1988; Kelly and Bowers 2018), caterpillars are converting 
esters of catalpol, such as catalposide, 6-isovanillylcatalpol (Gardner and Stermitz 
1988), and scutellarioside (Kelly and Bowers 2018) into catalpol (see also 
Rimpler 1991).

This compilation shows that the ability to sequester iridoid glycosides can vary 
immensely and over an order of magnitude, from very high levels (15–25% dry 
mass, 6–12 mg per caterpillar), such as found in J. coenia and C. catalpae, to very 
low levels, such as found in (Nymphalidae) (2% dry mass, 0.2 mg per caterpillar) 
(Fig. 3). Data are presented as both percent dry mass and total milligrams per cater-
pillar because both of these measures are important in the interactions of the cater-
pillars with enemies. The concentration of compounds will be important for enemies 
that attack, but may not ingest, the entire caterpillar—higher concentrations in a 
drop or two of hemolymph will provide greater deterrence. The total milligrams per 
caterpillar will be important for enemies that ingest an entire larva—a higher dose 
could lead to greater toxicity or a stronger physiological response. In contrast to 
what is known for other groups of compounds, such as cardenolides, in which levels 
of sequestration among different species are linked to the sensitivity of the targeted 
enzyme to these compounds (Petschenka and Agrawal 2015), little is known about 
what regulates sequestrative ability in iridoid glycoside-sequestering species.
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 Caterpillar Sequestration and Unpalatability: Importance 
of Host Plant Variation

On what plant species, in which plant population, and on which individual plant, 
ontogenetic stage, and plant part a caterpillar feeds can determine levels of caterpil-
lar sequestration. Likewise, insect features, such as species, ontogenetic stage, gen-
otype, and interactions of hostplant chemistry and nutrient content are also 
determinants of levels of compounds that are sequestered (Bowers 1993). Amounts 
of compounds in the host plants, however, may not directly predict levels that are 
sequestered; thus, for cardenolides, monarch caterpillars are more efficient at 
sequestering when levels of cardenolides are low (Jones et al. 2019). Variation in 
chemical content of host plant species and the consequences of that variation for 
sequestering herbivores have been most extensively examined in milkweeds 
(Apocynaceae) and monarchs (e.g., Roeske et al. 1976; Jones et al. 2019; Zust et al. 
2019). Milkweed cardenolide content can vary by orders of magnitude (e.g., Zust 
et al. 2019), and this variation results in monarchs that vary in their cardenolide 
content (Malcolm 1991) as well as their palatability to both vertebrate (Brower et al. 
1967) and invertebrate (Rayor 2004) predators, and their susceptibility to parasites 
(Sternberg et al. 2012). Similarly, in members of the genus Heliconius, in which 
caterpillars feed on plants in the Passifloraceae and sequester cyanogenic glyco-
sides, host plant species can influence the amounts of cyanogenic glycosides seques-
tered (Hay-Roe and Nation 2007; Engler-Chaouat and Gilbert 2007). Chemical 
defense in Heliconius, however, is complicated by the fact that cyanogenic glyco-
sides may also be synthesized de novo (Nahrstedt and Davis 1983; Wray et al. 1983; 
Engler-Chaouat and Gilbert 2007).

For insects sequestering iridoid glycosides, host plant species may also deter-
mine levels of sequestered compounds, as well as which specific compounds are 
sequestered (Gardner and Stermitz 1988; Rimpler 1991; Dobler et al. 2011). For 
example, Gardner and Stermitz (1988) and L’Empereur and Stermitz (1990) showed 
that two different populations of the checkerspot, Euphydryas anicia (Nymphalidae) 
in Colorado, sequestered different iridoid glycosides, even though the same two 
host plant species (Castilleja integra, Orobanchaceae, and Besseya alpina 
Plantaginaceae) were available in both populations. Specifically, they found that 
most butterflies in one population (Red Hill) contained large amounts of one iridoid 
glycoside, macfadienoside, that was found only in one host plant species, C. integra, 
while butterflies at the other site (Michigan Hill) did not contain this compound, 
indicating that they did not use C. integra at this site. The effects of this difference 
in sequestration for interaction with natural enemies were not examined, however.

The influence of host plant species on iridoid glycoside sequestration may vary 
depending on the caterpillar species examined. For example, in a comparison of 
three caterpillar species that sequester iridoid glycosides, larvae were reared on 
Plantago lanceolata or P. major (Lampert and Bowers 2010); P. lanceolata contains 
primarily two iridoid glycosides, aucubin and catalpol (Bowers and Stamp 1993), 
whereas P. major contains only aucubin (Barton and Bowers 2006, and references 
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therein). Amounts of iridoid glycosides in these two plant species also vary consid-
erably, with P. major containing 0.5–2.0% dry weight aucubin (Barton and Bowers 
2006) and P. lanceolata containing amounts of aucubin and catalpol combined as 
high as 10–12% dry weight (Bowers and Stamp 1993). The three caterpillar species 
compared were the buckeye, J. coenia (a specialist on iridoid glycoside containing 
plants), and two generalist arctiines, the agreeable tiger moth, Spilosoma congrua 
(Erebidae, Arctiini) and the saltmarsh caterpillar, Estigmene acraea (Erebidae, 
Arctiini). For two of the three species, J. coenia and S. congrua, levels of iridoid 
glycosides were lowest when larvae fed on P. major and highest when larvae fed on 
P. lanceolata. However, for E. acraea, levels of iridoid glycosides were quite low, 
and host plant species did not affect iridoid glycoside levels (Lampert and 
Bowers, 2010).

Within a plant species, populations may vary in their chemical content (e.g., 
Darrow and Bowers 1997; Jamieson and Bowers 2010; Moore et al. 2013; Pellessier 
et al. 2014; Glassmire et al. 2016; Hahn and Maron 2016), which may then influ-
ence sequestration and chemical defense of insects feeding on them. For example, 
population variation in cyanogenic glycoside content of the passionflower species, 
Passiflora biflora, was reflected in the cyanogenic glycoside content of Heliconius 
erato feeding on those plants (Mattila et al. 2020). In contrast, variation in seques-
tered aristolochic acids in larvae of the pipevine swallowtail (Battus philenor, 
Papilionidae) depended more on the larval family line than on variation in host plant 
(Aristolochia erecta, Aristolochiaceae) aristolochic acids (DiMarco et  al. 2012). 
Thus, the consequences of plant chemical variation for sequestration may be quite 
different in different caterpillar species.

Plants may also change dramatically in their chemical content as they develop 
(Bowers et al. 1992a, b; Darrow and Bowers 1997; Boege and Marquis 2005; Barton 
and Koricheva 2010; Boege et al. 2019), and these ontogenetic changes may interact 
with ontogenetic trajectories in herbivores to determine caterpillar chemical 
defenses (Quintero et al. 2014; Boege et al. 2019; Jones et al. 2019). For example, 
later instar larvae of the monarch accumulated greater total amounts of cardeno-
lides, although there were different patterns for caterpillar body tissues compared to 
hemolymph (Jones et al. 2019). There was actually a decrease in body tissue carde-
nolides over development; however, hemolymph cardenolides showed more com-
plex patterns, with a significant increase in hemolymph cardenolides between the 
fourth and fifth instars (Jones et al. 2019). In larvae of the buckeye, sequestration of 
iridoid glycosides increases with larval stage; however, an experiment with P. lan-
ceolata showed that plant ontogenetic stage interacted with larval instar such that 
variation in levels of iridoid glycosides sequestered by different larval instars 
changed as a function of host plant ontogenetic stage (Quintero and Bowers 2018). 
Thus, variation in sequesterable host plant secondary metabolites may have impor-
tant consequences for caterpillar sequestration, but the dynamics of this relationship 
may not always be clear-cut.
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 Caterpillar Sequestration and Chemical Defense: 
Consequences of Anthropogenic Change to the Environment

 Introduced Plants

The introduction of exotic plants into novel ecosystems can have profound effects 
on the native inhabitants. Such introductions are increasing and they are relatively 
common, with widespread impacts on native lepidopteran herbivores (Graves and 
Shapiro 2003). These introductions can generate novel interactions with native spe-
cies, with resulting effects on interactions with other organisms, as well as commu-
nity structure. Incorporation of these novel host plants into the diet of native 
caterpillars can affect their population dynamics and interactions with higher tro-
phic levels, such as predators, parasitoids, and pathogens. For insect species that 
sequester chemical compounds from their host plants, novel host plants may alter 
both quality (which compounds are sequestered) and quantity (amounts of com-
pounds that are sequestered) of sequestered compounds, as well as affect whether or 
not compounds are sequestered at all (e.g., Knerl and Bowers 2013).

Asclepias curassavica (Apocynaceae), commonly known as tropical milkweed 
or blood flower, has been introduced into North America and is commonly grown in 
gardens throughout the southern United States (Malcolm 2018). It is a favored host 
plant of monarch butterflies and is used extensively in experiments with monarchs 
(e.g., Brower et al. 1967; Faldyn et al. 2018; Decker et al. 2019; Jones et al. 2019) 
because it is easy to grow and larvae perform well on it (Malcolm 2018). It is rela-
tively high in cardenolides compared to many native North American milkweeds 
and thus caterpillars, and the resulting butterflies, reared on it are well-protected 
against predators and pathogens (De Roode et al. 2008; Tan et al. 2019). On the 
negative side, however, A. curassavica can provide a food resource that is available 
all year round, thus breaking reproductive diapause (Majewska and Altizer 2019) 
and reducing the propensity of monarchs to migrate (Malcolm 2018). Feeding on 
this species can also increase disease prevalence in populations that are not migrat-
ing (Satterfield et al. 2015). Thus, feeding on this introduced milkweed can have 
both positive (increased chemical defense against predators, reduced susceptibility 
to a parasite) and negative (breaking reproductive diapause and reduced migratory 
propensity) effects on monarchs.

Plantago lanceolata and P. major are two common weeds introduced into North 
America in the eighteenth and seventeenth centuries (respectively) (Cavers et al. 
1980; Hawthorne 1974). A number of native caterpillar taxa have incorporated these 
species into their diets (Robinson et al. 2002). Several of these caterpillar species 
sequester iridoid glycosides from these plants, and which of these two plants cater-
pillars feed upon can influence their sequestration (e.g., Lampert and Bowers 2010) 
and their susceptibility to natural enemies (Theodoratus and Bowers 1999; Fig. 2), 
likely due to the differences in the amounts and specific iridoid glycosides that are 
sequestered from these two plant species. Wolf spiders (Lycosa carolinensis) found 
caterpillars of the buckeye, J. coenia, to be more unpalatable when reared on P. 
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lanceolata than when reared on P. major (Theodoratus and Bowers 1999). Similarly, 
praying mantis (Mantis religiosa) showed similar behaviors, accepting many fewer 
buckeye caterpillars that had been reared on P. lanceolata compared to those reared 
on P. major and rejecting more of the P. lanceolata reared individuals (Fig. 2).

The Baltimore checkerspot, Euphydryas phaeton (Nymphalidae), as well as 
other species of Euphydryas in North America, have also incorporated P. lanceolata 
into their diets (Stamp 1979; Bowers 1980; Thomas et al. 1987; Bowers et al. 1992a, 
b; Haan et al. 2018, 2021). For E. phaeton, use of this novel host plant, compared to 
use of the native host plant, turtlehead (Chelone glabra, Plantaginaceae), has a num-
ber of negative effects. Feeding on P. lanceolata results in more palatable caterpil-
lars and butterflies (Bowers 1980) and reduced immune response and greater 
prevalence of an entomopathogenic virus (Muchoney et al. in review). However, 
population growth rates of E. phaeton can be higher when they are feeding on 
P. lanceolata (Brown et al. 2017). In a different checkerspot species, use of P. lan-
ceolata by populations of Euphydryas editha in California may result in extinction 
of populations that come to depend on this novel host plant species (Singer and 
Parmesan 2018). In contrast, use of P. lanceolata by the endangered E. editha tay-
lori in Washington state has positive effects, with early instar larvae in the field 
performing better on this introduced species than on its native Orobanchaceae host 
plants, Castilleja levisecta and C. hispida (Haan et al. 2018). Early instar larvae 
feeding on P. lanceolata also had higher levels of iridoid glycosides than larvae 
feeding on either of the native host plant species (Haan et  al. 2021). Thus, even 
within this relatively small genus, the effects of this introduced plant may vary 
considerably.

A recent incorporation of P. lanceolata into the diet of the native white peacock 
butterfly, Anartia jatrophae (Nymphalidae), resulted in larvae being able to seques-
ter iridoid glycosides from this novel host plant, with fourth instar larvae containing 
a mean of about 4% dry mass iridoid glycosides (Knerl and Bowers 2013). While 
this is substantially lower than what was found in larvae of the buckeye, J. coenia 
(Knerl and Bowers 2013; Fig. 3), it could be sufficient to protect these larvae from 
enemies (Knerl and Bowers 2013). Similarly, larvae of the painted lady, Vanessa 
cardui, can sequester low amounts of iridoid glycosides when they feed on P. lan-
ceolata (Fig. 3), but the efficacy of these sequestered compounds in protecting the 
larvae from attack has not been investigated.

 Other Types of Anthropogenic Change

As discussed above, introduced plants may have important effects on caterpillar 
sequestration and the interaction of these caterpillars with their natural enemies; 
these effects can be positive or negative. Other components of human-induced 
changes to the environment can also be important for caterpillar sequestration; 
increased levels of carbon dioxide, increasing nitrogen deposition, application of 
herbicides and pesticides, and changes in precipitation and thermal regime may 
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influence caterpillar sequestration indirectly, via changes in plant chemical content 
or phenology, or directly, by changing caterpillar feeding rates or metabolism 
(Robinson et al. 2012; Jamieson and Bowers 2012; Jamieson et al. 2017; Schultz 
et al. 2016; Hamann et al. 2021). Relatively few studies have examined the direct or 
indirect effects of such anthropogenic changes on insect chemical defenses of any 
kind, much less caterpillar sequestration, although authors may allude to such 
effects (e.g., Veteli et  al. 2002). Those studies that have been conducted do not 
reveal a consistent picture; this is clearly an area worthy of increased attention.

Increased soil nitrogen, through atmospheric deposition or agricultural run-off, 
can alter plant secondary metabolite concentrations (reviewed in Throop and Lerdau 
2004; Jamieson et al. 2017), and a number of different studies have looked at the 
consequences of increased soil nitrogen for plant chemistry and caterpillar perfor-
mance (reviewed in Hunter 2016; Li et al. 2016; Jamieson et al. 2017). Many fewer, 
however, have examined the effects on sequestration. For iridoid glycosides, fertil-
ization was shown to decrease iridoid glycosides in Plantago lanceolata, and cater-
pillars fed on fertilized P. lanceolata sequestered about four times less iridoid 
glycosides than those fed on unfertilized plants (Prudic et al. 2005). In addition, the 
relative proportion of the two sequestered compounds also changed in caterpillars 
fed on fertilized plants: the proportion of total iridoid glycosides sequestered that 
was catalpol was about 75% of total iridoid glycosides when caterpillars were fed 
on fertilized plants and only 20% of total when fed on unfertilized plants (Prudic 
et  al. 2005). In another iridoid-sequestering caterpillar, the toadflax defoliator, 
Calophasia lunula (Erebidae), nitrogen addition reduced iridoid glycosides in the 
host plant, the invasive weed, dalmatian toadflax (Linaria dalmatica, Plantaginaceae), 
and caterpillars feeding on these fertilized plants also had lower iridoid glycosides 
(Jamieson and Bowers 2012). For monarchs, the effects of nitrogen fertilization 
appear to be more complex: Tao et al. (2014) found no effect of nitrogen fertiliza-
tion on cardenolide concentrations in monarch butterflies, but the sequestration effi-
ciency (the proportion of ingested defense that is retained by the herbivore (Bowers 
and Collinge 1992)) was significantly lower when caterpillars were fed fertil-
ized plants.

Elevated carbon dioxide levels can also have important consequences for trophic 
interactions, through both direct and indirect effects on insect and plant physiology, 
as well as insect behavior (Jamieson et al. 2017). In only a few cases, however, have 
insect defenses been examined in this context, and more rarely has sequestration 
been examined. In monarchs feeding on milkweeds, effects of elevated CO2 on 
milkweed cardenolides differed among milkweed species, with only one species, 
Asclepias curassavica, showing a significant effect: surprisingly, cardenolides were 
reduced by about 50% in plants grown under elevated (760 ppm) compared to ambi-
ent (400 ppm) CO2 levels (Fig. 1 in Decker et al. 2019). Despite this difference in 
plant chemistry, there were no differences in cardenolide concentrations of wings of 
monarchs fed on A. curassavica plants grown under ambient versus elevated CO2 
(Decker et al. 2019). However, the efficiency with which larvae sequestered carde-
nolides (cardenolides sequestered per unit cardenolide available in host plants) was 
higher when fed on milkweeds grown under elevated CO2 (Decker et  al. 2019). 
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Thus, when cardenolides are lower (as when plants are grown under elevated CO2), 
monarch larvae are more efficient at sequestering them, even though the insects are 
still lower in total cardenolides.

The application of pesticides and herbicides can also alter plant secondary chem-
istry (Lydon and Duke 1989); however, the effects of such applications on seques-
tering caterpillars have only rarely been examined. One such study examined the 
effects of the application of grass-specific herbicides (graminicides) on larval 
sequestration of the checkerspot, Euphydryas colon (Schultz et al. 2016). Application 
of graminicides can be effective in managing exotic grasses (Marushia and Allen 
2011) and be beneficial for maintaining and restoring butterfly habitat (Blake et al. 
2011). However, there may be non-target, negative effects of these graminicides, 
and different butterfly species show different responses (LaBar and Schultz 2012). 
In the Schultz et al. (2016) experiment, larvae were fed on Plantago lanceolata and 
then separated from the host plant and exposed directly to three different gramini-
cides or were untreated (controls). When caterpillars entered diapause (fourth 
instar), a set of larvae were analyzed for iridoid glycoside sequestration. Results 
showed that, although exposure to graminicides did not affect overall amounts of 
iridoid glycosides sequestered, graminicide treatment did alter the relative propor-
tions of the two compounds sequestered (aucubin and catalpol): specifically, cater-
pillars treated with graminicides had 1.5 to two times the amount of aucubin as 
catalpol, while the control caterpillars had about 1.5 times more catalpol than aucu-
bin. Earlier experiments have shown that catalpol appears to be the more toxic of 
these two iridoid glycosides (Bowers and Puttick 1988; Puttick and Bowers 1988); 
thus caterpillars exposed to graminicides could be less toxic to enemies because 
they have lower catalpol contents.

 Conclusions and Future Directions

Studies of caterpillars and their interactions with their host plants and enemies have 
served as important cornerstones for the fields of ecology and evolution. Continuing 
to explore these and other aspects of the chemical ecology of multitrophic interac-
tions is crucial to our understanding of the complex drivers of these interactions, 
their impacts across trophic levels, and their role in community and ecosystem inter-
actions. For caterpillars that are chemically defended by sequestering compounds 
from the plants on which they feed, there are still many questions to be answered. 
The examples proposed below are only a few of the many fascinating questions that 
remain to be addressed using sequestering caterpillars; there are certainly many more.

 1. Why are some species able to sequester a particular class of compounds, but 
even closely related species cannot?

For most classes of compounds, we know relatively little about what mecha-
nisms allow sequestration in some species but not others; and in sequestering spe-
cies, what prevents autotoxicity (with cardenolides being an exception (e.g., Dobler 
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et al. 2012)). For example, the Catalpa sphinx, Ceratomia catalpae, sequesters iri-
doid glycosides, but its congener, C. undulosa, cannot (Lampert and Bowers 2014); 
similarly, Spilosoma congrua sequesters iridoid glycosides, but its congeners S. vir-
ginica and S. latipennis do not (Bowers and Stamp 1997). Identifying the physio-
logical, biochemical, and molecular drivers of sequestration is ultimately key to 
determining how different species deal with plant secondary metabolites.

 2. How does sequestration of chemical compounds correspond to efficacy of 
defense against enemies?

As previously noted, there are relatively few studies where both palatability to 
predators, or effectiveness against parasitoids or pathogens, and identification and 
quantification of caterpillar chemical defenses are directly linked, in either the field 
or the lab. Caterpillars are attacked by multiple natural enemies, and the primary 
enemies attacking different life stages can vary dramatically (Hawkins et al. 1997); 
furthermore, the effectiveness of chemical defenses may vary among these different 
enemies. Other issues to consider are that enemies may respond to caterpillar chem-
ical defenses in different ways. They may respond in a dose-dependent manner, 
such that the higher the levels of defense, the more deterrent an individual or group 
of individuals will be. Alternatively, enemies may show a threshold effect, in which 
above a certain level, it will not matter how much an individual sequesters. Because 
different types of enemies may differ in their mode of response and thus their 
strength as selective agents, understanding these features of different types of ene-
mies is an important component of assessing selection on caterpillar chemical 
defenses.

Experiments investigating the effectiveness of chemical defenses against differ-
ent types of enemies are also needed. For example, bird (Fink et  al. 1983) and 
mouse (Glendinning 1990, 1993) species differ in their response to cardenolides. In 
addition, parasitoids may be able to deal with high levels of defense compounds in 
their caterpillar prey that predators cannot tolerate (Lampert et  al. 2010); thus 
sequestering caterpillars may serve as safe havens for parasitoids (Dyer and Gentry 
1999; Smilanich et al. 2009). In an experiment using three different types of preda-
tors (ants, predatory wasps, bugs), Dyer (1997) found that each predator was influ-
enced by a different set of caterpillar defenses. Understanding how different enemies 
respond to sequestered compounds, how variation in the amounts and kinds of these 
compounds is important for these enemies, and how these enemies might serve as 
selective agents in natural populations is certainly a productive research endeavor.

 3. What are the anticipated consequences of global change for caterpillar 
sequestration and chemical defense?

Levels of host plant secondary metabolites are influenced by both natural and 
anthropogenic forces; how such changes affect sequestering caterpillars is complex. 
The direct impacts of such changes on the physiology of the caterpillars themselves 
are relatively little studied. For example, there may be trade-offs between allocation 
of resources to sequestration and other functions, such as the immune response 
(Smilanich et  al. 2009), which could be altered by changing environments. And 
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there may be other impacts on caterpillar, and ultimately adult, features. In mon-
archs, wing morphology is altered when caterpillars feed on plants raised under 
elevated carbon dioxide levels, and these changes are impacted by both host plant 
species and whether larvae are infected with a protozoan parasite, Ophryocystis 
elektroscirrha (Decker et  al. 2018). For monarchs, a migrating species, these 
changes in wing morphology can impact migratory ability (Decker et al. 2018).

As discussed earlier in this chapter, human alterations to the environment, such 
as increased introductions of exotic plants, elevated nitrogen and carbon-dioxide 
levels, changing thermal environments, and use of insecticides and herbicides, may 
all have consequences for caterpillar sequestration and potentially for caterpillar 
interactions with their host plants, as well as their enemies. Because of the impor-
tance of such multitrophic interactions for structuring communities and, ultimately, 
ecosystems, attention to how such environmental changes impact caterpillar seques-
tration, either via changes to host plant chemistry or via changes in caterpillar phys-
iology, is increasingly important. We are just beginning to understand some of the 
consequences of such changes for caterpillar sequestration, but only a few systems 
have been studied in this regard; investigation of many more is certainly of great 
importance.
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Acoustic Defence Strategies in Caterpillars

Jayne E. Yack

 Introduction

Caterpillars have many enemies, including invertebrate predators and parasitoids 
(e.g. wasps, flies, mantids, stink bugs, dragonflies, ants, and spiders) and vertebrate 
predators (e.g. bats, birds, lizards, rodents, toads) (Heinrich 1993; Montllor and 
Bernays 1993; Wagner 2005; Kalka and Kalko 2006; Greeney et al. 2012; Sugiura 
2020). While vulnerable in their soft exoskeletons and with limited options for 
escape, they are not exactly helpless. In fact, caterpillars are well recognized for 
their many antipredator strategies, including crypsis, mimesis, deimatic displays, 
urticating and poisonous spines and bristles, irritating sprays, warning coloration, 
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thrashing, dropping, and shelter building (Lederhouse 1990; Gentry and Dyer 2002; 
Greeney et al. 2012; Sugiura 2020). Research on antipredator tactics has focused on 
those operating in the visual and chemical realms, and comparatively less is under-
stood about acoustic defences. Do caterpillars use sounds and vibrations to detect or 
repel enemies, or to avoid detection? Arguably caterpillars should be exploiting 
airborne sounds and solid-borne vibrations to avoid attack. Their enemies generate 
a diversity of acoustic signals and cues that can provide information to assess risk. 
Also, considering that many enemies of caterpillars have hearing capabilities, pro-
ducing acoustic signals should be effective in communicating with these enemies. 
Additionally, caterpillars have limited visual capabilities, but live in rather complex 
vibroacoustic environments, being substrate-bound organisms (see Yack and Yadav 
2021). These points considered, one is hard-pressed to explain the few examples of 
caterpillar acoustic defences in reviews covering the topics of acoustic defences in 
Lepidoptera (e.g. Minet and Surlykke 2003), acoustic defences in insects (e.g. 
Conner 2014), insect defences (e.g. Evans and Schmidt 1990; Ruxton et al. 2004; 
Sugiura 2020), or caterpillar defences (Lederhouse 1990; Stamp and Casey 1993; 
Gentry and Dyer 2002; Greeney et al. 2012). Still, there have been reports, many 
dating back to the 1800s, of caterpillars producing sounds or responding to them, 
purportedly, in the context of defence. In the past few decades, alongside a growing 
awareness of the importance of near-field sounds and solid-borne vibrations in 
insect communication, there has been an increasing number of experimental studies 
confirming that caterpillars live in rather complex acoustic environments. This 
chapter reviews the literature on caterpillar acoustic defences to gain an apprecia-
tion for the taxonomic diversity and functions of hearing and sound production in 
the context of defence, and to propose future lines of investigation.

First it is important to define the terms used in this chapter to discuss acoustic 
stimuli, how they are detected in insects, and how they might be relevant to an insect 
prey. Broadly speaking, acoustic events are vibrations transmitted through any elas-
tic medium (Windmill and Jackson 2016). Vibrations travelling through air and 
water are commonly referred to as ‘sounds’, whereas those transmitted through 
solids such as plant material, silk, waxes, or soil are commonly referred to as ‘vibra-
tions’, ‘substrate-borne vibrations’, or ‘solid-borne vibrations’. Airborne vibrations 
are further categorized as ‘far-field’ and ‘near-field’ sounds, which describe the 
pressure and displacement components of sound respectively. Far-field sounds are 
pressure waves transmitted over long distances and detected by pressure detectors 
such as tympanal ears found in many adult insects and most vertebrates. Near-field 
sounds, resulting from the displacement component of a vibrating source, typically 
are transmitted over shorter distances (within a few meters) and are restricted to 
lower frequencies (less than 2 kHz). Near-field sound receptors have been described 
in adult and juvenile insects and include lightweight receivers such as hairs (i.e., 
trichoid sensilla) and antennae. Vibrations propagated through solids are used by 
insects in a variety of contexts. The sensory organs best known for vibration recep-
tion are subgenual organs in adults of some insect orders (see Yack 2016). In this 
Chapter, I use the terms sound to mean airborne vibrations in general, and near- and 
far-field sounds to distinguish between the displacement and pressure components 
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respectively. I use the terms vibrations or solid-borne vibrations to describe waves 
transmitted through solids. For more in-depth discussions of the nomenclature asso-
ciated with acoustic vibrations and sensory receptors in insects, see Hill (2008, 
2014), Hill and Wessel (2016), Lakes-Harlan and Strauss (2014), Windmill and 
Jackson (2016), and Yack (2004, 2016).

Acoustic stimuli relevant to a discussion on caterpillar defences include those 
that arise from predators and parasitoids, as well as non-predators (conspecifics and 
heterospecifics), and these stimuli can be categorized as signals or cues. Here I use 
the term cue to refer to sounds and vibrations that have not evolved in the context of 
communication (i.e., they have not evolved to alter the behaviour of an intended 
recipient). Acoustic cues in this context include sounds and vibrations generated as 
a consequence of movement (e.g. flying, walking, digging). On the other hand, sig-
nal is used to describe a sound or vibration that evolved in the context of communi-
cation (i.e., conveying a message to an intended receiver). The intended receiver 
could be oneself (e.g. echolocation) or another recipient (e.g. alarm or mating call). 
For further discussion of the nomenclature relating to signals, cues, and communi-
cation, see Maynard-Smith and Harper (2003) and Yack et al. (2020).

 Acoustic Antipredator Strategies in Insects

What acoustic strategies do insect prey use to avoid attack? To address this question, 
I have broadly categorized acoustic anti-predator strategies into acoustic crypsis, 
sound and vibration detection, and sound and vibration production. These catego-
ries are outlined below and in Fig.  1 with representative examples drawn from 
insects in general, and then further discussed in the context of caterpillar defences 
in sections “Acoustic crypsis in caterpillars”, “Sound and vibration reception in 
caterpillars”, and “Generating sounds and vibrations in caterpillars” of this chapter.

Crypsis can be defined as any trait, whether visual, chemical, tactile, electric, or 
acoustic, that minimizes the probability of being detected when potentially detect-
able by a predator (Conner 2014). Acoustic crypsis includes the following strate-
gies: (i) reducing sounds that predators could use to locate prey. For example, some 
insects shut down advertisement or mating calls in the presence of a predator (e.g. 
Faure and Hoy 2000; Greenfield and Baker 2003; Hamel and Cocroft 2019) or cease 
movement to avoid being detected by vibration cues (e.g. Djemai et  al. 2001; 
Takanashi et al. 2016); (ii) altering the physical characteristics of sound (e.g. ampli-
tude, frequency) to be less conspicuous to an enemy (e.g. Nakano et al. 2008); (iii) 
rendering oneself inconspicuous to echolocating predators by reducing the ampli-
tude of the echo through morphological features (e.g. Zeng et al. 2011); and (iv) 
blending into the background acoustically to avoid being detected or recognized as 
prey (e.g. Rydell 1998). Acoustic crypsis is believed to be an understudied defence 
strategy in insects (Conner 2014). The topic of acoustic crypsis in caterpillars is 
discussed in section “Acoustic crypsis in caterpillars”.
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Detecting sounds and vibrations can be important for insect prey. Relevant 
sounds and vibrations generated by predators include incidental cues resulting from 
movement (e.g. wings flapping, leaves rustling, crawling). For example, some but-
terflies detect the flight sounds of insectivorous birds (Mikhail et  al. 2018), and 
moths detect the rustling leaf sounds of foraging birds (Jacobs et al. 2008). Prey also 
attend to communication signals (e.g. advertisement songs, echolocation calls) of 
predators to assess risk. Many flying adult insects, including moths and butterflies, 

Fig. 1 An overview of different acoustic defence strategies employed by insects, including acous-
tic crypsis, detecting sounds and vibrations, and generating sounds and vibrations. Examples (or 
lack thereof) of these strategies employed by caterpillars are discussed in the text
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have evolved tympanal ears to detect the echolocation calls of bats (Hoy 1992; 
Miller and Surlykke 2001; Yack et  al. 2007; Conner and Corcoran 2012; Yager 
2012; Pollack 2016). There are no confirmed examples, to the best of my knowl-
edge, of insects eavesdropping on the social calls of their predators, although this 
hypothesis has been proposed to explain hearing in some butterflies (Ribaric and 
Gogala 1996; Mikhail et al. 2018) and is a common strategy for assessing risk in 
vertebrate prey (see Yack et al. 2020). Relevant sounds and vibrations produced by 
non-predators include alarm and recruitment signals. There are several examples of 
adult social insects detecting and responding to the alarm calls of non-predators 
(Hunt and Richard 2013). The topic of caterpillar ‘hearing’ in the context of avoid-
ing attack is discussed in section “Sound and vibration reception in caterpillars”.

Insects also can generate sounds and vibrations when under attack or threat of 
attack. Such signals have been called distress, alarm, warning, and defence signals 
(Alexander 1967; Masters 1980; Conner 2014; Bura et al. 2016). Defence sounds 
directed at a predator may function as aposematic warning signals, deimatic dis-
plays, interference signals, or mimics of sounds advertising danger (Conner 2014; 
Low et al. 2021). Acoustic defence signals can also be directed at non-predators, 
such as conspecifics or heterospecifics, and these function primarily to warn kin, or 
recruit help from others (Cocroft and Hamel 2010; Hunt and Richard 2013). Despite 
the widespread occurrence of defence sounds and vibrations among insects, their 
survival benefits are not well understood (Conner 2014; Low et al. 2021). The topic 
of caterpillar sound and vibration production in the context of defence is discussed 
in section “Generating sounds and vibrations in caterpillars”.

A review on the topic of acoustically mediated defences in caterpillars is due, for 
a couple of reasons. First, the subject has not previously been the focus of a review, 
although some aspects of the topic have been addressed in reviews on vibratory 
communication in insects (Yack 2016), vibratory communication in caterpillars 
(Yack and Yadav 2021), vibratory-mediated predator prey interactions in insects 
(Virant-Doberlet et al. 2019), and insect defence sounds (Low et al. 2021). Second, 
there have been an increasing number of experimental examples of acoustically 
mediated communication in caterpillars over the past two decades. It is now appar-
ent that larval insects inhabit complex vibro-acoustic environments and attend to 
sounds and vibrations in a diversity of contexts, including territoriality and spacing 
(e.g. Yack et  al. 2001; Fletcher et  al. 2006; Scott et  al. 2010; Yack et  al. 2014), 
obtaining food (e.g. Ishay et al. 1974; McIver and Beech 1986), recruitment and 
coordinating group activities (e.g. Fletcher 2007, 2008; Yadav et al. 2017), mimicry 
to exploit resources (e.g. Travassos and Pierce 2000; Sala et al. 2014), and avoiding 
enemies (e.g. Castellanos and Barbosa 2006; Low 2008; Roberts 2017; Taylor and 
Yack 2019). In the majority of reports on larval acoustics, the sounds and vibrations 
are not easily detected by humans without the aid of recording equipment such as 
laser vibrometers and specialized microphones. However, with increasing aware-
ness of the importance of vibro-acoustic communication in insects and the broader 
availability of specialized recording instruments, more examples are being reported 
for acoustic communication in juvenile insects.

Acoustic Defence Strategies in Caterpillars
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 Acoustic Crypsis in Caterpillars

Cryptic silence is to the ear what cryptic appearance is to the eye. The silence of which I 
speak is not a passive condition- a mere absence of sound. It is an active quality.… 
Cott (1940)

Predators and parasitoids of caterpillars use different sensory modalities, including 
their acoustic senses, to identify and locate prey. For example, stink bugs and para-
sitoid wasps eavesdrop on chewing and crawling movements of caterpillars 
(Pfannenstiel et al. 1995; Meyhofer et al. 1997), and bats use echolocation and pas-
sive listening to locate prey (Kalka and Kalko 2006; Wilson and Barclay 2006; 
Geipel et al. 2013; Page and Bernal 2020). Conceivably, caterpillars have evolved 
strategies to render themselves acoustically cryptic to their enemies. They have 
been shown to avoid both invertebrate and vertebrate predators by reducing move-
ment and freezing (e.g. Heinrich 1993; Montllor and Bernays 1993) (Table  1). 
Although it is often assumed that this is a strategy to avoid visually hunting preda-
tors, reduction of movement could also render caterpillars acoustically cryptic. For 
example, the masked birch caterpillar (Drepana arcuata) ceased activities (chew-
ing, movement) when approached by a predatory stink bug that uses vibrations to 
locate prey (Guedes et al. 2012). The apple leaf miner Phyllonorycter malella stops 
feeding and remains immobile in the presence of a parasitoid wasp Sympiesis seri-
ceicornis that uses vibrations to locate its host (Meyhöfer et al. 1997). Other strate-
gies that caterpillars could employ to render themselves acoustically cryptic would 
be to restrict feeding and movement activities to times of the day when predators are 
not hunting, to acoustically match their backgrounds to avoid detection by echolo-
cating predators, or to mask vibrations caused by their activities by selecting noisy 
backgrounds. Hiding acoustically from predators and parasitoids that use sound and 
vibratory cues to identify and locate prey is a likely strategy used by caterpillars, 
and deserves further research attention.

 Sound and Vibration Reception in Caterpillars

The fact that a considerable number of species is now known to respond [to sound]… sug-
gests that the response to sound is characteristic of many, perhaps all, caterpillars. 
(Minnich 1936).

Several species of caterpillars have been reported to respond behaviourally to air- or 
solid-borne vibrations. The sensory mechanisms used for sound and vibration 
reception in caterpillars, however, remain mostly unknown. Only in two species 
have acoustic receptors been experimentally confirmed to the best of my knowl-
edge, and these are both trichoid sensilla used to detect near-field sounds (Markl and 
Tautz 1975; Taylor and Yack 2019). Receptors of solid-borne vibrations have not yet 
been identified in caterpillars despite the many confirmed examples of vibration 
reception based on behavioural experiments (Yack and Yadav 2021). Structures 
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proposed to detect solid-borne vibrations in caterpillars include antennae (Dethier 
1941), various scolopidia located in the thorax or abdomen (Hasenfuss 1992), and 
trichoid sensilla on the prolegs (Rosi-Denadai 2018). A possible mechanism for 
detecting far-field airborne sounds is through resonating internal structures (see 
Shaw 1994 for discussion of these in adult cockroaches), although currently there is 
no evidence for caterpillars detecting far-field sounds. In the context of avoiding 
predators, there are several reports of caterpillars responding to acoustic cues gener-
ated by flying, crawling, and ovipositing insect enemies. Also, there is limited evi-
dence that caterpillars detect signals of non-predators to coordinate defences. These 
are discussed below.

 Detecting Sounds and Vibrations Generated by Predators

 Detection of Near-Field Sounds

Reports on caterpillars responding to sound date back more than 200 years (reviewed 
in Minnich 1936). Sound sources evoking responses have included tuning forks, 
highway noise, jet aircraft, human voices, flying insects, human voices, various 
musical instruments, hand clapping, and tones played from speakers (e.g. Tutt 1893; 
Johnson 1893; Minnich 1925, 1936; Abbott 1927; Hogue 1972; Markl and Tautz 
1975; Myers and Smith 1978; Rothschild and Bergström 1997; Davis et al. 2018) 
(Table  1). Behavioural responses to these sounds include flicking different body 
parts, freezing, body contraction, squirming, increased heart rate, cessation of 
movement, and dropping from silk threads. Despite the numerous reports over the 
past two centuries, there has been little formal research on the adaptive significance 
and sensory mechanisms associated with caterpillar ‘hearing’. The best studied spe-
cies to date include larvae of the cabbage moth Mamestra brassicae (Noctuidae) 
and the monarch butterfly Danaus plexippus (Nymphalidae).

Cabbage moth (Mamestra brassicae) larvae respond to sounds in a number of 
ways, including ceasing locomotion, contracting, squirming, and dropping from the 
substrate (Markl and Tautz 1975). Caterpillars respond to pure tones between 40 
and 1000 Hz, with best sensitivity at 100–600 Hz (Markl and Tautz 1975). Eight 
thoracic trichoid sensilla function as near-field sound receptors (Markl and Tautz 
1975; Tautz 1977, 1978). Tautz and Markl (1978) demonstrated that defensive 
behaviours were evoked by flight sounds of the parasitoid wasp Dolichovespula 
media (Vespidae). When the wasp flies close to the larva, the sensilla are deflected, 
evoking defensive responses in the caterpillar. Responses varied with loudness of 
the sounds, with low amplitude sounds causing larvae to freeze, and higher ampli-
tude sounds causing them to squirm and drop from the plant (Tautz and Markl 
1978). Experimental tests involving sensory ablation showed that significantly more 
larvae were attacked if their sensilla had been removed compared to controls with 
intact sensilla (Tautz and Markl 1978). The resonance frequency of sensilla is 
~150 Hz, matching the wingbeat frequency of D. media (Tautz and Markl 1978). 
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This comprehensive series of experiments confirmed that trichoid sensilla function 
in hearing, and that an adaptive function of hearing is to detect parasitoid wasps.

Monarch butterfly (Danaus plexippus) caterpillars were first formally tested for 
their hearing capabilities by Minnich (1936), who reported that larvae responded to 
tuning forks by freezing, contracting, and jerking their anterior ends. Rothschild 
and Bergström (1997) subsequently reported that monarch caterpillars responded to 
sounds of passing aircraft, ‘buzzing’ sounds, and human voices, by making ‘sudden 
ducking or twitching movements’. More recently, Davis et al. (2018) demonstrated 
that the sounds of traffic noise caused monarch larvae to increase their heart rates. 
Taylor and Yack (2019) conducted a series of experiments to characterize the behav-
ioural responses to sounds and their tuning characteristics, and to identify the pri-
mary hearing organs. Late instar (4th and 5th) larvae responded to pure tone sounds 
by freezing, contracting, and vertically flicking their thorax (Fig.  2a). These 
responses were evoked by sound frequencies ranging between 50 and 900 Hz, with 
best sensitivity at 100–200 Hz. Sound amplitude affected the type of response, with 
low amplitudes causing freezing and contraction, and higher amplitudes evoking 
vigorous dorsoventral flicks (Taylor 2009; Taylor and Yack 2019). This result sug-
gests that caterpillars respond differently as the enemy approaches, first by freezing 
to purportedly render themselves acoustically or visually cryptic and then by flick-
ing their bodies and tubercles to knock off the predator or prevent egg laying by a 
parasitoid. Caterpillars were shown to habituate to sounds upon repeated exposures. 
This result has implications for conservation of monarch butterflies, as a larva’s 
ability to detect and respond to enemies could be compromised in the presence of 
anthropogenic noise. The primary sensory receptors were confirmed, using ablation 
experiments, to comprise a pair of prothoracic trichoid sensilla. It is not known 
whether these receptors are homologous to those in M. brassicae, but given that 
these species are distantly related and exhibit different responses to sound, it is 
probable that sound reception resulted from convergent evolution. It is proposed 
that monarchs evolved hearing in response to flight sounds of aerial predators such 
as wasps and tachinid flies. However, experiments with live predators or parasitoids 
have not yet been conducted.

Behavioural responses to sounds have been reported for caterpillar species 
belonging to several lepidopteran taxa (Table 1). In addition to the above-mentioned 
examples, there are reports of tent caterpillars responding to sounds by flicking their 
heads and dropping from their tents (Myers and Smith 1978; Taylor 2009), notodon-
tid larvae thrashing tentacles (White et al. 1983), and gregarious saturniid caterpil-
lars raising their heads and generating alarm calls (Breviglieri and Romero 2019). 
Given the diversity of behavioural responses observed in distantly related species, 
and the likelihood that near-field receptors are presumably relatively ‘easy’ to 
evolve, it would not be surprising if sound reception evolved multiple times in cat-
erpillars. Trichoid sensilla that detect air currents and near-field sounds tend to be 
long (>500 μm) and filiform in shape (see Keil 1997), and these probably evolve as 
specializations of the many trichoid sensilla (i.e. innervated hairs) that cover the 
bodies of larval Lepidoptera. Future studies on ‘hearing’ should involve testing of 
more species for their behavioural responses to sound, either played through 
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speakers in the lab, or in the presence of live predators. Experiments should also 
focus on identifying the receptors, and ascertaining the capabilities of these recep-
tors for encoding sound frequency, amplitude, and direction, characteristics that 
could convey information about the location and type of enemy.

 Detection of Solid-Borne Vibrations

Caterpillars are substrate-bound organisms residing primarily on or within plants 
(e.g. leaves, twigs) or silk (e.g. silk mats on leaves, or tents). Consequently, solid- 
borne vibrations generated by predators or parasitoids should be important for risk 
assessment. Predator-generated vibrations could include cues resulting from the 

Fig. 2 Defensive sound and vibration detection in caterpillars. (A) Monarch (Danaus plexippus) 
caterpillars detect low frequency sounds (~100–500 Hz) by freezing, contracting, and flicking their 
anterior bodies. Sound frequencies match those generated by a flying insect predator or parasitoid. 
The waveform illustrates a late instar caterpillar responding to a sound by dorsally flicking. The 
dark part of the trace shows a laser vibrometer recording from a milkweed leaf, showing six con-
secutive flicks of the caterpillar. The grey part of the trace indicates the timing of a 300 ms, 200 Hz 
sound played to the caterpillar through a speaker (adapted from Taylor and Yack 2019). (B) The 
masked birch caterpillar (Drepana arcuata) responds to plant-borne vibration cues resulting from 
the walking movements of a predatory stink bug (Podisus sp.). Caterpillars typically first freeze 
upon detecting the predator, and then signal when the predator is close. The trace shown is a laser 
vibrometer recording from a birch leaf upon which the caterpillar is residing in its silk shelter. 
Crawling vibrations of the stink bug are shown to occur prior to the caterpillar signalling. The 
disturbance marks the application of the predator to the leaf twig (adapted from Guedes et al. 2012)
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predator approaching the prey, signals used for hunting (i.e. echolocation), or sig-
nals used for communicating with others such as conspecifics. These types of cues 
and signals could conceivably be transmitted to the prey directly through the solid 
substrate, or indirectly, by air-borne sounds vibrating the substrate (see Caldwell 
2014; Yack 2016). While there are many sources of vibrations of potential interest 
to caterpillar prey, there are currently few experimentally confirmed examples of 
caterpillars using these vibrations to assess risk. Late instar masked birch caterpil-
lars (Drepana arcuata) (Drepanidae) respond to low-frequency crawling vibrations 
generated by an approaching predatory stink bug (Podisus sp.) (Guedes et al. 2012) 
(Fig.  2b). The caterpillars respond differently depending on the distance of the 
approaching enemy, by first ceasing activity, and then signalling when the predator 
is close or has launched an attack. Semiothisa aemulataria (Geometridae) larvae 
respond to plant-borne vibrations resulting from approaching predators (stink bugs, 
wasps) (Castellanos and Barbosa 2006). Late instar larvae could distinguish between 
vibrations caused by different sources, including predators, non-predators, and abi-
otic sources. They also showed evidence of being able to discriminate between 
vibrations of wasps and stinkbugs by escaping on different lengths of silk thread. 
Apple leaf miners Phyllonorycter malella (Gracillariidae) stop feeding upon detect-
ing vibrations produced by a parasitic wasp Sympiesis sericeicornis (Eulophidae) 
inserting its ovipositor into a mine; the caterpillar resumes feeding only after the 
parasitoid leaves (Meyhöfer et al. 1997).

There are likely to be many instances of caterpillars using vibrations generated 
by predators and parasitoids. To document these cases, predator-prey interactions 
should be staged on natural substrates while recording with vibration sensors to 
assess what vibrations are available to caterpillars. Playing back these vibrations to 
prey can be helpful in assessing a prey’s response to these vibrations, although 
vibratory playbacks can be methodologically complex (Cocroft et  al. 2014). 
Identifying the receptors used for vibratory sensing is also needed to better under-
stand vibratory-mediated risk assessment in caterpillars.

 Detecting Sounds and Vibrations Made by Non-predators

Caterpillars communicate with non-predators, including conspecifics and hetero-
specifics, to coordinate defences against their common predators (Costa 2006). For 
example, some species form assemblages with conspecifics to enhance warning dis-
plays, or to build protective shelters. Other species form relationships with ants for 
protection. The roles of sound and vibration detection in caterpillars remain to be 
tested in most cases, but there are a few inferential examples. Breviglieri and 
Romero (2019) report that social Hylesia nigricans (Saturniidae) caterpillars 
respond to ultrasonic alarm signals generated by conspecifics that are being attacked 
by wasp and bird predators, and these sounds are proposed to function in coordinat-
ing group defences. Other examples of caterpillars detecting non-predator sounds 
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and vibrations in the context of defence are discussed in section “Sending signals to 
non-predators”, which focuses on signal generation in caterpillars.

 Summary of Defensive Sound and Vibration Detection

Although caterpillars lack tympanal ears that are commonly used in adult 
Lepidoptera for avoiding predators, they have nonetheless evolved mechanisms to 
detect near-field sounds and solid-borne vibrations to avoid attack. Eavesdropping 
on the acoustic cues produced by enemies has been reported numerous times, and is 
thought to be widespread among caterpillars. It is very likely that caterpillars also 
use sounds and vibrations to coordinate defences in social groups, and possibly, to 
eavesdrop on the communication signals of predators such as insectivorous birds. 
Future lines of investigation should involve staging interactions with natural preda-
tors while recording air- and solid-borne vibrations to gain a better appreciation for 
the cues and signals available to larvae during these interactions. Once hearing and 
vibration reception has been confirmed based on behavioural experiments, the sen-
sory mechanisms involved should be identified. Also, it is worth considering the 
effects of anthropogenic noises, both airborne and vibratory, on the abilities of cat-
erpillars to respond to predators.

 Generating Sounds and Vibrations in Caterpillars

The larva of the North American Saturnian moth Telea polyphemus can, in the third and 
fourth stages, by rubbing the powerfully constructed mandibles against each other produce 
a tolerably loud, tapping sound, which is audible at the distance of several meters. That 
here is question of a means of intimidation is not to be doubted, for if the larva is left in 
peace it keeps perfectly quiet, but when the larva-cage is touched, or the larvae are taken 
out, they make this peculiar tapping sound, resembling the ticking of a watch. (Federley 1905).

Defence sounds in Lepidoptera are taxonomically widespread and highly variable 
with respect to the types of sounds and mechanisms of sound production. In adults, 
these sounds, which primarily function to warn, frighten, or confuse echolocating 
bats, are well documented (reviewed in Minet and Surlykke 2003; Conner and 
Corcoran 2012; Greenfield 2014; Kawahara and Barber 2015). Comparatively less 
is understood about defensive sounds in juveniles, even though disturbance sounds 
have been documented for both pupae and larvae of many species (e.g. Hinton 
1948; Devries 1991a; Bura et al. 2016; Dolle et al. 2018). Caterpillars conceivably 
would benefit from communicating acoustically with their vertebrate predators (i.e. 
birds, rodents, bats, frogs, and lizards) which have well-developed hearing. Other 
caterpillars, such as those living in social groups, or those attended by ants, could 
benefit from sending recruitment or alarm signals to gain protection or coordinate a 
defence. Caterpillar sound production in the context of defence is discussed below 
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under two categories: caterpillars that send signals to predators (section “Sending 
signals to predators”) and those that send signals to non-predators (section “Sending 
signals to non-predators”).

 Sending Signals to Predators

Many species of silk and hawkmoth (Bombycoidea) caterpillars produce sounds 
upon being disturbed (Table 2). Earlier reports variously described these sounds in 
different species as ‘singing’ (Reed 1868), ‘tcep or tceep’ (Sanborn 1868), ‘squeak-
ing’ (Packard 1904), ‘crepitating noise’ (Packard 1904), ‘ticking of a watch’ 
(Federley 1905), and ‘crackling-rasping noises’ (Heinrich 1979), although the func-
tions of these sounds remained untested. More recently, these sounds have been 
shown to be widespread throughout the superfamily, variable in their signal charac-
teristics in mechanisms, and to function in defence (see Brown et al. 2007; Bura 
et al. 2009; Bura et al. 2011; Bura et al. 2012; Bura et al. 2016; Dookie et al. 2017; 
Rosi-Denadai et al. 2018; Sugiura et al. 2020). In a study of 61 species of late instar 
larvae, Bura et al. (2016) showed that 31% of species and 45% of genera produced 
sounds following simulated attacks. Four distinct sound types and respective mech-
anisms were reported: clicking (mandibular stridulation), chirping (mandibular 
stridulation), whistling (forced air out of spiracles), and vocalizing (forced air out of 
buccal cavity). It is proposed that these sounds are directed primarily at vertebrate 
predators, and function as warning signals (acoustic aposematism), as startle dis-
plays, or to mimic alarm calls of a predator. Acoustic aposematism is predicted to 
occur in species that use a chemical defence, with sounds preceding or accompany-
ing chemical release. Bura et al. (2016) demonstrated that in species with ‘high’ 
chemical scores (i.e. chemical production through regurgitation or release from 
scoli occurring promptly following attack), sound production preceded or accompa-
nied chemical release. These sounds tend to be short-duration clicks or chirps and 
are proposed to warn the predator of an impending defence. In a study using live 
predators, Brown et al. (2007) showed that clicking Antheraea polyphemus caterpil-
lars (Fig. 3a) survived attacks by chickens following sound production, and mice 
were repelled by the chemical regurgitant. Other sounds are proposed to startle 
predators. These sounds tend to be loud and long in duration, such as whistles and 
vocalizations, and are not typically associated with a chemical defence. Bura et al. 
(2016) demonstrated that species with low chemical scores (i.e. rarely produced a 
chemical following multiple attacks) tended to produce sounds with these charac-
teristics. Trials with live predators showed that whistles of the walnut sphinx, 
Amorpha juglandis (Fig. 3b), caused yellow warblers (Dendroica petechia) and red 
winged black birds (Agelaius phoeniceus) to escape by diving or flying away (Bura 
et al. 2011; Dookie et al. 2017). Another hypothesis explaining the function of cat-
erpillar defence sounds is mimicry. The whistles of A. juglandis caterpillars resem-
ble the ‘seet’ warning calls of insectivorous birds, and it was proposed that these 
sounds mimic the alarm calls of avian predators (Dookie et al. 2017).
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Some caterpillars are proposed to generate solid-borne vibrations directed at an 
attacker, although the functional significance of these vibratory signals is not clear. 
Tupelo leaf miners, Antispila nysaefoliella, generate vibrations when disturbed by a 
parasitoid (Low 2008). The vibrations were described as ‘ticks’ and ‘rattles’ pro-
duced by specialized structures on the abdomen. Signalling is proposed to interfere 
with foraging in parasitic wasps, although this hypothesis remains untested. The 
masked birch caterpillar, Drepana arcuata, generates drumming and scraping vibra-
tions when pursued by a stink bug predator (Podisus sp.), and these signals appeared 
to stop the attack (Guedes et al. 2012). It is possible that the vibrations signal to the 
predator that the prey is unprofitable to pursue. Diurnea fagella larvae produce 
vibratory signals by scraping a hook on their thoracic leg against the leaf surface 
(Hunter 1987). It was postulated that signalling is directed at intruding spiders, but 
the anti-predator functions of these signals were not tested.

Fig. 3 Caterpillars that generate sounds and vibrations to avoid attack. (A) Aposematic warning 
sounds. When attacked, the silkmoth caterpillar Antheraea polyphemus (Saturniidae) produces 
clicking sounds by stridulating its mandibles. These sounds are followed by regurgitation and 
function as warning sounds (see Brown et al. 2007). The waveform and spectrogram show a train 
of clicks following a simulated attack to the caterpillar with blunt forceps. (B) Startle sounds. The 
walnut sphinx Amorpha juglandis produces whistles by forcing air out of its eighth abdominal 
spiracles. These sounds have been shown to startle avian predators (see Bura et al. 2011; Dookie 
et al. 2017). The oscillogram and spectrogram show a train of five whistles following a simulated 
attack with blunt forceps. (C) Vibratory recruitment signals. Parasitic larvae of the butterfly 
Scolitantides orion generate acoustic signals to recruit ants for protection. The oscillogram and 
spectrogram show a train of acoustic signals generated by the larva. The mechanism of signal 
production is unknown. Sounds and photographs for A and B are from the Yack lab, and for C are 
provided courtesy of Francesca Barbero and Marco Gherlenda
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 Sending Signals to Non-predators

Caterpillars also send acoustic signals to non-predators in the context of defence. 
These signals are primarily vibratory, and function, or are proposed to function, as 
alarm or recruitment signals to coordinate a defence or recruit others for protection. 
Currently, the majority of examples involve myrmecophilic (ant-loving) butterfly 
larvae. Larvae of Lycaenidae and Riodinidae butterflies can generate vibratory sig-
nals to recruit and maintain relationships with ants in mutualistic, commensalistic, 
and parasitic relationships (reviewed in Devries 1991a; Riva et al. 2017; Schönrogge 
et al. 2017; Casacci et al. 2019) (Table 2). Lycaenidae larvae can produce a variety 
of vibrations described as pulses, drums, grunts, and hisses to communicate with 
ants (Travassos and Pierce 2000; Schönrogge et al. 2017). While the mechanisms of 
signal production are not well understood, one such mechanism involves an abdom-
inal stridulatory apparatus (Hill 1993). Other Lycaenidae species have been 
described to produce vibrations by a ‘shivering’ behaviour, which is probably a 
form of tremulation (e.g. Devries 1991a). Riodinidae larvae also produce vibrations 
to call to ant hosts. Many species generate signals using a stridulatory mechanism 
comprising two structures: vibratory papillae and epicranial granulations (Devries 
1990, 1991a). Vibratory papillae are grooved rod-like appendages located on the 
prothorax that strike against textured (granulated) surfaces on the head to produce 
vibrations as the head oscillates. One of the benefits that caterpillars gain from their 
relationships with ants is protection from predators and parasitoids. In species that 
use vibratory signals to gain acceptance into the ant colony, the anti-predator bene-
fits derived from calling are indirect, as being tended by ants provides protection 
from predators and parasitoids (Pierce et  al. 1987; Devries 1991b). However, in 
cases where myrmecophilous species live within the ant territory but outside of the 
ant nest, larvae generate vibratory and chemical signals to recruit ants for protection 
(Schönrogge et  al. 2017; Casacci et  al. 2019). For example, Scolitantides orion 
(Fig. 3c) calls to ants for protection when disturbed (Riva et al. 2017; Barbero pers. 
comm.), and Hypolycaena othona, although only weakly associated with ants, sig-
nals upon disturbance (Fiedler 1992a), presumably to gain protection by ants.

Other examples of caterpillars proposed to communicate acoustically with non- 
predators to gain protection include early instar D. arcuata that signal to recruit 
conspecifics to build protective shelters (Yadav et al. 2017; Yadav and Yack 2018), 
and early instar H. nigricans that produce airborne sounds to coordinate a group 
defence (Breviglieri and Romero 2019). However, the antipredator benefits of these 
signals have not been experimentally validated to date.

 Summary of Caterpillar Defensive Sound Production

Despite having soft bodies that limit their capabilities for producing sounds and 
vibrations, caterpillars have evolved an impressive variety of acoustic defence sig-
nals. These can be directed at a predator and function as warning, startle, or mimicry 
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signals, or they can be directed at non-predators to recruit help or coordinate 
defences. Many of these signals are inconspicuous to humans without the assistance 
of specialized recording instruments, and it is expected that there are many undocu-
mented examples.

 Conclusions and Future Research

When considering caterpillar defence strategies, hearing and sound production do 
not immediately come to mind. Yet, evidenced by the examples discussed here, it is 
clear that acoustic antipredator strategies are taxonomically widespread and func-
tionally diverse in caterpillars. Still, we have just scratched the surface in our under-
standing of this topic. The following lines of investigation are recommended for 
future studies: 1. Behavioural responses to low frequency sounds (less than 2 kHz) 
should be documented across different taxa and developmental stages of larval 
instars. Low frequency sounds simulate those of flying insect predators and parasit-
oids that impose significant selection pressures on caterpillars to evolve near-field 
sound and vibration receptors, and this form of hearing is likely to have evolved 
multiple times. 2. Recordings of air- and solid-borne vibrations from natural sub-
strates (i.e. host plants, silk shelters) should be performed while videotaping preda-
tor/parasitoid and caterpillar prey interactions. 3. Sound and vibration receptor 
mechanisms should be identified using neurophysiological, morphological, and 
behavioural experiments. Given the diversity of acoustic signals and cues that are 
detectable by caterpillars, as well as the diversity of behavioural responses exhib-
ited, it would not be surprising to see a diversity of sound and vibration receptors 
resulting from convergent evolution. 4. Hypotheses explaining the functions and 
evolution of defence sounds in Bombycoidea caterpillars require further testing 
using experiments with live predators and comparative phylogenetic analyses. 
Research on acoustically mediated defences is key for gaining a comprehensive 
understanding of the survival strategies of caterpillars, but also has some practical 
applications. For example, as anthropogenic noise may impair a caterpillar’s ability 
to detect an enemy, it is important to understand what a caterpillar ‘hears’ for con-
servation purposes. On the flip side, sounds and vibrations can be implemented in 
pest management, as caterpillars have been shown to respond to acoustic signals 
and cues by ceasing movement and feeding, and dropping from host plants.
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Head-on caterpillar of Eumorpha pandorus (Sphingidae; ventral side up), covered with the silk 
cocoons of a microgastrine braconid (probably Cotesia species), with an egg of a tachinid fly on its 
face, photographed in northern Arkansas. Photo: Kenji Nishida, Wakayama, Japan.
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 Introduction

The larval stages of Lepidoptera face many hazards in their race to reach maturity, 
including both abiotic insults of heat, cold, wind, and storms, and biotic affronts 
such as plant defenses, predators, and pathogens. However, parasitoid insects are 
among the most important and well-studied enemies of caterpillars. Parasitoids are 
a special category of secondary consumers that complete their development on or in 
a single “host” individual (in this case, a caterpillar), killing it in the process 
(Godfray 1994). Parasitoid insects are distinguished from parasites such as lice and 
fleas, which may exploit resources from multiple “host” individuals and typically 
do not kill their hosts (although the line between parasitoid and parasite is some-
times difficult to discern). The vast majority of Lepidoptera species are host to one 
or more parasitoid species, and some caterpillar species may be attacked by dozens 
of parasitoid species (e.g., Sabrosky and Reardon 1976; Delucchi 1982). Although 
for some lepidopteran species predators may collectively be a greater source of 
mortality throughout larval development (Remmel et al. 2011), parasitoids are often 
responsible for a significant fraction of deaths across immature life stages (Hawkins 
et al. 1997), with parasitism frequencies ranging as high as 80% or more in certain 
cases (e.g., Clausen 1978; Hawkins 1994). Like many parasites, parasitoids interact 
with their hosts intimately, often developing inside a living host over an extended 
period. Due to this intimacy, they are often specialized on a taxonomically narrow 
range of host species, frequently a single species (especially in the tropics; e.g., 
Smith et al. 2007, 2008; Arias-Penna et al. 2019). This high specificity and the close 
correspondence between parasitoids and hosts has attracted considerable attention 
from theoretical ecologists and applied entomologists, since parasitoids have served 
as important models for population ecology theory (e.g., Hassell 2000) and are a 
key focus of biological control efforts (e.g., Waage and Hassell 1982). Here, we 
focus on the parasitoid enemies of caterpillars, examining their diverse natural his-
tories, their complex interactions with caterpillars, and their responses to anthropo-
genic environmental change.

 Parasitoid Life History Diversity

The parasitoid habit represents a distinct natural phenomenon with particular shared 
challenges that shape parasitoid morphology, physiology, and behavior. Parasitoid 
adults must locate host habitats, assess quality of suitable hosts, and lay eggs on, 
into, or near the selected host individual. Both adults and immatures must cope with 
morphological, physiological, and behavioral defenses of hosts, and the mature 
larva must seek out or create a protective site for pupation (or take advantage of the 
caterpillar’s pupation retreat). In these selective pressures, insect parasitoids are not 
unlike the caterpillars they parasitize, except that their hosts tend to be much smaller 
and more mobile than the plant hosts of caterpillars and their physiological interac-
tions are quite different.
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Parasitoids of caterpillars are able to locate and attack their hosts in a diverse 
array of microhabitats. While many parasitoids attack exposed externally feeding 
caterpillars directly, various cryptic-feeding caterpillars such as shelter-builders, 
leaf rollers, stem borers, leaf miners, and gall-inducers are all subject to attack. In 
fact, these concealed feeders tend to experience higher parasitism rates and host 
larger parasitoid complexes than many exposed taxa (Hawkins 1994). In addition, 
wood boring and subterranean caterpillars may be host to parasitoids that have 
evolved specialized strategies to locate and attack such hidden hosts (Chandra and 
Gupta 1977; Hinz and Short 1983; Zong et al. 2012). Parasitoids of most caterpillars 
develop internally as endoparasitoids; however, ectoparasitism, where the immature 
parasitoid develops outside the host body, is fairly common and widespread among 
the parasitic wasps (Quicke 1997, 2015; Gibson et al. 1997). In addition to being 
endo- or ectoparasitic, parasitoids are often categorized into two main groups based 
on their developmental strategies – idiobionts and koinobionts (Askew and Shaw 
1986). Members of the former group halt the development of the host at the time of 
parasitism (typically via injecting a paralyzing venom), whereas the latter allow 
their hosts to continue to develop and grow for some time, often delaying their own 
larval development until the host has achieved sufficient size before the parasitoids 
consume them. However, boundaries between these strategies are blurred in some 
instances (Quicke 1997), and they may not be as clearly applicable outside the para-
sitic wasps, as flies and other taxa lack paralyzing venoms yet often differ in devel-
opmental schedules and synchronization from koinobiont wasps (Dindo 2011). 
Parasitoids also vary in the stage of host attacked. Our focus here is on caterpillars, 
but parasitoids are known from every developmental stage of lepidopterans includ-
ing eggs, all larval instars, pupae, and even adults, albeit rarely (McCabe 1998; 
Pereira et al. 2015). Parasitoids frequently emerge from a life stage different than 
the stage attacked (e.g., egg-larval and larval-pupal parasitoids). Finally, parasitism 
of other parasitoids, or hyperparasitism, is quite common in many caterpillar sys-
tems, so in this regard caterpillars may not always be “in the middle” but may just 
be a necessary layer in a more complex, multilayered trophic “sandwich.”

 Parasitoid Taxonomic Diversity

It has been estimated that approximately 15% of all insects possess parasitoid life-
styles (Godfray 1994). This is likely a substantial underestimate, as recent studies 
suggest that the diversity of some parasitoid groups is considerably greater than 
current described species suggest (e.g., Quicke 2015; Stireman et al. 2017; Forbes 
et al. 2018; Burington et al. 2020). Each of the major holometabolous insect orders 
is known to contain species with parasitoid lifestyles (Eggleton and Belshaw 1992), 
and important parasitoid taxa are also found in other phyla (namely, nematodes and 
fungi; Eggleton and Gaston 1990). However, most parasitoid enemies of caterpillars 
belong to two major insect orders: Hymenoptera (wasps) and Diptera (flies). In 
Hymenoptera, the parasitoid habit appears to have arisen once (the stinging 
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nest- provisioning wasps, as well as the social wasps, ant, and bees all evolved from 
parasitic ancestors; Peters et al. 2017) and characterizes a broad paraphyletic grade 
of lineages ranging from the parasitoid sawfly superfamily Orussoidea, to the hyper-
diverse Ichneumonoidea, and to the unusual hyperparasitic Trigonalidae and many 
others. In terms of diversity, parasitism (or “parasitoidism”) is the dominant life 
history among hymenopterans. In contrast, the parasitoid habit appears to have 
arisen numerous times within the true flies (Diptera), with at least 21 families exhib-
iting parasitoid lifestyles, each representing at least one and often many indepen-
dent derivations of the life history (Eggleton and Belshaw 1992; Feener and Brown 
1997). Despite their many origins, few dipteran parasitoids have successfully colo-
nized caterpillars as hosts, and the vast majority belong to a single family, Tachinidae.

In this chapter, we provide an overview of the natural history and ecology of 
some prominent parasitoid enemies of caterpillars and consider briefly how their 
diversity and interactions may be influenced by the environmental changes our 
world is currently experiencing. Our specific goals are to (1) review the natural 
histories and ecologies found in major hymenopteran and dipteran parasitoid groups 
(namely, Ichneumonoidea, Chalcidoidea, and Tachinidae); (2) examine their com-
munity patterns and roles in influencing the ecology and evolution of caterpillars; 
and (3) evaluate how major anthropogenic environmental changes, including habitat 
loss and fragmentation, invasive species, and global warming, affect parasitoids and 
their interactions with hosts. Given their vast diversity and ecological importance, 
and the voluminous scientific literature concerning them, we can provide but a 
glimpse into the world of parasitoids and touch on only a few of the many interest-
ing and important aspects of their natural history and ecology. More exhaustive 
explorations of parasitoid biology and ecology can be found in Waage and Greathead 
(1986), Godfray (1994), Hawkins and Sheehan (1994), Feener and Brown (1997), 
Quicke (1997, 2015), and Stireman et al. (2006), among other works.

 Hymenopteran Parasitoids of Caterpillars

Before delving into the rich diversity of parasitoid wasps (Figs. 1, 2, and 3) associ-
ated with caterpillars, it is worthwhile to point out that all Hymenoptera share a 
distinctive genetic characteristic: haplodiploid sex determination (Gauld and Bolton 
1988; Quicke 2015). Simply stated, this means that the sex of an individual wasp is 
determined by whether or not an egg is fertilized. If the wasp egg is fertilized, it 
develops (eventually) into a diploid female wasp. However, if the egg is unfertilized, 
it develops into a haploid male wasp. Most readers are probably familiar with the 
theory of kin selection and the possible relevance of haplodiploid sex determination 
to the origins of eusocial behavior in bees, ants, and wasps (Wilson 2005; Foster 
et al. 2006). However, few have considered the adaptive value of haplodiploid sex 
determination for the non-social Hymenoptera. Haplodiploidy evolved long before 
social behavior and it is prevalent throughout all the diverse lineages of parasitoid 
Hymenoptera. So how might it benefit parasitoids? Consider a tiny female wasp in 
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a vast tropical forest, searching for a mate and for caterpillars to parasitize, and the 
tiny males out there searching for females. In a large complex world, it may be 
much more difficult for a male and female wasp to find each other and mate, than 
for a female to locate (more numerous) caterpillars. With other insects, such as para-
sitic flies, an unmated female might lay her eggs as they develop, but they are infer-
tile and die. However, a parasitoid wasp can develop and lay eggs at times when 
male wasps cannot be found and those eggs can develop into male wasps. Thereby, 
an unmated female wasp has the capacity to flood the local environment with male 
wasps at precisely the time when males are scarce. Therefore, haplodiploidy, one of 
the most basic characteristics of the order Hymenoptera, gives these insects a key 
advantage over other groups of insect parasitoids: they can exist and survive locally 
at lower population densities.

Fig. 1 Examples of cocoons of braconid parasitoids of caterpillars. (a) Cotesia sp. cocoons on a 
sphingid carcass (FL: SA Marshall). (b) Microgastrine braconid cocoons on Prochoerodes lineola 
(Geometridae) (OH: JOS). (c) A microgastrine cocoon on an unidentified geometrid (MO: SA 
Marshall). (d) Microgastrine braconid cocoons on an unidentified erebid (Ecuador: SA Marshall). 
(e) Gregarious meteorine braconid cocoons suspended from a twig (Brazil: SA Marshall)
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In parasitoid species that utilize sparsely distributed and difficult to locate hosts, 
inbreeding is common due to “local mate competition” (Godfray 1994). Many eggs 
might be oviposited into one host caterpillar, increasing the chances that emerging 
wasps will mate with their own siblings. Haplodiploid sex determination and con-
trol of egg fertilization allows female wasps to determine the sex of their offspring 
as eggs are laid, allowing them to skew sex ratios such that just barely sufficient 
numbers of males are produced. Female wasps can also assess the quality of 

Fig. 2 Adults and pupae of Ichneumonoidea. (a) An adult of the chelonine braconid Chelonus 
(Brazil: SA Marshall). (b) An agathidine braconid (Agathis malvacearum Latreille) ovipositing 
into a Metzneria lappella (L.) caterpillar (Gelechiidae) concealed inside a cocklebur inflorescence 
(Xanthium strumarium L.) (ONT Canada: SA Marshall). (c) A campoplegine ichneumonid cocoon 
attached to the carcass of a sphingid caterpillar (OH: JOS). (d) A fluffy mass of microgastrine 
braconid cocoons concealing the noctuid host carcass from which they emerged (OH: JOS). (e) A 
notodontid caterpillar (Heterocampa guttivitta (Walker)) “guarding” the microgastrine braconid 
parasitoids that emerged from it (OH: JOS)
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individual hosts, and preferentially place female eggs into higher quality hosts that 
will provide more grand-offspring (Godfray 1994; Quicke 1997).

The order Hymenoptera first arose in the early Mesozoic (Triassic Period). The 
parasitoid lineages of Hymenoptera evolved and diversified in the Jurassic Period, 
well before the surge in diversity of flowering plants (angiosperms) and associated 
lepidopteran plant-feeders in the late Cretaceous Period, and onwards over the last 
70 million years or so (Grimaldi and Engel 2005; Shaw 2014). The ancestral lineage 
of parasitic Hymenoptera was likely associated with wood-boring beetle or sawfly 
larvae, probably for tens of millions of years before they later diversified into the 

Fig. 3 Ichneumonid and eulophid parasitoids. (a) A campoplegine ichneumonid spinning its 
cocoon and “wearing” the remains of its host (Adelpha tracta (Butler): Nymphalidae) (Costa Rica: 
K Nishida). (b) The finished campoplegine cocoon from 3A (K Nishida). (c) Another campople-
gine ichneumonid cocoon and host carcass (Hypena madefactalis Guenée: Erebidae) (OH: JOS). 
(d) Eulophid larvae (Chalcidoidea: Eulophidae) clustered on a notodontid caterpillar (Misogada 
unicolor (Packard)) (OH: JOS). (e) The noctuid caterpillar (Sympistis badistriga (Grote)) with a 
group of ectoparasitic eulophid larvae (probably Euplectrus) riding atop it
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various independent radiations of parasitoid lineages that attack caterpillars. The 
modern success of the entire order Hymenoptera is due, in large part, to the hyper-
diversity of parasitoid wasp lineages (especially the massive superfamilies 
Ichneumonoidea, Chalcidoidea, and Platygastroidea), and their great species rich-
ness is due, in large measure, to their successful exploitation of Lepidoptera as 
hosts. These lineages are so vast and variable that what follows can only skim the 
surface with selected examples. While we try to give the reader a broad overview of 
caterpillar parasitoid biologies, the examples that follow are admittedly weighted 
somewhat toward discussion of the Braconidae and the Tachinidae, due to the par-
ticular areas of specialization of the two coauthors.

 Diversity: Superfamily Ichneumonoidea

The massive superfamily Ichneumonoidea is one of the most species-rich lineages 
of insects, containing at least 60,000 described species and estimated to comprise 
several times this figure (Quicke 2015). Ichneumonoidea are divided into three fam-
ilies: the two large families Braconidae and Ichneumonidae, and one small primitive 
Australian family, the Trachypetidae (Quicke et al. 2020). Braconids and ichneumo-
nids are extraordinarily diverse in their host associations, utilizing a wide range of 
insect orders and even spiders, but we focus on lineages that attack caterpillars (or 
other stages of Lepidoptera). Collectively, the ichneumonoid lineages associated 
with caterpillars display a wide range of parasitic strategies. Some are ectoparasitic 
(as in many Eulophidae (Chalcidoidea) parasitoids of caterpillars, Fig. 3d, e), while 
many others are endoparasitic and are adapted to cope with the caterpillar’s internal 
milieu of physiological defenses. Some are idiobionts, arresting the development of 
the host with a paralytic venom, while many others are koinobionts that allow the 
host to continue developing for some time before consuming them (Shaw 2004; 
Quicke 2015). Some are solitary, each developing in isolation in a single caterpillar, 
while many others develop gregariously, with multiple larvae (sometimes many 
hundreds) sharing a single caterpillar. Among the gregarious feeders there are two 
strategies: most just quickly insert many eggs into one host caterpillar, but some 
have evolved polyembryony (where one egg clones its embryo into multiple indi-
viduals, sometimes producing hundreds from a single egg) (Parker 1931). Many 
ichneumonoids are larval-larval parasitoids (both attacking and emerging from the 
caterpillar stage). Many others, however, are egg-larval parasitoids, larval-pupal 
parasitoids, or pupal-pupal parasitoids. While most exit the host caterpillar after 
they have completed their feeding, many others have evolved the capacity to pupate 
inside the host’s remains (Shaw 2006). Most ichneumonoids are primary parasitoids 
(feeding on the caterpillar host), but many Ichneumonidae are hyperparasitoids 
(merely using the caterpillar as a vessel to locate other parasitoids inside it, then 
using them as hosts) (Araujo et al. 2018). While many attack exposed leaf-feeding 
caterpillars, many others specialize in attacking concealed-feeders, such as leaf 

J. O. Stireman III and S. R. Shaw



233

miners, leaf rollers, stem borers, or even cryptic and hidden cocooned pupal stages 
(e.g., Fig. 2b).

While the superfamily Ichneumonoidea displays a wide range of parasitoid strat-
egies and behaviors, the two major families, Braconidae and Ichneumonidae, do not 
display these variations equally (Gauld and Bolton 1988; Shaw and Huddleston1991; 
Hanson and Gauld 1995; Quicke 1997, 2015). Braconidae comprise relatively more 
larval-larval caterpillar parasitoids and more egg-larval parasitoids, as well as most 
of the leaf-miner parasitoids. Furthermore, only rarely are Braconidae hyperpara-
sitic (Kula et al. 2012) and only rarely do they attack pupae (although many emerge 
from cocoons of pre-pupal caterpillars). By contrast, the Ichneumonidae include 
many larval-pupal or pupal-pupal lepidopteran parasitoids, and some very diverse 
hyperparasitoid lineages that use caterpillars as a primary host but actually feed on 
other parasitoids inside the caterpillar, such as other ichneumonids, braconids, or 
tachinids. Given the wide range of ways for living on or inside caterpillars displayed 
by these two hyperdiverse families, it is worth discussing each of them in more detail.

 Family Braconidae

At least 13 major lineages of Braconidae have diversified as larval-larval specialists 
attacking caterpillars (Agathidinae, Cardiochilinae, Euphorinae tribe Meteorini, 
Exothecinae, Gnamptodontinae, Homolobinae, Hormiinae, Ichneutinae tribe 
Muesebeckiini, Macrocentrinae, Microgastrinae, Miracinae, Orgilinae, and 
Rogadinae). Two other subfamilies (Braconinae and Doryctinae) have broad host 
ranges encompassing several orders of insects, most often beetle larvae, but contain 
many species that will utilize concealed-feeding caterpillars (Quicke 2015). Perhaps 
the most successful lineage of larval-larval caterpillar parasitoids is the braconid 
subfamily Microgastrinae, with some 2999 named species worldwide and estimated 
to comprise 30,000 to 50,000 species when undescribed species are included 
(Rodriguez et al., 2013; Fernandez-Triana et al., 2020). These koinobiont endopara-
sitoids may develop as solitary larvae in small caterpillars or gregariously in larger 
caterpillars. Mature microgastrine larvae typically exit the host caterpillar and spin 
their silk cocoons on the surface of the host carcass (as in Figs. 1a–d and 2d, e). The 
caterpillar hosts of Microgastrinae species are stunningly diverse and include almost 
all Lepidoptera (except Micropterigoidea, Eriocranioidea, Hepialoidea and 
Nepticuloidea).

The basal leaf-mining microlepidopterans are not, however, immune from attack 
by braconid parasitoids. At least 10 hymenopteran families include members that 
attack leaf miners (eight of them in the Chalcidoidea, Gates et al. 2002), and at least 
eight lineages of Braconidae have evolved minute body sizes and the capacity to 
utilize leaf-mining and other cryptic-feeding caterpillars (Whitfield and Wagner 
1991). These include Nepticulidae, Eriocraniidae, Coleophoridae, Bucculatricide, 
Gracillariidae, Lyonetiidae, and many others. Braconids attacking such tiny cater-
pillars include some Cheloninae (tribe Adeliini) (Shimbori et  al. 2019), some 
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Exothecinae, Gnamptodontinae, Hormiinae, Ichneutinae (tribe Muesebeckiini), 
Miracinae, some Orgilinae, and some Rogadinae (tribe Stiropiini) (Shaw 1983; van 
Achterberg 1983; Whitfield and Wagner 1991). The adeliines were formerly treated 
as subfamily Adeliinae but have recently been reclassified as a tribe of Cheloninae 
(Kittel et  al. 2016; Shimbori et  al. 2019). Some leaf-miner parasitoids are quite 
specialized, such as adeliines and gnamptodontines that are koinobiont endoparasit-
oids of exclusively Nepticulidae larvae (Gauld and Bolton 1988; Whitfield 1988). 
By contrast, others possess broad host ranges, such as species of the exothecine 
genus Colastes that are ectoparasitic idiobionts. These are highly polyphagous, eat-
ing whatever larvae they find in mines on a particular plant including Nepticulidae, 
Tischeriidae, Momphidae, Eriocraniidae, Heliozelidae, and Gracillariidae, and even 
leaf-mining larvae of Coleoptera, Diptera, and tenthredinoid Hymenoptera 
(Shaw 1983).

Another highly successful group of caterpillar parasitoids, notable for its varied 
(and sometimes spectacular) cocoon-spinning behaviors (Shaw and Nishida 2005; 
Stigenberg and Ronquist 2011), is the subfamily Euphorinae, tribe Meteorini, genus 
Meteorus (formerly subfamily Meteorinae). The name refers to distinctive pendant 
cocoons of solitary Meteorus species, which are suspended from a long silk thread, 
reminiscent of the tail of a meteor streaking across the night sky. Most Meteorus 
larvae feed as koinobiont endoparasitoids inside caterpillars, spinning their distinc-
tive cocoons as they emerge from the caterpillar host (Shaw and Huddleston 1991; 
Zitani and Shaw 2002). Meteorines are parasitoids of at least 15 lepidopteran fami-
lies (Jones and Shaw 2012; Aguirre et  al. 2014; Aguirre and Shaw 2014a, b; Yu 
2014). However, Aguirre et al. (2015) reported that more than 70% of host records 
for Neotropical meteorines were from just five families: Erebidae (Arctiinae), 
Noctuidae, Pyralidae, Nymphalidae, and Megalopygidae. While it has been pre-
sumed that the suspended cocoons of solitary Meteorus species are an adaptation to 
avoiding crawling predators such as ants, it has also been observed that these 
cocoons are commonly targeted by hyperparasites such as mesochorine ichneumo-
nids (Simmonds 1947; Zitani and Shaw 2002; Shaw unpublished data). Many 
Meteorus species have evolved gregariousness, with as many as 250 wasps develop-
ing from a single sphingid larva (Zitani et al. 1998). Such gregarious species often 
cooperate to form communal cocoon masses (Fig. 1e), sometimes suspended from 
a jointly spun multi-threaded cord, sometimes covered by jointly spun masses of 
loose protective threads like baling wire, and, most remarkably, sometimes cooper-
ating to spin communal radially symmetrical cocoon masses covered by a spherical 
sheath (which may protect 90% of the cocoon surfaces from direct attack by hyper-
parasitoids) (Zitani and Shaw 2002).

The Rogadinae are another hyperdiverse lineage of endoparasitic koinobiont cat-
erpillar specialists that evolved another quite novel approach to pupation. While the 
larvae of most koinobiont endoparasitic wasp species rapidly exit the remains of the 
host to safely spin their cocoons elsewhere, Rogadinae species efficiently consume 
all edible body contents then pupate inside the host caterpillar’s exoskeletal remains, 
which shrink and harden (Shaw and Huddleston 1991). Rogadinae contain many 
species and genera, but by far the most commonly encountered are species in the 
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genus Aleiodes (Shaw et al. 1997; Areekul-Butcher and Quicke 2011; Shimbori and 
Shaw 2014; van Achterberg et al. 2020; Shaw et al. 2020), collectively found world-
wide and with more than 200 named species in the New World (Yu et  al. 2012; 
Garro et  al. 2017; Shaw et  al. 2020). Aleiodes are sometimes called “mummy 
wasps” (Shaw 2006) due to their characteristic habit of pupating inside the remains 
of the host caterpillar, which shrinks and dries into a caterpillar “mummy” (Shaw 
1983, 1994; Shaw and Huddleston 1991; Shaw et al. 1997; Shaw 2006; Zaldívar–
Riverón et al. 2008; Shimbori and Shaw 2014). While morphological identification 
of Rogadinae species can be challenging, the mummified remains of the host cater-
pillar (conveniently preserved for study by the parasitoid’s unique behavior) often 
provide clear evidence of the rogadine species identity (Shaw 2006; Shimbori and 
Shaw 2014). Rogadines commonly use caterpillars that are in the middle of their 
developmental cycle: usually second and third instars, and the caterpillar host is 
killed before it reaches the ultimate instar (Shaw and Huddleson 1991). While roga-
dines utilize hosts as diverse as Limacodidae, Zygaenidae, Lycaenidae, and 
Riodinidae, the vast majority are solitary parasitoids developing in small 
Geometridae, Erebidae, and Noctuidae caterpillars; a few develop gregariously in 
large Lasiocampidae or Noctuidae caterpillars (Fortier 2000).

While gregarious development may not be the norm for Rogadinae, another 
braconid subfamily, the Macrocentrinae, are known for it. More particularly, mac-
rocentrines are notable for their interesting method of accomplishing gregarious-
ness: by polyembryony. While other braconids (such as microgastrines, meteorines, 
and a few rogadines) achieve gregariousness by inserting multiple eggs into a cater-
pillar, the macrocentrines inject a single egg that divides clonally to produce mul-
tiple, sometimes numerous, same-sex embryos that ultimately develop into a cohort 
of genetically identical wasps (Parker 1931). It appears that some species achieve 
mixed broods of males and females by ovipositing more than one egg, each of 
which develops polyembryonically into many individuals. In some cases, a 
Macrocentrus develops as a solitary individual as the result of a single embryo 
dominating over many others that fail (Finney et  al. 1947). Macrocentrines are 
delicate- bodied, long-legged nocturnally active wasps that specialize in attacking 
cryptic-feeding caterpillars of families such as Oecophoridae, Gelechiidae, 
Tortricidae, Sesiidae, Pyralidae, and some Noctuidae (Gauld and Bolton 1988; 
Shaw and Huddleston 1991).

Species of the subfamily Homolobinae are solitary koinobiont endoparasitoids 
of Geometridae, Erebidae, and Noctuidae. They share with many (if not most) spe-
cies of the abovementioned Meteorini, Rogadinae, and Macrocentrinae another key 
innovation for utilizing caterpillars as hosts: nocturnal behavior. While many cater-
pillars, especially tropical ones, feed at night to elude day-active predators, females 
of these braconids specialize in hunting for caterpillars at night. This allows these 
wasps to make better use of chemical cues, such as kairomones released by caterpil-
lar feeding, silk, and frass, as well as the sounds of caterpillar feeding to locate these 
insects (Quicke 2015). These nocturnal wasps tend to have quite large eyes and 
ocelli, are usually pale-colored, and are commonly attracted to lights (van Achterberg 
1979; van Achterberg and Shaw 2009).

Natural History and Ecology of Caterpillar Parasitoids



236

The hyperdiverse koinobiont endoparasitoid braconid subfamily Cheloninae are 
sometimes called “turtle-shelled” wasps because of their distinctive carapace-like 
abdominal dorsum. Chelonine wasps are specialists on small, concealed caterpil-
lars, including species of Tortricidae, Pyralidae, Crambidae, and Plutellidae (Shaw 
and Huddleston 1991; Shaw 2017; Dadelahi et  al. 2018). Chelonine females are 
commonly seen walking rapidly and erratically over leaf surfaces (Fig.  2a). 
Chelonines are egg-larval parasitoids, that is, wasps which parasitize lepidopteran 
eggs but delay their development and emerge later from caterpillars (Kainoh and 
Tamaki 1982). Even more remarkably, chelonines actually insert their egg into the 
embryonic caterpillar inside its egg (Vance 1932), such that many young caterpillars 
are “born” (hatch from their egg) already parasitized. The chelonine egg hatches 
into a larva with massive mandibles that kills any competing parasitoid larvae inside 
the host, and then the chelonine molts again into a hibernating form that diapauses 
until the caterpillar has reached its ultimate stage. The host caterpillar is allowed to 
form its pupation retreat and spin a silk cocoon before the chelonine larva breaks 
diapause and begins feeding and rapidly growing, ultimately killing the prepupa 
before pupation (Vance 1932; Kainoh and Tamaki 1982). Chelonines are thus exqui-
sitely adapted to take advantage of the ease of locating exposed host eggs, as well as 
allowing the host caterpillar to attain maximum biomass and create a protective 
retreat within which to pupate.

Egg parasitoids. It is worth observing that while many braconids oviposit into lepi-
dopterous eggs, no known ichneumonoids develop as true egg parasitoids (developing 
entirely inside one egg). However, Chalcidoidea (Trichogrammatidae) and 
Platygastroidea (Scelionidae) contain a great diversity of minute egg parasitoids 
(“nanohymenoptera”). Technically these are not “caterpillar parasitoids” since they 
live entirely inside the lepidopteran egg. Nevertheless, they have a profound impact on 
the diversity and abundance of caterpillars. Among the Scelionidae, which collectively 
attack eggs of species in many insect orders, perhaps the most frequently encountered 
are species of the large genus Telenomus, which prefer eggs of Lepidoptera. Egg para-
sitoids are discussed further in the Chalcidoidea section (below).

 Family Ichneumonidae

Like the braconids, several ichneumonid lineages include successful larval-larval 
parasitoids of caterpillars (Broad et  al. 2018). These caterpillar-eaters include 
koinobiont endoparasitoids among the Anomaloninae, Banchinae, Campopleginae 
(formerly Porizontinae; Figs.  2c and 3c), Cremastinae, some Ichneumoninae, 
Metopiinae, Ophioninae, and a few Ctenopelmatinae (Townes 1969; Townes and 
Townes 1978; Gauld and Bolton 1988; Quicke 1997). These subfamilies tend to be 
broadly polyphagous in their host ranges, and while there are several braconid sub-
families that are exclusively parasitoids of Lepidoptera, in Ichneumonidae there are 
only a few that are dedicated Lepidoptera specialists (Cremastinae, Ichneumoninae, 
and Metopiinae) (Gauld et  al. 2002). Some of these, such as the ichneumonine 
genus Alomya, have managed to do things that no braconid has accomplished: 
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attacking root-feeding larvae of Hepialidae (Hinz and Short 1983). Others, such as 
the banchine Lissonotus, have long ovipositors and are able to drill deep into woody 
branches and roots to reach cryptic-feeding cossid larvae (Chandra and Gupta 1977; 
Zong et  al. 2012). Many of these wasps, especially in Ichneumoninae and 
Metopiinae, are quite large insects, commonly brightly marked with aposematic 
patterns and may mimic stinging wasps (Heinrich 1977).

Some campoplegine ichneumonids are reminiscent of the rogadine braconids in 
that they “mummify” the caterpillar remains (Townes 1969; Gauld and Bolton 
1988). However, campoplegines accomplish this in a very different way. In 
Rogadinae, the wasp larva spins little silk, and the caterpillar mummy is supported 
by hardening of the host cuticle. In contrast, the mummy produced by a campople-
gine ichneumonid is supported by a thick, oval cocoon spun of coarse silk. In some 
campoplegines, such as species of Hyposoter, the wasp cocoon is not fully enclosed 
inside the caterpillar remains but is visible laterally (the caterpillar cuticle is merely 
stuck over the top of the wasp’s cocoon like a pelt; Fig. 3a, b).

Unlike braconids, which rarely feed upon or emerge from lepidopteran pupae, 
the Ichneumonidae contain several lineages of larval-pupal parasitoids 
(Anomaloninae and Ichneumoninae) and ones that specialize in parasitizing the 
pupal stage of Lepidoptera directly (Ichneumoninae, some Cryptinae, and some 
Pimplinae) (Gauld 1991). Location of pupae has been facilitated by chemodetection 
of silk, and in some ichneumonid lineages (e.g., Pimplini) this has allowed host 
range expansion from Lepidoptera to other organisms enclosed in silk, such as spi-
der eggs (Gauld and Fitton 1984; Gauld and Bolton 1988; Quicke 2015). The sub-
family Ichneumoninae, regarded as the second-largest ichneumonid subfamily, is 
unique among the Ichneumonidae in being (so far as is known) entirely restricted to 
using Lepidoptera as hosts. Throughout the Ichneumoninae, whether they attack 
and enter the caterpillar or its pupa, the parasitoid emerges from the pupal stage.

Some tryphonine ichneumonids have evolved a novel method for securing their 
eggs to the host caterpillar. Unlike other ectoparasitoids that typically glue their egg 
to the host’s cuticle, tryphonines have uniquely stalked eggs. The stalk and anchor-
ing hook move down a channel of the ovipositor while the egg is pulled along exter-
nally. The female wasp injects the anchoring base of the egg stalk, like a harpoon, 
into the host’s thoracic cuticle, attaching it securely in an area where the caterpillar 
cannot remove it with its mandibles. The ichneumonid subfamily Tryphoninae 
includes three tribes that largely attack caterpillars (Oedemopsini, Phytodietini, and 
Sphinctini). Most are solitary ectoparasitic idiobionts, but a few develop 
gregariously.

 Hyperparasitism: More Layers in the Trophic Sandwich

The Ichneumonidae also provide diverse examples of a phenomenon seldom seen in 
the Braconidae: hyperparasitism. Hyperparasitoids attack and feed upon other para-
sitoid species (primary parasitoids) inside a carrier insect (Gauld and Bolton 1988; 
Hanson and Gauld 1995; Quicke 1997). Within the Ichneumonidae several lineages 
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are specialized as hyperparasitoids or contain hyperparasitic species, including the 
Mesochorinae, Eucerotinae, some Pimplinae, and some Cryptinae. While techni-
cally these are not caterpillar parasitoids (they are just using the caterpillar as a 
living space), hyperparasitoids are worth considering briefly to illustrate the com-
plexity of caterpillar-parasitoid interactions. There are even (in the Chalcidoidea) 
hyperparasitoids of hyperparasitic species (tertiary parasites), so in some cases 
there may well be primary, secondary, and tertiary parasitic species, all living inside 
leaf-feeding caterpillars.

The small and curious ichneumonid subfamily Eucerotinae provides a distinctive 
example of hyperparasitism. Euceros females lay tiny stalked eggs on the surfaces 
of the leaves of plants (reminiscent of some Tachinidae). These eggs hatch into an 
active planidium-type larva, which attaches itself to a passing caterpillar. It may 
feed on this “carrier-host” but the eucerotine larva does not develop completely 
unless the caterpillar is attacked by another parasitoid, such as a campoplegine ich-
neumonid, in which case the eucerotine larva enters the other ichneumonid larva 
and completes its feeding as a hyperparasite.

The more than 900 species of mesochorine ichneumonids (Araujo et al. 2018) 
are obligatory endoparasitic hyperparasitoids (Dasch 1971, 1974). They are particu-
larly diverse in the neotropics (Gauld et  al. 2002) and often emerge from pupal 
stages of the other primary parasitoids mentioned elsewhere in this chapter, e.g., silk 
cocoons of microgastrine or meteorine wasps, from mummified caterpillars occu-
pied by rogadine braconids or campoplegine ichneumonids, or tachinid puparia 
(Shaw, personal observation).

Perhaps the most fascinating strategy of hyperparasitism inside caterpillars 
involves the wasp family Trigonalidae (or Trigonalyidae; Weinstein and Austin, 
1991; Carmean 1995; Krauth and Williams 2006). Trigonalid females lay minute 
eggs on the ventral surfaces of leaves, often in rows along the leaf edges where they 
might be consumed by caterpillars (Gauld and Bolton 1988; Murphy et al. 2009). A 
single female trigonalid wasp may lay thousands (as many as 10,000) of these 
microtype eggs (Clausen 1940; Carmean and Kimsey 1998). Once inside the diges-
tive tract, the trigonalid larva chews through the gut wall and enters the caterpillar’s 
hemocoel. Only rarely do trigonalids develop as a primary parasitoid (Raff 1934). 
Most often the young trigonalid larva will not develop further unless the caterpillar 
“carrier” is further parasitized by an ichneumonoid wasp, or a tachinid fly, in which 
case it develops as an endoparasitic hyperparasitoid. Even more remarkable, if the 
infected “carrier” caterpillar is captured and macerated by a foraging vespid social 
wasp and returned to the nest to be fed to developing vespid larvae, the trigonalid 
can be acquired trophically a second time and develop in the vespid larva (Clausen 
1940; Gauld and Bolton 1988; Carmean 1991). Trigonalid wasps are seldom seen 
unless they are reared from an infected caterpillar (Smith et al. 2012), a moth pupa, 
an ichneumonoid cocoon, or a tachinid fly puparium (Clausen 1940). Perhaps even 
most remarkably, many tropical trigonalids are Batesian mimics of vespid social 
wasps, mimicking species from which they may have developed (Hanson and Gauld 
1995; Carmean and Kimsey 1998; Smith et al. 2012).
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 Superfamily Chalcidoidea

The hymenopteran superfamily Chalcidoidea rivals the Ichneumonoidea in species- 
richness, abundance, and biological diversity (Pérez-Benavides et al. 2020; Ghahari 
et  al. 2021). With over 25,000 named species (Pérez-Benavides et  al. 2020), 
Chalcidoidea species comprise approximately 33% of the known parasitoid 
Hymenoptera worldwide. The number of undescribed species is so great that it is 
conservatively estimated that at least 60,000 to 100,000 Chalcidoidea species may 
exist (Grissell and Schauff 1997). The exceptional morphological and behavioral 
diversity among Chalcidoidea has resulted in this superfamily being classified into 
far more families than the Ichneumonoidea: there are 19 chalcidoid families, which 
are divided into over 90 subfamilies and about 300 genera (Heraty et  al. 2013; 
Noyes 2021; Pérez-Benavides et al. 2020).

While many chalcidoid species are associated with caterpillars, species of the 
Chalcidoidea collectively have much broader host range than the Ichneumonoidea, 
including at least 13 orders of insects (including some such as dragonflies, fleas, 
twisted-wing parasites, and thrips, which are never utilized by Ichneumonoidea). 
Hosts of Chalcidoidea even include a variety of non-insect hosts such as spider egg 
sacks, ticks and gall-forming mites, pseudoscorpions, and even gall-forming nema-
todes (Grissell and Schauff 1997). A much higher proportion of Chalcidoidea spe-
cies are gall-formers or have lost the parasitic habit and become secondarily 
phytophagous upon gall or seed tissues. Among those Chalcidoidea utilizing lepi-
dopteran hosts, relatively few are direct parasitoids of caterpillars only, and many 
are either strictly egg parasitoids or direct pupal parasitoids (Quicke 1997). In con-
trast, while some Braconidae are egg-larval parasitoids, there are no strict egg para-
sitoids in either the Ichneumonidae or Braconidae; Braconidae rarely attack pupae, 
and Ichneumonidae are more likely to be larval-pupal parasitoids than strict pupal 
parasites (Quicke 2015). While no single chalcidoid family specializes exclusively 
on Lepidoptera, the principal families that include caterpillar-attacking lineages are 
briefly touched on below.

The Chalcididae are among the best-known chalcidoids due to their compara-
tively large body sizes, striking color patterns, and toothed or spined hind legs with 
outlandishly swollen femurs. Chalcididae use a wide range of hosts (including 
Diptera, Hymenoptera, Coleoptera, and Neuroptera), but most are solitary primary 
koinobiont endoparasitoids of caterpillars, or hyperparasitic upon Tachinidae or 
Braconidae in caterpillars (Gordh et  al. 1999). Chalcidids associated with 
Lepidoptera may emerge from either the fully grown caterpillar or the pupa 
(Narendran and Amareswara Rao 1987). Some Chalcididae are of interest as para-
sitoids of forest pests, such as Brachymeria intermedia (Nees), which attacks cater-
pillar of the gypsy moth, Lymantria dispar (L.), although not in sufficient numbers 
for effective biological control (Gauld and Bolton 1988; Drost 1991). Some mem-
bers of the Torymidae and Encyrtidae have similar biology as hyperparasitoids of 
assorted primary parasitoids inside caterpillars, and these species are among the 
wasps most easily recognized as hyperparasitoids when they emerge from 
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caterpillars mummified by rogadine Braconidae. Since Rogadinae are the only pri-
mary parasitoids initiating such distinctive mummification of caterpillars, any chal-
cidoids emerging from mummified caterpillar must be hyperparasitoids of a 
rogadine braconid inhabiting that host (Shaw 2006, and personal observations).

The Eulophidae comprise an exceptionally diverse family using a wide range of 
hosts, including Lepidoptera (Hansson 2002). Most eulophids are primary ectopara-
sitoids of concealed-feeding larva, with many species attacking leaf-mining hosts. 
However, many species of Eulophus and Euplectrus are gregarious ectoparasitoids 
of exposed-feeding caterpillars, making them among the most apparent and best- 
known chalcidoid parasitoids of caterpillars (Fig. 3d, e). When they complete their 
ectoparasitic feeding, eulophid larvae pupate either on the host remains or attached 
to the substrates nearby. While most Chalcidoidea differ from the Ichneumonoidea 
in pupating as exposed exarate pupae rather than spinning cocoons, some Euplectrus 
species are exceptional in spinning loose silk cocoons, not from labial gland silk as 
in most Hymenoptera, but from silk produced by the Malpighian tubules (Gauld and 
Bolton 1988; Quicke 1997). Some Eulophidae have been successfully employed as 
biological control agents for forest pest caterpillars, such as Chrysocharis laricinel-
lae (Ratzeburg), which has been introduced to North America to suppress 
Coleophora laricella (Hübner) (Coleophoridae), the larch casebearer (Ryan et al. 
1987; Ryan 1990, 1997). However, recent studies of forest defoliation patterns from 
1962 to 2018 indicate that the effectiveness of this parasitoid at regulating its host is 
decreasing in response to climate warming trends (Ward et al. 2020).

The Encyrtidae are another large family with a broad range of hosts, but in con-
trast to Eulophidae, encyrtids are mostly primary endoparasitoids, although some 
are hyperparasitic (Gordh et al. 1999). Encyrtids may be either larval parasitoids or 
egg parasitoids. Some Encyrtidae species are highly gregarious and produce large 
numbers of offspring by polyembryony (notably the genus Copidosoma; Guerrieri 
and Noyes 2005). Caterpillars parasitized by such polyembryonic species often are 
so stuffed full of small encyrtid larvae that the caterpillar’s cuticle is stretched thin 
and the parasitic larvae inside are easily visible through the host’s translucent cuti-
cle (Gauld and Bolton 1988). In some gregarious species, certain individual encyr-
tid larvae are larger than others and may act as soldiers, seeking out and destroying 
competing parasitic species present in the same host (Gordh et  al. 1999). While 
many encyrtids are valued as beneficial biological control agents, in some cases 
where their host is an endangered or threatened species, they may pose a threat to 
insect conservation. The endangered Papilio homerus butterfly, for example, may 
suffer up to 77% egg mortality due to attack by Encyrtidae (Garraway et al. 2008).

Unlike encyrtids, which only sometimes attack insect eggs, the families 
Mymaridae and Trichogrammatidae are obligatory, mostly solitary but sometimes 
gregarious, idiobiont egg-parasitoids (Nagarkatti and Nagaraja 1977; Schauff 1984; 
Noyes and Valentine 1989; Quicke 1997). Both families have broad host ranges 
including many insect orders (Huber 1986; Doutt and Vigianni 1968), but 
Trichogrammatidae include many species that target eggs of Lepidoptera. Both 
Mymaridae and Trichogrammatidae share key adaptations for exploiting eggs as 
hosts, including microscopic body sizes, adult body shapes that conform to the form 
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of host eggs, and larval specializations for rapidly and effectively usurping the 
insect egg microhabitat. Of these, the evolution of the “mymariform” first instar is 
perhaps the most striking (Jackson 1961; Gauld and Bolton 1988; Yoshimoto 1990; 
Quicke 1997). The mymariform larva is highly modified, conical-headed, and long- 
tailed form, capable of swimming about inside the host egg, destroying the caterpil-
lar embryo, fighting, and killing other parasitoid larvae to avoid superparasitism and 
multiple parasitism (Jackson 1961; Boivin and Baaren 2008; Nénon et al. 2011). 
Trichogrammatid larvae exhibit hypermetamorphosis, with mymariform larvae 
molting and transforming to hymenopteriform larvae that complete their develop-
ment by feeding on the remains of the caterpillar embryo and egg yolk. The capacity 
to develop from egg to adult wasp by feeding only on the contents within a single 
lepidopteran egg, by necessity, requires the evolution of ultra-small body sizes. 
Indeed, the Trichogrammatidae and Mymaridae include the smallest adult insects 
and the smallest flying animals, with some having bodies less than 300 μm in length 
(Doutt and Vigianni 1968; Schauff 1984; Noyes and Valentine 1989; Quicke 1997; 
Ghahari et al. 2021). Along with minute body sizes, trichogrammatids have evolved 
uniquely reduced internal anatomy. One trichogrammatid species has the smallest 
known insect nervous system, with adults having fewer than 7600 neurons. They are 
the only animals of any kind known to have neurons lacking cell nuclei (Polilov, 
2012). Trichogrammatid use of various Lepidoptera eggs as hosts has drawn consid-
erable interest for biological control applications (Nagarkatti and Nagaraja 1977). 
Many trichogrammatids are phoretic; that is, they find and attach themselves to the 
body of an adult female moth or butterfly and ride around with her until she lays 
eggs, which are then attacked (Fatouros and Huigens 2012). One Neotropical tricho-
grammatid species is phoretic on the bodies of Caligo owl butterflies, sometimes 
with as many as 250 individual wasps attached to one butterfly (Malo 1961).

Some Chalcidoidea species differ from ichneumonoids in how they achieve con-
tact with the host caterpillar. While among Ichneumonoidea the eggs are almost 
always oviposited either onto or into the host insect, species of Perilampidae lay 
their eggs on plants or other substrates in the general environment of the host insect 
(Heraty and Darling 1984). These hatch into a mobile “planidium” type first instar 
larva, which actively seeks out a caterpillar (or other primary host insect), chews 
into the host, and attacks the larvae of Tachinidae, Ichneumonidae, or Braconidae 
found inside, as a hyperparasitoid (Hanson and Gauld 1995; Quicke 1997). The 
perilampid larva is an obligatory hyperparasitoid and may persist as an undeveloped 
planidium throughout development into the adult moth if the caterpillar remains 
unparasitized by other wasps or flies (Purrington, 1979).

While most Chalcidoidea use a broad range of hosts at the family level, many 
individual species are highly specialized on a narrow set of hosts, often a single spe-
cies (Noyes 2021). More rarely, species may exhibit extreme levels of opportunistic 
dietary generalism. For example, the pteromalid wasp Dibrachys cavus (Walker) 
has long been regarded as the most polyphagous parasitoid wasp known (Grissell 
and Schauff 1997). While this species has been reared from hundreds of caterpillar 
species across a range of families, its documented host range also includes hundreds 
of additional insect taxa belonging to other orders including Diptera, Hymenoptera, 
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Coleoptera, Neuroptera, and even spiders (Noyes 2021). Although careful research 
has revealed this species to comprise a complex of four or more morphologically 
cryptic sibling species (Peters and Baur 2011), the host ranges of such pteromalids 
remain stunningly broad compared to other hymenopterous parasitoid lineages. 
Similarly, broad host ranges are exhibited by some Eupelmidae species such as 
Eupelmus vesicularis (Retzius) (Grissell and Schauff 1997; Gibson and Fusu 2016; 
Noyes 2021).

While there is much more to say about the diversity and biology of Chalcidoidea 
species, as well as hymenopteran parasitoids of Lepidoptera belonging to other lin-
eages (such as scelionine Platygastroidea), our review must necessarily be con-
strained. Therefore, readers seeking more information about the Chalcidoidea (and 
other parasitoid Hymenoptera) are referred to other sources such as Clausen (1940), 
Gauld and Bolton (1988), Hanson and Gauld (1995), Grissell and Schauff (1997), 
Gordh et al. (1999), Quicke (1997, 2015), and Ghahari et al. (2021).

 Dipteran Parasitoids of Caterpillars

The non-hymenopteran, or “other” parasitoids (Stireman 2016), comprise a diverse 
and disparate assemblage of taxa including various families of beetles and flies and 
a few groups of Lepidoptera and Neuropteroidea (Eggleton and Belshaw 1992). As 
mentioned previously, however, relatively few of these groups have been able to 
take advantage of the diverse and plentiful resource that caterpillars offer. Among 
Diptera, only tachinid flies, sarcophagid flies, bee flies (Bombyliidae), and a few 
scattered taxa in other fly families (e.g., Phoridae, Chloropidae) have been recorded 
as parasitoids of Lepidoptera (Eggleton and Belshaw 1992; Yeates and Greathead 
1997). Records of lepidopteran parasitism by non-Hymenoptera are even sparser 
outside of the Diptera, with only a handful of records from Lepidoptera (Pyralidae, 
Epipyropidae), Neuroptera (Mantispidae), and Coleoptera (Cleridae) (Eggleton and 
Belshaw 1992). Tachinidae (“bristle flies”) are clearly the dominant group of non- 
hymenopteran parasitoids, with almost 8600 described species (O’Hara et al. 2020), 
about three fifths of which use caterpillars as hosts (Cerretti 2010). Lepidoptera 
dominate as hosts for the large and diverse subfamilies Exoristinae and Tachininae 
(Fig. 4e), as well as some lineages of Dexiinae such as the Voriini grade of taxa 
(Stireman et al. 2019). Due to their dominance among caterpillar parasitoids, we 
focus on Tachinidae (Fig.  4) in our brief examination of the biology of non-
hymenopteran parasitoids, with occasional notes regarding other taxa.

Unlike the hymenopteran parasitoids, which have ancient origins and likely radi-
ated onto early lepidopteran lineages as they themselves radiated, tachinid flies are 
a recent clade, arising perhaps 30–35  mya (Cerretti et  al. 2017; Stireman et  al. 
2019). Remarkably, the breadth of tachinid hosts rivals that of all the parasitic 
wasps, with species recorded from at least 13 arthropod orders (Stireman et  al. 
2006). Their ancestral host associations are uncertain, but the basal-most branching, 
extant lineages are beetle parasitoids, suggesting multiple subsequent colonizations 
of caterpillar hosts (Cerretti et  al. 2014; Stireman et  al. 2019). Thus, tachinids 
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diversified after most of the major lineages of Lepidoptera had already radiated and 
had been colonized by many groups of Ichneumonoidea and other parasitoid wasp 
lineages. How they were able to successfully colonize the already occupied niches 
of caterpillar parasitoids, disperse all over the world and into nearly every terrestrial 

Fig. 4 Illustrations of tachinid fly life cycles. (a) Tachinid eggs (probably Winthemia sp. on a 
Nephelodes minians Guenée caterpillar (bronzed cutworm: Noctuidae) (OH: JOS). (b) A tachinid 
puparium (Actia interrupta Curran) above the remains of its tortricid caterpillar host (likely 
Choristoneura) (OH: JOS). (c) A dying monarch caterpillar (Danaus plexippus (L.)) being 
devoured by tachinid larvae (Lespesia archippivora (Riley)) (OH: JOS). (d) A close-up of the 
posterior end of a tachinid larva (from 4C) with posterior spiracles protruding from the monarch 
larvae it is consuming (OH: JOS). (e) A spiny, caterpillar-attacking, “hedgehog” tachinid fly 
(Adejeania sp.) from Peru with enlarged, cigar-like palpi (SA Marshall)
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habitat, and diversify into so many varied forms in such a short time is unclear. 
What is clear is that the family represents one of the most successful and rapidly 
diversifying clades of caterpillar parasitoids.

 Stage Attacked

Tachinid flies as a rule attack larval stages of their lepidopteran hosts. None is 
known to be an egg parasitoid, nor to attack pupae, though they may often emerge 
from pupae. Other dipteran groups are known as predators on eggs or egg masses of 
various insect groups including Lepidoptera, but most of the fly lineages in which 
the parasitoid habit evolved are too large to develop in all but the largest of lepi-
dopteran eggs (excepting Phoridae). Lepidopteran pupae are attacked by several 
dipteran parasitoid groups, notably certain Sarcophagidae and Bombyliidae, which 
can be significant enemies of economically important species such as the forest tent 
caterpillar (Malacosoma disstria; Roland and Taylor 1997) and pine processionary 
moth (Thaumetopoea pityocampa; Battisti et al. 2000), respectively. A number of 
sarcophagids, as well as phorid flies, recorded from caterpillars and lepidopteran 
pupae are facultative parasitoids, attacking previously injured or incapacitated hosts 
(Feener and Brown 1997). As mentioned previously, there are a few reports of dip-
teran parasitoids emerging from adult moths and butterflies (Smith 1981; Greeney 
and Stireman 2002 – note that this was likely Helicobia sp., rather than Arachnidomyia 
aldrichi); however it is unclear whether the adult stage was attacked or the parasit-
oid persisted from a previous stage. Most non-hymenopteran parasitoids, including 
all tachinids, develop internally as endoparasitoids, but some other dipteran groups 
tend to develop externally and, as with the Hymenoptera, in these groups the lines 
between parasitoid and predator can be blurred (Yeates and Greathead 1997).

Most caterpillar attacking tachinids (and other dipteran parasitoids) use “macro-
moths” and butterflies as hosts. In particular, they are often reared from members of 
the families Erebidae, Geometridae, Noctuidae, Nymphalidae, Sphingidae, and 
Saturniidae (Arnaud 1978; Tschorsnig 2017). This is probably due to the relative 
large size of most tachinid species. However, many smaller tachinid taxa, such as 
species belonging to the tribes Siphonini, Graphogastrini, and Blondeliini, fre-
quently attack exposed and concealed-feeding caterpillars belong to the “microlepi-
dopteran” grade of Ditrysia including Pyralidae, Crambidae, Tortricidae, 
Oecophoridae, Elachistidae, Gelechiidae, and Gracillariidae, among others 
(Tschorsnig 2017).

 Mode of Attack

All tachinids, and several other groups of dipteran parasitoids, are endoparasitoids, 
developing inside the living host. However, unlike their wasp counterparts, they 
ancestrally lack piercing ovipositors and thus must gain entrance into the host 
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caterpillar by other means. Many species deposit eggs (or larvae in the case of 
Sarcophagidae) externally on the host (Fig. 4a), and the newly hatched larvae must 
burrow their way inside through the host’s exoskeleton. This provides an opportu-
nity for caterpillars to defend themselves by biting off parasitoid eggs or larvae (or 
molting their cuticle and the eggs along with it), which may explain why so often 
tachinid eggs are observed on the head capsules or thoraces of caterpillars where 
they are out of reach of the mandibles. Many lineages of tachinids, as well as lin-
eages of other dipteran parasitoids, have secondarily evolved piercing structures 
derived from abdominal sclerites that they use to inject eggs into the host (Feener 
and Brown 1997; Blaschke et  al. 2018). This is seen in tachinid genera such as 
Eucelatoria, Blondelia, and Phorocera that use abdominal piercers to inject eggs 
into caterpillars, at least some of which appear to pierce leaf rolls to parasitize con-
cealed caterpillars (Burington 2017).

In a substantial departure from most hymenopteran parasitoids, adult females of 
many tachinid (and bombyliid) parasitoids of caterpillars do not contact the host at 
all. Rather, it is the larva or egg that contacts the host. Some taxa, such as members 
of the tribe Tachinini (the “hedgehog” flies; Fig.  4e), possess ambushing larvae. 
After hatching from eggs laid on suitable substrates, the larvae lie in wait for a pass-
ing caterpillar that they can latch on to and burrow into (Clausen 1940; Herting 
1960; O’Hara 1985). Other tachinids, such as Leskiini (e.g., Leskia, Genea), certain 
Polideini (e.g., Chrysotachina, Lypha), and other taxa (e.g., Lydella) possess mobile, 
planidial larvae that seek out their caterpillar hosts. These taxa tend to attack cater-
pillars concealed in leaf rolls, webs, stems, or other structures that are inaccessible 
to adult females. Finally, a diverse clade of almost entirely caterpillar parasitoids, 
the Goniini, possess highly specialized microtype eggs that are eaten by the host. 
These tiny, hard-shelled eggs, which are laid on leaves or other substrates frequented 
by hosts (Herting 1960; Mondor and Roland 1998; Ichicki et al. 2012), contain fully 
developed larvae that hatch in the gut and burrow into the host hemocoel after they 
are ingested. Goniines and other tachinids with “indirect” oviposition strategies 
tend to be associated with concealed caterpillars (Hrcek et al. 2013), but many spe-
cies are known to attack exposed feeders (Stireman et al. 2017), indicating that this 
strategy cannot be viewed simply as an adaptation for attacking physically inacces-
sible hosts. Similar strategies are employed by the rare trigonalid wasp hyperpara-
sitoids and caterpillar-parasitizing nematodes (Poinar 1979; Murphy et al. 2009). 
The latter group, consisting mostly of the family Mermithidae, can be important 
parasitoids in lowland tropical forest (Gentry and Dyer 2002).

 Immature Development

Because they generally lack piercing ovipositors and associated accessory gland 
products, dipteran parasitoids cannot paralyze their hosts during oviposition. For 
this reason, koinobiont and idiobiont life history categorizations do not generally 
apply to parasitoids outside the Hymenoptera (Dindo 2011). Furthermore, 
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non- hymenopteran parasitoids generally cannot inject substances to incapacitate 
host immune defenses such as venom proteins, polydnaviruses, or other viruses 
(Pennachio and Strand 2006; Beckage and Drezen 2012; Colinet et  al. 2013). 
Therefore, they have had to evolve other means by which to avoid host immune 
defenses. Tachinid larvae of at least some groups are able to avoid host encapsula-
tion, wherein host hemocytes adhere to foreign intruders and form multilayered 
suffocating sheath around them, through the formation of respiratory funnels. These 
structures, formed by melanized concretions of host hemocytes, envelop the poste-
rior of the larvae, but allow the posterior spiracles to maintain contact with outside 
air via the body wall or through host tracheae (e.g., Michalkova et  al. 2009; 
Valigurova et  al. 2014; Fig.  4b, c). At least some polyphagous tachinids (e.g., 
Compsilura concinnata (Meigen)) appear to avoid host immune defenses during 
early development by situating themselves between the peritrophic membrane and 
gut wall (Ichiki and Shima 2003). Recent evidence suggests that other species are 
able to “cloak” themselves in host tissues to hide from encapsulating hemocytes 
(Yamashita et al. 2019). Tachinid larvae may exit the host to pupate in soil, leaf lit-
ter, or other concealed locations or they may pupate inside the host remains. They 
lack the ability to produce silk cocoons, and instead the pupa is protected inside a 
puparium, the inflated, sclerotized, last larval instar cuticle (Fig. 4e).

Tachinids and other dipteran parasitoids may be solitary or gregarious. In some 
cases, only a single fly larva can complete development in a host, and if supernu-
merary (additional) larvae are present, they are killed directly or indirectly (via 
competition) by the most vigorous individual. In other cases, several to dozens of 
larvae can coexist within a host and complete development, although sometimes at 
a cost in terms of body size (Wilson et al. 2020). Unlike many parasitic wasps, there 
is little evidence that tachinid flies have the ability to discriminate between parasit-
ized and unparasitized hosts even when the costs of superparasitism (i.e., laying 
eggs on a host that has already been parasitized) are high (Belshaw 1994; Caron 
et al. 2010, although see López et al. 1995).

 Ecology and Host Relations of Caterpillar Parasitoids

The multitude of ecological relationships between caterpillars and their parasitoids 
defy any meaningful summary. Each species of parasitoid possesses a particular 
(and sometimes fluid) set of hosts and means of host location, selection, parasitism, 
and development. Likewise, different caterpillar species possess particular sets of 
strategies to avoid or defend against parasitoids, leading to distinct ecological inter-
actions. Furthermore, these interactions take place in a diverse ecological web of 
host plants, predators, pathogens, and competitors and result in varied selective 
pressures and ecological consequences. We touch on just of few aspects of these 
complex relationships.
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 Community Patterns

One rather simple way we can gain insight into parasitoid-host relationships and 
their impact is by examining parasitism rates across communities of caterpillars 
from rearing studies. Such studies generally recover overall parasitism frequencies 
varying between 10% and 30% (Table 1). However, comparisons among such stud-
ies can be problematic due to different methods and approaches. For example, if 
early instar caterpillars are sampled, then potential parasitism of later instars may be 
missed; on the other hand, if only late instars are sampled, early stage parasitoids 
(mostly Hymenoptera) will be overlooked. Furthermore, rearing success is often 
quite low, with half or more of caterpillars failing to produce an adult moth or para-
sitoid (Hrcek et al. 2013; Stireman et al. 2017). It is unclear what proportion of these 
may have hosted parasitoids. Recently developed methods of metabarcoding or 
metagenomics, by which parasitoids can be detected inside hosts via their DNA, 
offer a potentially insightful way to circumvent some of the problems associated 
with rearing (Condon et al. 2014; Wirta et al. 2014; Hrcek and Godfray 2015; Kitson 
et al. 2019; Sow et al. 2019). Interaction webs of whole communities of caterpillars 
and their parasitoids can be reconstructed in this manner. However, in order to move 
beyond operational taxonomic units, this approach requires a thorough and accurate 
reference database of parasitoid sequence data. In addition, it still suffers from the 

Table 1 Total estimated parasitism rates and percent parasitism by wasps and tachinid flies of 
forest caterpillar communities derived from broad rearing studies for which overall frequencies 
were available. (Percentages may not sum due to unknown parasitoids or parasitoids of other taxa)

Location
Total 
%

% 
Hym

% 
Tach References

Greenland 20.9a

15.5
18.4a

15.2
2.4a

0.3
Wirta et al. (2014)/ Várkonyi and Roslin 
(2013)

Canada 17.6 11.10 6.5 Lill et al. (2002)
CAN: ONT 20 5.5 14.5 Timms et al. (2012)
USA: MA 18.0b – – Schaffner and Griswold (1934)
USA: CN 24.5 9.7 14 Farkas and Singer (2013)
USA: MD 22.6 18.40 ~4.2 Barbosa et al. (2004)
USA: OH 21.2 15.5 5.7 Stireman et al. (unpub. data)
USA: VA 16.2 7.40 8.8 Petrice et al. (2004)
USA: MO 15.4 – – Le Corff et al. (2000)
USA: AZ 18.4 3.70 14.7 Stireman and Singer (2003a, b)
Costa Rica: 
Guanacaste

~11 3-4 7.0 Janzen (1995)

Costa Rica: La Selva 31.0 12.1 14.3 Gentry and Dyer (2002)
Ecuador: Yanayacu 28.8 19.90 8.2 Stireman et al. (2017)
Papua New Guinea 11.6 7.1 4.5 Hrcek et al. (2013)

aBased on DNA metabarcoding
bBased on number of collections that produced parasitoids, which overestimates true parasitism 
frequency
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issue of missing potential future parasitism at the time of collection. Furthermore, 
metabarcoding methods may detect potential parasitism (i.e., parasitoid immatures 
that are encapsulated or otherwise fail to develop), as well as realized parasitism 
(i.e., that which would kill the caterpillar and result in an adult parasitoid), which 
may lead to inappropriate conclusions regarding host-parasitoid associations and 
realized parasitism frequency. The marriage of these two methods, rearing and 
metagenomics, is particularly promising, as both potential and realized associations 
can be revealed and the “space” between these may be a particularly rich source of 
information about caterpillar-parasitoid interactions and coevolution (Wirta 
et al. 2014).

It might be predicted that parasitism rates should increase with decreasing lati-
tude, as has been observed for pressure from predators (Roslin et al. 2017). On the 
other hand, parasitoids may be less diverse and represent a relatively weaker com-
ponent of the enemy community in the tropics, due in part to enhanced pressure by 
enemies such as ants (e.g., Novotny et al. 2006). One of the few comparative studies 
of caterpillar communities found that parasitism rates across sites in the Americas 
did not exhibit a clear latitudinal pattern (Stireman et al. 2006; also see Table 1). 
Rather, parasitism frequency varied with environmental variability, with overall 
rates decreasing as variability in precipitation increased – especially for Hymenoptera 
(Stireman et al. 2006). A similar pattern has been observed with altitude in New 
Guinea: predation pressure decreased with increasing altitude, but parasitism exhib-
ited no altitudinal pattern (Libra et al. 2019; though see Koptur 1985).

A survey of caterpillar parasitism rates from rearing studies suggests that the 
relative preponderance of hymenopteran and dipteran parasitoids can vary strongly 
across communities. Some studies have recorded greater parasitism by Tachinidae 
(e.g., Stireman and Singer 2003a; Farkas and Singer 2013), others have shown a 
clear dominance of Hymenoptera (Le Corff et al. 2000; Lill et al. 2002; Stireman 
et al. 2017), and still others have found similar proportions of parasitism by the two 
groups (Gentry and Dyer 2002; Petrice et al. 2004). This variation in relative para-
sitism may be due to variation in the taxonomic or ecological types of caterpillars 
sampled. For example, concealed feeders are expected to harbor relatively more 
Hymenoptera, which have piercing ovipositors with which to pierce protective plant 
tissues (Hrcek et al. 2013). Macrolepidoptera, in contrast, may experience relatively 
high parasitism rates by Tachinidae, which tend to be larger bodied on average than 
parasitoid wasps and require greater host resources. Differences in parasitoid com-
position may also vary with particular habitats or ecosystems. For example, 
Hymenoptera may tend to dominate in high latitude communities (Hawkins 1994; 
Wirta et al. 2014), whereas Tachinidae appear to comprise a relatively higher frac-
tion of caterpillar parasitoids in the tropics (Hawkins 1994; Gentry and Dyer 2002), 
perhaps due to greater impacts of resource fragmentation or “nasty hosts” on wasps 
(Janzen 1981; Gauld et al. 1992; Burington et al. 2020). At a local level, hymenopteran 
koinobiont parasitoids may be relatively more susceptible to disturbance due to 
their generally greater host-specificity.

Relatively few comprehensive parasitoid-host food webs have been constructed 
for caterpillar communities. Analyses of parasitoid-caterpillar networks for 
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particular parasitoid clades have been published (e.g., Stireman and Singer 2003a; 
Stireman et al. 2017) and parasitoid complexes of particular caterpillars (especially 
pests) are frequently documented, but few have examined entire parasitoid commu-
nities (e.g., Lill et al. 2002; Timms et al. 2012; Hrcek et al. 2013; Wirta et al. 2014). 
This is due in part to the narrow taxonomic focus of most parasitoid researchers on 
particular families, tribes, and lower taxa, which is a consequence of the enormous 
diversity of parasitoids. One cannot know them all. Clearly, we need greater col-
laboration among parasitoid researchers, and among parasitoid and caterpillar 
researchers to understand parasitoid-caterpillar interaction networks. Innovations in 
molecular data acquisition are helping to solve this problem by allowing anyone to 
identify parasitoid and caterpillar OTUs via DNA barcodes, and thus species con-
nections (e.g., Hrcek et al. 2011, Hrcek and Godfray 2015), hopefully not at the 
expense of taxonomic expertise.

 Predictors of Susceptibility to Parasitoids

Hidden in the overall percentages of parasitism in Table 1 are widely varying fre-
quencies for particular caterpillar species, from taxa that appear all but immune to 
parasitoids, with extremely low frequencies of parasitism, to those experiencing 
intense pressure from many parasitoid species with a majority of individuals para-
sitized. One general finding from rearing studies of caterpillar communities is that 
taxa that appear to be well-defended from predators tend to experience higher rates 
of parasitism by parasitoids. For example, gregarious caterpillars and concealed 
feeders experience greater parasitism than solitary and exposed feeders (Dyer and 
Gentry 1999; Gentry and Dyer 2002; Stireman and Singer 2003a; Stireman et al. 
2017). Furthermore, hairy caterpillars and those with deterrent extracts have been 
found to exhibit elevated parasitism frequencies (Gentry and Dyer 2002; Stireman 
and Singer 2003a, b). The richness of parasitoid complexes of caterpillars also 
appears to be associated with morphological and behavioral defenses (e.g., hairi-
ness, gregariousness; Stireman and Singer 2003a).

These patterns have led several authors to hypothesize that parasitoids preferen-
tially use well-defended hosts in order to gain “enemy-free space” (Jeffries and 
Lawton 1984) from potential predators of their hosts (Gentry and Dyer 2002; 
Murphy et al. 2014). Negative associations between predation and parasitoid mor-
tality of caterpillars in both temperate (Murphy et al. 2014) and tropical (Baer and 
Marquis 2020) forests support this hypothesis. These associations likely represent 
behavioral adaptations on the part of the parasitoids (i.e., parasitoids attracted to 
defended hosts have been selected for). However, if parasitized caterpillars are more 
susceptible to predators than unparasitized ones, the association could be artifac-
tual, at least in part.

This is not to say that caterpillars are defenseless against parasitoids. Caterpillars 
have evolved myriad physiological, physical, and behavioral defenses against their 
enemies (e.g., Gross 1993; Montllor and Bernays 1993; Dyer 1995, 1997; Greeney 
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et al. 2012), and much recent work has focused on understanding how enemy pres-
sures, in combination with bottom-up pressures from plants, have shaped caterpillar 
life histories, morphology, behavior, and community structure (Greeney et al. 2012). 
For example, defensive behaviors such as dropping and biting, as well as regurgitat-
ing crop contents, are associated with lower parasitism rates by some parasitoids 
(Gentry and Dyer 2002; Desurmont et al. 2017). Furthermore, physical defenses 
that are effective against predators such as hairs and constructed shelters can also be 
effective against parasitoids (Kageyama and Sugiura 2016; LoPresti and Morse 
2013, respectively). Although caterpillars with predator-deterrent extracts appear to 
experience elevated parasitism rates in some communities (Gentry and Dyer 2002), 
a number of studies have shown negative effects of sequestered toxins on parasitoid 
success (Singer and Stireman 2003, Singer et al. 2004; Ode 2006). Dissection and 
genetic metabarcoding studies confirm that many parasitoid eggs and larvae perish 
inside the host such that not all parasitized caterpillars produce adult parasitoids 
(e.g., Ahmadou et al. 2019). Indeed, host physiological immune defenses are potent 
anti-parasitoid weapons of caterpillars, explaining considerable variation in parasit-
ism frequencies (Smilanich et al. 2009). However, as mentioned previously, these 
defenses are often suppressed, circumvented, or avoided by parasitoids. Recent 
studies have revealed the existence of tradeoffs between the efficacy of caterpillar 
immune defenses and that of plant-derived chemical defenses against parasitoids 
(Hansen et al. 2017; Slinn et al. 2018) (see also Smilanich and Muchovey, Chapter 
“Host Plant Effects on the Caterpillar Immune Response”, this volume). Further 
studies of such interactions promise to be an insightful area of research.

 Parasitoid Host Ranges

The number of host species attacked by parasitoid species varies widely. Many spe-
cies of caterpillar parasitoids have been reared from only a single host species and 
typically only a particular developmental stage of that host. Other parasitoids have 
been reared from literally hundreds of host species (e.g., Compsilura concinnata 
(Arnaud 1978) and Dibrachys microgastri (Bouche) Noyes 2021). As with caterpil-
lars, parasitoid host ranges form a complex continuum, and categorization as “spe-
cialists” and “generalists” is somewhat arbitrary (Forister et al. 2012). In practice, 
species using one or a few host species belonging to a single family are often con-
sidered specialists while those with hosts belonging more than one family are con-
sidered generalists (e.g., Fernandez-Triana et al. 2014b). Assessing the breadth of 
hosts used by a parasitoid species can be difficult because one must survey all 
potential hosts, and the more times a parasitoid is reared the more potential hosts it 
may be reared from (Eggleton and Gaston 1992; Stireman et al. 2017). Furthermore, 
host ranges may vary geographically due to varying distributions of suitable or pre-
ferred hosts. On the other hand, some parasitoids are occasionally reared from atyp-
ical hosts  – apparent “accidents” in which a novel host proves permissive to 
parasitoid development. Thus, several authors have pointed out the importance of 
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distinguishing between the realized host range (all recorded hosts) and the “usual” 
host range (i.e., those that are typically attacked; Shaw 1994; Quicke 2015).

Host associations are unknown for the majority of parasitoid species. This lack 
of knowledge not only hampers our understanding of parasitoid evolution and ecol-
ogy, but also how parasitoids shape the evolution of their hosts and how parasitoid- 
caterpillar- plant networks are structured. Documenting host-associations through 
rearing studies is laborious and time consuming, as well as difficult to fund for 
non-pest host insects. As mentioned previously, metabarcoding can accelerate our 
understanding of parasitoid-host food webs, and it is now even possible in some 
cases to identify the host of an adult parasitoid with metabarcoding approaches 
(Rougerie et al. 2011; Haran et al. 2018). The increasing application of genetic data 
(e.g., DNA barcodes), combined with classical morphological and host data, is pro-
viding new insight into parasitoid host ranges and host-parasitoid interaction webs. 
Hundreds of new parasitoid species have recently been described through the efforts 
of major tropical caterpillar rearing programs (e.g., Dyer et al. 2007; Janzen and 
Hallwachs 2009) combined with DNA barcoding initiatives (e.g., Fernandez-Triana 
et al. 2014a, b; Arias-Penna et al. 2019; Fleming et al. 2019). Inclusion of DNA and 
host data has often revealed the existence of morphologically cryptic species that 
are associated with a narrow range of hosts. For example, Smith et al. (2007) found 
that a set of 15 apparently generalist tachinid species consisted of at least 73 distinct 
mtDNA lineages, many of which were specialized on a narrow set of host caterpil-
lars. Findings are similar for the even more specialized parasitoid wasps (Smith 
et al. 2008). Fernandez-Triana et al. (2014b) found that 90% of 186 new Apantales 
species were monophagous or oligophagous (using hosts from at most a single fam-
ily), and they suggested that at least some of the apparently polyphagous species 
likely represent more specialized species complexes. Likewise, 96% of recently 
described Glyptapantales (N = 136) were found to use at most a single host family 
(Arias-Penna et al. 2019).

Host ranges of parasitoids are shaped by a complex array of ecological and evo-
lutionary interactions. Traditionally, the determinants of parasitoid host ranges have 
been considered a function of host phylogeny and host ecology (Askew and Shaw 
1986). Effects of host phylogeny are thought to be due to shared physiology, mor-
phology, and behavior. Physiological constraints on host range can be a function of 
adaptations to particular host immune defenses, tolerance of host toxins (either 
innate or acquired), and synchronization of development (Belshaw 1994). 
Morphology can limit host ranges through size (e.g., hosts may be too small to sup-
port development) or because structural defenses (e.g., hairs, thick cuticle, crypsis) 
limit parasitoid access. Behaviors such as biting, thrashing, dropping, fleeing, and 
regurgitating can also exclude potential hosts from a parasitoid’s options. Host feed-
ing ecology can limit parasitoid use in a variety of ways in terms of where, when, 
and what caterpillars feed on, as well as how they feed on it. For example, many 
caterpillars feed nocturnally when many parasitoids and predators are inactive, and 
hide in inaccessible, sheltered locations during the day (e.g., soil, leaf litter, leaf 
rolls, under bark; Wagner 2005). At least some parasitoids have evolved means to 
surmount each of these constraints, and thus, host ranges (or patterns of host use) 
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can be viewed as the result of an evolutionary interplay between traits of hosts and 
parasitoids in a particular ecological context.

The particular hosts used by parasitoid species determine the cues they use in 
host location, as selection is expected to hone the host location process toward use 
of the most detectable and most reliable cues (Vet and Dicke 1992). However, the 
process of, and cues used for, host location can also shape patterns of host use. 
There is abundant evidence that parasitism risk varies with caterpillar host plants 
(e.g., Barbosa et al. 2001; Lill et al. 2002; Farkas and Singer 2013) and parasitoids 
are well known to use volatile organic compounds released by plants, often due to 
herbivore feeding, to locate suitable hosts (Turlings et  al. 1990; Vet and Dicke 
1992). In many cases it appears that the habitat of a caterpillar (e.g., host plant, feed-
ing niche, pupation site) is an important determinant of whether it is included in a 
parasitoid’s host range (Shaw 1994). This is especially likely for parasitoid taxa in 
which host physiology does not appear to strongly limit host ranges, such as many 
Tachinidae (Stireman et  al. 2006, 2009). Indeed, it has been suggested that host 
specificity in dipteran parasitoids is more a function of events leading up to oviposi-
tion (e.g., host searching) than interactions after oviposition (host physiological 
defenses; Feener and Brown 1997), and this extends to many hymenopteran parasit-
oids as well. It is seemingly paradoxical that parasitoid host ranges both determine 
and are determined by the manner in which they locate hosts, but host use and host 
searching/selection are dynamic phenomena that feed back on one another via natu-
ral selection (as in phytophagous insects). For example, if two caterpillar species 
produce overlapping kairomones, perhaps because they feed on the same host plant, 
a typical parasitoid of one of them may encounter and attack the other species as 
well. If the secondary host is conducive to parasitoid development, selection can 
favor physiological adaptions for increased performance and perhaps relaxation of 
or divergence in host location and selection cues, expanding host range. Subsequently, 
parasitoid populations on each host may diverge and, if barriers allow, eventually 
resolve into distinct species (Shaw 2002).

Some parasitoid lineages may be locked into tight coevolutionary races with a 
particular host lineage, speciating in concert, but this appears to be rare. Most cur-
rent models for the evolution of host associations in phytophagous insects assume 
that host ranges are dynamic (e.g., Janz et al. 2006; Janz and Nylin 2008; Fordyce 
2010; though see Hardy and Otto 2014), varying across space and expanding and 
contracting over evolutionary time. This is likely true for most of their parasitoids 
as well (Shaw 2002; Quicke 2015). Certain parasitoid lineages appear to consist of 
large clades of relatively specialized species (e.g., Smith et al. 2006, 2008), where 
host expansions appear to be associated with speciation. However, in many groups, 
polyphagous and oligophagous (or monophagous) species are phylogenetically 
intermingled (e.g., Shaw 1994, 2002; Stireman 2005; Smith et al. 2007), suggesting 
either transitory stages of polyphagy or persistent polyphagous lineages repeatedly 
“spinning off” more specialized lineages (Stireman 2005).
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 Parasitoids in the Anthropocene

A growing number of studies are pointing to widespread declines in insect diversity 
and biomass (Sanchez-Bayo and Wyckhuys 2019; Montgomery et al. 2020; Wagner 
et al. 2021). Parasitoids may be particularly susceptible to environmental change 
because they occupy relatively high trophic levels and many species possess highly 
specialized niches (LaSalle and Gauld 1991; Holt et al. 1999). These traits make 
them well suited as early-warning indicator species of ecosystem health; however, 
they have rarely been utilized in this regard. As a group, parasitoids are so poorly 
known that we have little idea how many species have already gone extinct or may 
currently be teetering on the brink due to anthropogenic changes to the environ-
ment. Even for most described species, we have little more than a name and a mor-
phological description (or conversely DNA sequence BINs with host and habitat 
data but no names). It is certain that vast numbers of species have disappeared in 
recent centuries in heavily impacted environments such as Brazil’s Atlantic Forest, 
Indonesian rainforests, tropical dry forests of the Americas, Madagascar, and tem-
perate forests and grasslands of North America and Europe. Today, parasitoids are 
facing an increasingly severe array of anthropogenic threats including habitat 
destruction, degradation, and fragmentation, agricultural intensification, invasive 
species, and climate change (Tylianakis and Binzer 2014). As important enemies of 
phytophagous insects such as caterpillars, the consequences of their diminishment 
and loss may be profound (Salcido et al. 2020).

 Habitat Loss and Fragmentation

Loss and degradation of suitable habitat is probably the most serious environmental 
threat facing parasitoid insects as well as most other terrestrial animals on Earth 
(LaSalle and Gauld 1991; Pereira et al. 2010; Sanchez-Bayo and Wyckhuys 2019). 
Forests, prairies, wetlands, and other habitats are being destroyed, fragmented, and 
degraded at an increasingly rapid rate by agricultural expansion and land use change 
fueled by increasing per capita consumption of a growing human population (Tilman 
et al. 2001). Due to their relatively small size and concomitantly large population 
sizes, it might be expected that parasitoid species should be resistant to extinction. 
However, current knowledge of host use, although incomplete, suggests most para-
sitoids attack a narrow range of hosts, often caterpillars that are themselves restricted 
to certain host plants, and thus, their populations can be quite sensitive to distur-
bance of lower trophic levels. Even apparently polyphagous species of parasitoids 
may be specialized with respect to particular habitats (Strand and Obrycki 1996; 
Stireman and Singer 2003b). LaSalle and Gauld (1991) predicted that the wide-
spread extinction of parasitic Hymenoptera species would have devastating effects 
on ecological stability and community balance due to their roles as keystone species 
and the consequent cascading effects as species are lost. More recently, studies of 
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other animal taxa have shown that those with specialized niches are most likely to 
suffer from habitat loss, fragmentation, and/or degradation, leading to a dominance 
of generalists and more diffuse ecological interactions (Davies et al. 2004; Matthews 
et al. 2014).

In addition to the simple loss of habitat area, most natural habitats are becoming 
increasingly fragmented into isolated patches with adverse consequences for biodi-
versity and ecosystem function (Haddad et al. 2015). Due to their life history, in 
which free-living adults must locate small hosts (and mates) in a large and complex 
world, most parasitoid taxa are relatively vagile and can potentially disperse long 
distances between patches of habitat (e.g., Couchoux et al. 2016). However, even 
strong flying parasitoids like tachinid flies exhibit evidence of declines in diversity 
in small habitat fragments, which is exacerbated by increasing isolation (Inclán 
et al. 2014). Despite strong dispersal abilities, reliance on specific host populations 
makes parasitoids particularly susceptible to declines and local extinction in frag-
mented habitats (van Nouhuys 2005; Gravel et al. 2011; Martinson and Fagan 2014; 
Stireman and Singer 2018). For example, fragmentation of the Chaco Serrano forest 
in Argentina has resulted in a decline in parasitoid biodiversity and lower parasitism 
rates of lepidopteran leaf miners (Fenoglio et al. 2012). Consistent with the predic-
tion that impacts of habitat loss and fragmentation should be most evident among 
specialized parasitoids, dipteran leaf miners in the Chaco Serrano forests, which 
tend to be attacked by relatively polyphagous parasitoids, did not exhibit strong 
reductions in parasitism or parasitoid diversity in smaller fragments (Fenoglio et al. 
2012). Similarly, among externally feeding forest caterpillars, specialists exhibited 
declining parasitism rates with diminishing forest fragment size, presumably due to 
negative impacts of fragmentation on specialized parasitoids, whereas generalist 
feeders showed no such pattern (Anderson et al. 2019). Recently, it has been found 
that declines in biodiversity due to habitat fragmentation are exacerbated by ecosys-
tem decay (Chase et al. 2020), wherein altered ecological interactions cause demo-
graphic instability of populations, increasing the risk of local extinction, which may 
then lead to even greater instability.

 Agricultural Intensification

Although several factors may have contributed to the apparent widespread declines 
of insect abundance and diversity in recent decades (Sanchez-Bayo and Wyckhuys 
2019; Wagner et al. 2021), a number of studies point to agricultural intensification 
as a primary culprit (Hallmann et al. 2017). Intense management practices such as 
removal of peripheral vegetation (e.g., hedgerows), soil disturbance, and heavy 
application of fertilizers, herbicides, and pesticides, all have the potential to nega-
tively impact parasitoid populations and their ability to help regulate phytophagous 
insect populations (e.g., Jonsson et al. 2012). These negative effects have been rec-
ognized in the biological control literature for decades (e.g., Landis and Menalled 
1998; Landis et al. 2000; Tilman et al. 2001; Tscharntke et al. 2005), and attempts 
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to mitigate them have been applied in many Integrated Pest Management programs. 
Yet, agricultural practices are changing at a rapid pace with the development and 
spread of genetically modified crops, increased mechanization and efficiency, and 
novel, long lasting, systemic pesticides. We are only beginning to understand the 
impacts of these changes and may only now be seeing the consequences of agricul-
tural intensification and the conversion of vast areas of our landscapes into ecologi-
cal deserts of potentially toxic monocultures (Hallmann et al. 2017).

Several studies have shown that agricultural intensification is associated with 
lower diversity and diminished biological control services of caterpillar parasitoids 
(e.g., Jonsson et al. 2012; Letourneau et al. 2012; Gonzalez et al. 2020). Generally, 
parasitoids tend to be more susceptible to insecticides than their hosts (Croft and 
Brown 1975), and even pesticides that are not directly lethal may have sublethal 
detrimental effects on parasitoid development and behavior (Desneux et al. 2007). 
Conversely, less intensive (organic) farming has been shown to increase parasitoid 
diversity at both local and landscape scales relative to conventional agriculture 
(Inclán et al. 2015). Still, even in organic farms, with their somewhat more stringent 
regulations on pesticides and herbicides, loss of surrounding natural vegetation has 
been shown to result in lower parasitoid diversity and lower parasitism frequencies 
of potential lepidopteran pests (Letourneau et al. 2012, 2015). Simplification of the 
larger landscape such as that associated with large-scale agriculture has been shown 
to result in more homogenous communities composed of more generalist taxa 
(Gámez-Virués et al. 2015).

Intensive agricultural practices may not only create agricultural landscapes that 
contribute little to biodiversity and ecosystem services, but their effects may extend 
far beyond the field margins due to runoff and drift of fertilizer, herbicides, and 
pesticides (Godfray et al. 2015), as well as their potential to act as biodiversity sinks 
for mobile insect populations (Kautz and Gardiner 2019). Given the expansion and/
or intensification of agriculture necessary to feed the world’s burgeoning human 
population (Tilman et al. 2001), preserving diverse parasitoid communities and the 
ecological services they provide in agroecosystems and surrounding areas will be 
challenging. It will require the maintenance of non-crop habitats, mitigation of non-
target effects of agricultural chemicals, and an emphasis on sustainable, low distur-
bance practices.

 Invasive Species

The impacts of invasive species on parasitoids may be significant but have been 
relatively little studied. At the primary producer level, invasive plants may outcom-
pete and displace native host plants of caterpillars, which may in turn negatively 
impact parasitoid populations (Carvalheiro et al. 2010; Bezemer et al. 2014; López- 
Núñez et  al. 2017). If their host caterpillars are able to colonize novel invasive 
plants, parasitoids may not be able to locate them effectively (i.e., they may gain a 
degree of enemy-free space) or to tolerate the novel secondary chemicals ingested 

Natural History and Ecology of Caterpillar Parasitoids



256

by their hosts. Invasive herbivores can also negatively impact native parasitoids, 
particularly those that decimate host plant populations (and thus herbivore popula-
tions) in their introduced ranges, such as the gypsy moth, Lymantria dispar (though 
see Timms et al. 2012), emerald ash borer, Agrilus planipennis Fairmaire, and the 
cactus moth, Cactoblastis cactorum (Berg). Furthermore, invasive herbivores can 
interfere with native parasitoid-host interactions by disrupting plant volatile cues 
used by parasitoids in host location (Martorana et al. 2017; Desurmont et al. 2018).

Parasitoids introduced inadvertently or purposefully for biological control may 
also act as invasive species and can have substantial impacts on populations of non- 
target hosts (Parry 2009; Myers and Cory 2017). The tachinid Compsilura concin-
nata provides an example of such impacts. This fly was introduced repeatedly as a 
biological control agent against gypsy moths in North America (Elkinton and 
Boettner 2012) despite having an extremely broad host range in its native range 
(Tschorsnig 2017). Rearing studies have indicated that C. concinnata is exploiting 
many species of native forest caterpillars in its introduced range and may be respon-
sible for widespread declines in wild silk moths in the eastern United States 
(Boettner et  al. 2000; Elkinton and Boettner 2012). A similar situation may be 
occurring with the braconid Cotesia glomerata (L.) which was introduced to control 
the cabbage white, Pieris rapae (L.), but has contributed to marked declines in 
populations of the native mustard white, P. oleracea (Harris) (van Driesche et al. 
2004; Keeler et al. 2006). Introduced parasitoids may also negatively affect other 
native parasitoids via competition or hyperparasitism. In New Zealand, the intro-
duced tachinid Trigonospila brevifacies (Hardy) has become the dominant parasit-
oid of a leaf-rolling guild of native caterpillars and may be displacing native 
parasitoid species (Munro and Henderson 2002). In Hawaii, the parasitoid fauna of 
native lepidopterans is almost completely dominated (97%) by intentionally and 
unintentionally introduced hymenopteran parasitoids, with unknown consequences 
for the native caterpillar and parasitoid fauna (Henneman and Memmot 2001). In an 
interesting twist, the aforementioned introduced pierid parasitoid Co. glomerata is 
apparently being replaced by another introduced species Co. rubecula (Marshall) 
(van Driesche 2008).

 Climate Change

Evidence is mounting that climate change may have dramatic consequences for 
parasitoids of caterpillars especially via disruption of their interactions with hosts. 
As mentioned previously, parasitism frequencies of caterpillar communities exhibit 
a negative relationship with increasing precipitation variability across geographic 
sites (Stireman et al. 2005) with ominous implications for the future as climate pre-
dictions call for an increasing frequency of extreme weather events, droughts, and 
floods. Such effects, combined with habitat fragmentation and agricultural intensi-
fication, appear to be having substantial negative impacts on species diversity and 
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interaction diversity of parasitoids and their caterpillar hosts in a well-studied tropi-
cal site in Costa Rica (Salcido et al. 2020).

One of the most obvious consequences of climate change for parasitoids is the 
creation of potential phenological mismatches with their hosts (Jeffs and Lewis 
2013; Visser and Gienapp 2019). If hosts and parasitoids differ in developmental 
rates, respond differentially to environmental cues in developmental transitions 
(e.g., adult eclosion), or vary in their plasticity to respond to climate change (e.g., 
multivoltinism), this could lead to declines in parasitism and potential outbreaks of 
caterpillars and other herbivores (Forrest 2016; Chidawanyika et  al. 2019; Ward 
et al. 2020). On the other hand, temporal or spatial refuges of caterpillars could be 
compromised as parasitoids shift phenologically and/or geographically, potentially 
leading to declines in or extinction of lepidopteran populations. This may be the 
case in Britain, where the nymphalid parasitizing tachinid Sturmia bella (Meigen) 
has dramatically expanded its range northward, potentially contributing to declines 
in the small tortoiseshell butterfly (Aglais urticae (L.); Gripenberg et al. 2011; Jeffs 
and Lewis 2013). Finally, dramatic and lasting impacts of weather anomalies on 
caterpillar populations such as late freezes and summer droughts (Marquis et  al. 
2019) may ramify upward to parasitoids and result in local extinction.

Idiobiont parasitoid species often have broad host ranges relative to koinobiont 
taxa; therefore, they may be relatively more likely to persist in modified habitats. 
Idiobionts may also gain advantages with a warming climate. While koinobionts are 
better adapted to exploit the overwintering behavior of their host insects, idiobiont 
species are limited to overwintering along with hosts in more exposed habitats or as 
adults (Hance et al. 2007). Consequently, idiobionts are comparatively more sensi-
tive to harsh winter conditions, and consistent with this, they comprise a smaller 
proportion of lepidopteran parasitoids as one moves toward the arctic (Timms et al. 
2013, 2016; Kankaanpää et al. 2020). As the arctic warms due to anthropogenic 
sources of greenhouse gases, it is predicted that idiobionts will comprise an increas-
ing proportion of the parasitoids of caterpillar communities (Kankaanpää et al. 2020)

The potential effects of climate change on caterpillar-parasitoid interactions are 
manifold and difficult to predict even in simple systems. For example, Dyer et al. 
(2013) observed complex, chemistry-mediated effects of elevated temperature and 
CO2 in an experimental tritrophic plant-caterpillar-parasitoid system. They found 
that elevated temperature disrupted developmental synchrony of the parasitoid and 
host, leading to parasitoid extinction, while elevated CO2 indirectly lowered parasit-
ism rates by decreasing plant quality and increasing caterpillar development time. 
In agroecosystems, differing thermal tolerances of caterpillars and parasitoids and 
effects of temperature on parasitoid success may alter host parasitoid interactions 
and lead to diminished regulatory impacts of parasitoids (Hance et  al. 2007; 
Stireman and Singer 2018). Effects of climate change extend beyond impacts on 
particular parasitoid-host pairs or tri-trophic chains but influence the structure and 
dynamics of entire interaction webs of parasitoids and their hosts (Tylianakis and 
Binzer 2014). Despite the increasingly rapid rate of climate change, we are only 
beginning to understand what these effects may be.
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 Consequences of Parasitoid Loss

In considering the many anthropogenic environmental threats that parasitoids face 
and their likelihood of being among the first components of plant-caterpillar-enemy 
tritrophic systems to be lost, we might ask: what are the consequences of this loss? 
We know so little about most natural tritrophic systems and communities that this 
question is difficult to answer, but several lines of evidence suggest that the conse-
quences could be dramatic. For example, the widespread phenomenon of “enemy 
release” in introduced herbivores in both natural and managed systems belies the 
important role of parasitoids in controlling herbivore populations (i.e., such herbi-
vores appear to be “released,” but they are not escaping more generalized inverte-
brate and vertebrate predators). The frequent success of biological control programs 
using parasitoids also provides evidence of their potential impact in natural systems 
(Greathead and Greathead 1992). Thus, we might expect that the loss of parasitoids 
or declines in parasitism may lead to more frequent and more severe irruptions of 
caterpillar populations with potentially adverse consequences for agricultural and 
natural ecosystems.

Local losses of parasitoids will also lead to simplified food webs of constituent 
species (Tylianakis and Binzer 2014) that may be less resilient and more susceptible 
to disturbance (Dunne et  al. 2002; Tylianakis et  al. 2010). Such simplified food 
webs may be more likely to collapse under increasing environmental pressures of 
climate change and habitat fragmentation. Characteristics of ecological interaction 
networks are expected to change as specialist parasitoids are lost and generalists, 
which are less susceptible to habitat loss and degradation, become more dominant 
(Clavel et  al. 2011). Food web connectivity and linkage density should increase 
with a preponderance of generalist taxa, but vulnerability (mean number of parasit-
oid species per caterpillar species), interaction evenness, and compartmentalization 
will likely decrease. Increases in generalist parasitoids may also lead to greater 
levels of apparent competition among caterpillars via their shared enemies (Holt 
1977). These changes in food web structure may have further consequences for food 
web stability and resistance to disturbance (e.g., Montoya et al. 2006).

Some of us find the life histories of parasitoids fascinating. We marvel at their 
incredible diversity, their complex multitrophic interactions with caterpillars and 
their host plants, and the remarkable adaptations and counter-adaptations of parasit-
oids and their hosts. Others may have less charitable views, possibly finding them 
creepy or disgusting. Nevertheless, hopefully all can understand the incredibly 
important ecological roles parasitoids play in natural and managed systems as key 
enemies of caterpillars and other phytophagous insects (as well as pollinators and as 
prey). We also hope that all can come to appreciate the fascinating stories of their 
ecology, evolution, and diversification. We look forward to further unraveling more 
of these complex stories and exploring how parasitoids are responding to anthropo-
genic environmental changes to Earth’s ecosystems.
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 Introduction

Caterpillars have featured prominently in generating and testing theory about the 
evolutionary ecology of dietary specialization. For nearly a century, entomologists, 
ecologists, and evolutionary biologists have asked and tried to answer the question 
of why most insect herbivores have diets restricted to a small set of plant species, 
commonly from the same family or genus (Brues 1924). This taxonomic specificity 
of insect herbivore diets is what we mean by dietary specialization in this chapter. 
Although many explanations for dietary specialization by insect herbivores have 
been hypothesized (e.g., Hardy et al. 2020), the conventional answer attributes it to 
selection from plant defenses, especially plant secondary metabolites that are unique 
to particular plant taxa (e.g., Dethier 1954; Fraenkel 1959; Ehrlich and Raven 1964; 
Krieger et  al. 1971; Thompson 1988; Jaenike 1990; Cornell and Hawkins 2003; 
Rothwell and Holeski 2020). Sometimes called the physiological efficiency hypoth-
esis, the conventional explanation posits that dietary specialization enables enhanced 
growth, survival, and reproduction on specific host plants (Rothwell and Holeski 
2020). This fitness benefit is thought to arise from specific counter-adaptations to 
specific plant defenses that generalist herbivores lack. If counter-adapted “offense” 
traits (Karban and Agrawal 2002), such as enzymatic detoxification, cause increased 
herbivore fitness on particular plant phenotypes (e.g., species or chemically similar 
species) at the expense of fitness on others, the resulting fitness trade-offs would 
favor the evolution of dietary specialist phenotypes of the herbivores (e.g., Futuyma 
and Moreno 1988; Rausher 1988; Joshi and Thompson 1995; Fry 1996, 2003; 
Agrawal et al. 2010; Gompert and Messina 2016).

The focus of this chapter is the challenge to this conventional explanation from 
research taking a tri-trophic, rather than bi-trophic perspective (Price et al. 1980; 
Strong 1988; Bernays and Graham 1988). As a lightning rod for the debate, Bernays 
and Graham (1988) made the most pointed critique. They argued that evidence did 
not strongly support the physiological efficiency hypothesis. Experiments found 
neither physiological efficiency advantages of dietary specialists (but see Rothwell 
and Holeski 2020) nor clear growth performance trade-offs of herbivores among 
diets of alternative host plants (Bernays and Graham 1988; Hardy et al. 2020). It 
was also known that some dietary specialist herbivores are capable of feeding on a 
wider range of host plants in the laboratory than the relatively restricted set they use 
in nature, suggesting that other ecological or behavioral factors are responsible for 
their restricted diets (e.g., Janzen 1985). In addition, Bernays and Graham (1988) 
pointed to evidence that plant secondary metabolites have more varied effects on 
herbivores than toxicity (e.g., deterrence without toxicity). This point questioned 
the prediction from plant-herbivore coevolution theory that plant chemical defenses 
select against dietary generalist herbivores lacking specialized counteradaptations 
to their toxicity (Cornell and Hawkins 2003; Rothwell and Holeski 2020). It is pos-
sible that chemical deterrence, for example, indicates a poor host plant for reasons 
other than its food quality to the herbivore.
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The other reason proposed by Bernays and Graham (1988) and Bernays (1988, 
1989) is the risk of mortality from dietary generalist predators, such as ants, vespid 
wasps, spiders, and birds, which might select for herbivores to specialize on plants 
offering them the best anti-predator defenses (see Plate 1). They reasoned that such 
generalist predators are major sources of mortality for insect herbivores, thus pro-
viding a possible source of strong selection. This argument applies especially well 
to caterpillars and other immature insects, as predation of immatures guarantees 
zero reproductive fitness for those individuals. Consequently, selection should be 
strong for traits that prevent predation during immature stages. Bernays and Graham 
(1988) posited that predation, not plant defense, imposes fitness trade-offs on herbi-
vores, thus selecting for herbivore phenotypes that can both eat a specific plant and 
use the host plant in ways that reduce the risk of predation (i.e., acquiring enemy- 
free space, Jeffries and Lawton 1984). Selection from generalist predators is a key 
part of this enemy-free space hypothesis (Bernays 1989), although this point has 
sometimes been overlooked. While Bernays (1989) did not specify how general a 
predator’s diet must be to select for narrow diet breadth in herbivores, the rationale 
was that predators with broad diets would selectively avoid well-defended prey 
while enemies with specialized diets, such as many parasitoids, would be adapted to 
overcome defenses of their specific prey or hosts.

Plate 1 How is dietary specialization linked to anti-predator defense? (a) Polistes comanchus 
(Vespidae) wasp chewing its unidentified caterpillar victim to separate the body from the gut.  
(b) Phaeoura sp. (probably cristifera) (Geometridae) exhibiting specific camouflage on its host 
plant. (c) Cucullia lilicina (Noctuidae) is a dietary specialist with warning coloration, possibly an 
advertisement of sequestered allelochemicals; this coloration might also function as camouflage 
from a distance. (All photos by Michael S. Singer)

Predators and Caterpillar Diet Breadth: Appraising the Enemy-Free Space Hypothesis



276

As bold as the enemy-free space hypothesis was, it provoked more rhetoric than 
empirical testing, as our literature search will attest (see below). Importantly for this 
volume, much of the initial testing involved measuring generalist predator responses 
to caterpillar species of varying diet breadths (Bernays 1988, 1989; Bernays and 
Cornelius 1989; Dyer and Floyd 1993; Dyer 1995, 1997). These studies tested the 
prediction that dietary specialist herbivores should have better anti-predator defenses 
than their generalist counterparts. Although these studies provided valuable com-
parative perspectives on caterpillar diet breadth and predation risk in select geo-
graphic locations, few similar studies followed. The limited testing of the enemy-free 
space hypothesis is unfortunate because the role of anti-predator defenses as a driver 
of dietary specialization in insect herbivores has far-reaching implications for ecol-
ogy and evolutionary biology (Singer and Stireman 2005; Futuyma and Agrawal 
2009; Vidal and Murphy 2018a). In short, it implies that the broader tri-trophic com-
munity drives the origin and maintenance of dietary specialization in herbivorous 
insects, offering a unique perspective on the evolutionary and ecological diversifica-
tion of this mega-diverse group (Singer and Stireman 2005, Wiens et al. 2015; Vidal 
and Murphy 2018a, Hardy et al. 2020). From a practical perspective, a more thor-
ough understanding of the ecological niches (including diet) of herbivorous insects 
could also inform the conservation and management of biodiversity in this era of 
rapid environmental change (Stireman and Singer 2018).

To be clear, our focus is on enemy-free space as a possible explanation for dietary 
specialization of caterpillars and other herbivores. However, predators and parasites 
can also drive host shifts and host expansions by insect herbivores (Berdegue et al. 
1996; Stamp 2001; Murphy 2004; Vidal and Murphy 2018b). Therefore, enemy- 
free space can explain patterns of host-plant use other than dietary specialization per 
se, i.e., through host shifts and expansions. This point is important because it shows 
the potentially broad explanatory power of the enemy-free space hypothesis com-
pared to various alternatives, such as the physiological efficiency hypothesis.

Given the potential explanatory power of the enemy-free space hypothesis, it is 
ripe for a review and appraisal. One of our goals is to place Bernays’ hypothesis into 
our contemporary understanding of ecology and evolution of plant-insect interac-
tions, which generally accepts the importance of tri-trophic interactions (Abdala- 
Roberts et  al. 2019). Some similar research efforts have already been made. For 
example, Mooney et al. (2012) formulated the tri-trophic interactions hypothesis by 
integrating the enemy-free space hypothesis with the physiological efficiency and 
the slow-growth/high-mortality hypotheses. The meta-analysis by Vidal and Murphy 
(2018a) compares the effect sizes of bottom-up and top-down forces on insect her-
bivores, confirming the contemporary view that plants and carnivores exert effects 
of similar magnitude on the performance of the herbivores. One of their analyses 
compares these effects between dietary specialist and generalist herbivores. 
Although they found no difference in top-down effect sizes between specialist and 
generalist herbivores, they did not specifically test the prediction that dietary spe-
cialization entails reduced mortality from generalist predators. Here we test this 
prediction with a quantitative analysis, and review the literature on the enemy-free 
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space hypothesis as well as various mechanisms for it. Following this review of the 
evidence, we appraise and refine the hypothesis to stimulate further study.

 Qualitative and Quantitative Review of the Evidence

We reviewed as much literature on the enemy-free space hypothesis as we could 
find (985 sources), beginning with the seminal paper by Bernays and Graham 
(1988). We reviewed all 903 English-language citations of this paper listed in the 
ISI Web of Science and/or Google Scholar as of 1 June 2020. We also scoured the 
bibliographies of the 281 most relevant papers from that search to arrive at the 985 
sources. The most relevant papers were those that addressed the issue of insect her-
bivore diet breadth in relation to predation or parasitism (excluding pathogens) with 
more than a passing phrase and citation. To analyze the evidence for the enemy-free 
space hypothesis, we sought articles that measured predation or parasitism among 
insect herbivores of varied diet breadth. From the 37 papers that fit this criterion, we 
restricted our quantitative analysis to those (15) for which we could obtain effect 
sizes of the enemies on the herbivores.

 Qualitative Evidence

Many studies show that predation depends on insect herbivore diet breadth, but oth-
ers found no such effect. The pattern seems to depend in part on the type of predator 
(addressed by the quantitative analysis). For example, several studies report evi-
dence that dietary specialist insect herbivores gained enemy-free space advantages 
over their generalist counterparts. The most compelling of these used experimental 
methods to compare many specialist and generalist insect herbivore species sub-
jected to predation or predator foraging responses in field or greenhouse settings 
(e.g., Bernays 1988, 1989; Bernays and Cornelius 1989; Dyer and Floyd 1993; Dyer 
1995, 1997; Singer et al. 2014; Bosc et al. 2018). This set of studies encompasses a 
variety of ecosystems, geographic regions, and predator taxa, suggesting that the 
anti-predator benefits of dietary specialization are quite general. However, studies 
with these criteria were not universally supportive of the prediction that generalist 
predators target generalist herbivores (e.g., Singer et al. 2019). Another set of stud-
ies used observational methods to compare mortality from parasitoids in specialist 
and generalist insect herbivores (mostly caterpillars) collected from their natural 
communities (e.g., Gentry and Dyer 2002; Stireman and Singer 2003; Anderson 
et al. 2019). These studies report no evidence for enemy-free space advantages of 
dietary specialist herbivores. Numerous other studies compared much smaller num-
bers of herbivore species, typically in laboratory experiments with arthropod preda-
tors or parasitoids, and the evidence from these studies is variable. Below, we delve 
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into some of these studies to address the mechanistic basis of the enemy-free space 
hypothesis (see Mechanisms of enemy-free space advantages to specialists).

 Quantitative Evidence

To test the main prediction proposed by Bernays and Graham (1988), we tested if 
dietary specialist herbivores gain a greater survival advantage over generalist herbi-
vores against generalist enemies compared to specialist enemies. We tested this pre-
diction by comparing effect sizes across studies, but the limited dataset precluded a 
formal meta-analysis (sensu Koricheva et  al. 2013). To calculate effect sizes for 
each study, we followed the methods of Vidal and Murphy (2018a). In short, log 
response ratios (ln(mean treatment/mean control)) were used when mean counts or 
densities were reported. However, the majority of studies (13/15) reported the 
effects of predators as percent mortality or survival. Following Vidal and Murphy 
(2018a), we used the percent survival as the effect size in these cases. When studies 
compared multiple species of varying diet breadth and individually reported these 
values, we were able to extract an effect size for each comparison (e.g., Oppenheim 
and Gould 2002; Vencl et al. 2005). More commonly, studies reported survival or 
mortality of multiple specialist and generalist herbivore species without making 
direct comparisons. In these cases, we averaged the values for all specialists and all 
the generalists to generate two values. In some studies, values for all specialists and 
all generalists were presented as aggregate values, and we used these values in our 
calculations. In all studies, we used the authors’ diet breadth classifications. We note 
that “specialist” and “generalist” are relative terms (Forister et al. 2012), and we 
make no attempt here to create an absolute scale of diet breadth. Following Rothwell 
and Holeski (2020), we made direct comparisons between dietary specialist and 
generalist herbivores within each study by using a single effect size calculated as the 
difference in effect size (LRR or % survival) between specialist and generalist insect 
herbivores. We refer to this metric as ∆effect size. Positive values of ∆effect size 
indicate that dietary specialists had greater survival relative to dietary generalists 
within a study. Negative values of ∆effect size indicate the opposite, and values at 
or near zero indicate that specialists and generalists had similar survival rate within 
a study. Most studies did not report standard errors or sample sizes; including only 
those that did would have drastically reduced the number of useable studies. 
Therefore, we were unable to use more sophisticated meta-analysis methods (e.g., 
Lajeunesse 2015). We consider our quantitative analysis a first step at evaluating the 
literature, but it is not definitive or exhaustive. To test the hypothesis that dietary 
specialization provides protection from predation, we modeled ∆effect size as a 
function of enemy type using a one-way ANOVA weighted by the number of herbi-
vore species used in a study. We categorized natural enemy type as either predator 
or parasitoid because assigning diet breadth to the enemies was not straightforward. 
However, as parasitoids are typically more host-specific than opportunistic preda-
tors such as ants, vespid wasps, and birds, we categorized parasitoids as specialist 
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predators in contrast to generalist predators. Additionally, to test the predicted but 
overlooked explanatory power of including enemy diet breadth, we compared the 
survival values of dietary specialist and generalist herbivores without accounting for 
enemy type using a Welch two-sample t-test. All analyses were performed in R, ver-
sion 3.5.1 (R Core Team 2018).

We extracted 18 effect sizes from 15 studies. The majority of the studies used 
larval Lepidoptera as the insect herbivores (12/15), with only 3 other insect orders 
represented (Coleoptera 1/15, Diptera 1/15, and Hemiptera 1/15). Of the 18 effect 
sizes, 12 were greater than 0, meaning dietary specialists had greater survival than 
generalists in most studies. Of the studies in which dietary specialists had greater 
survival than generalists, 6 were from predator experiments, and 4 were from para-
sitoid experiments. The analysis shows that dietary specialist insect herbivores 
gained a significantly greater survival advantage over generalists when enemies 
were distinguished as predators or parasitoids in the model (β = 0.387, std.err. = 
0.151, P = 0.021). Specifically, dietary specialist herbivores were more likely than 
generalist herbivores to escape natural enemy attack when those natural enemies 
were generalist predators as opposed to parasitoids. The results were similar when 
we restricted the data to Lepidoptera (β  =  0.406, std.err. = 0.175, P  =  0.038). 
Including fixed effects of herbivore order and/or experiment type did not improve 
the models. As reported by Vidal and Murphy (2018a), specialist and generalist 
herbivores did not differ in their levels of enemy-free space when enemy type was 
not accounted for (t = 0.689, P = 0.496). This result demonstrates that including 
some measure of enemy diet breadth is necessary to detect general support for the 
enemy-free space hypothesis.

 Mechanisms of Enemy-Free Space Advantages to Specialists

To review evidence for various mechanisms, we examined all the articles returned 
in our search that compared dietary specialist and generalist insect herbivores in 
terms of allelochemical sequestration, specific camouflage, efficiency of feeding 
decisions, and suppression of herbivore-induced plant volatiles. With the exception 
of chemical sequestration, for which a recent meta-analysis has already been con-
ducted (Zvereva and Kozlov 2016), the relatively small number of cases in each of 
these categories of mechanisms precluded quantitative analysis. We chose the first 
two categories because they were most extensively discussed by Bernays and 
Graham (1988) and Bernays (1988, 1989). We investigated papers on the efficiency 
of feeding decisions because of its emphasis in follow-up work by Bernays and col-
leagues (reviewed in Bernays 2001). Lastly, we looked at suppression of herbivore- 
induced plant volatiles due to its more recent attention in the field of tri-trophic 
interactions. Other possible mechanisms discussed by Bernays and Graham (1988), 
such as morphological adaptations to living on the plant surface, have received less 
attention. Our review of these mechanisms below is not exhaustive, but rather high-
lights those studies we found to be especially informative.
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 Sequestration of Plant Allelochemicals

Bernays and Graham (1988) suggested that a key advantage of dietary specializa-
tion is superior protection from generalist predators via sequestration of plant 
allelochemicals. There is now extensive evidence supporting this mechanism. Our 
literature search identified many examples and comparisons of generalist and spe-
cialist herbivores that utilize their host-plant’s allelochemicals to produce or enhance 
their antipredator defenses (e.g., Dyer 1995; Camara 1997; Traugott and Stamp 
1997; Leuthardt et al. 2013; Lampert et al. 2014; Katsanis et al. 2016; Zvereva and 
Kozlov 2016; Zvereva et al. 2018). Dyer (1995) was the first to rigorously examine 
the anti-predator traits underlying the anti-predator advantage of dietary specialists. 
He tested the palatability of 70 Costa Rican caterpillar species to the predatory ant 
Paraponera clavata to explore the effectiveness of various anti-predator traits. Prey 
chemistry, quantified by consumption of herbivore extracts by P. clavata, was the 
best predictor of rejection, and diet breadth was the second best. Specialist caterpil-
lars were rejected more often, and, importantly, species within the same family that 
seemingly only differed based on diet breadth were better protected if they were 
specialists. These results argue that dietary specialization conferred anti-predator 
benefits to caterpillars mainly because specialists possess superior chemical 
defenses.

Dietary specialization may allow herbivores to strengthen their anti-predator 
defenses through sequestration either by enhancing existing chemical defenses 
(Jones et al. 1989; Engler-Chaouat and Gilbert 2007; Zvereva et al. 2017; Zvereva 
et al. 2018) or enabling them to evolve chemical defenses that generalists may be 
unable to utilize (Lampert et al. 2014; Kumar et al. 2014; Zvereva and Kozlov 2016; 
Katsanis et al. 2016). For example, sequestration is effective in bolstering existing 
defenses when utilized in place of or in addition to de novo synthesis of natural 
herbivore chemical defenses (Engler-Chaouat and Gilbert 2007; Zvereva et al. 2017, 
2018). Engler-Chaouat and Gilbert (2007) compared the abilities of Passiflora- 
generalist and -specialist Heliconius butterflies to sequester cyanogens from 
Passiflora. While Heliconius butterflies naturally produce cyanogens as defensive 
compounds, specialists have traded some ability to synthesize cyanogens de novo 
for the ability to sequester them. Experiments showed that monophagous specialist 
butterflies in the H. sara-sapho clade sequestered cyanogens at a rate seven times 
higher than Passiflora-generalist species. Yet, when fed on Passiflora species from 
which specialists cannot sequester cyanogens, they contained significantly lower 
levels of cyanogens than generalists. This finding also raises an important question 
about the role of natural selection from predators on dietary specialization in 
Heliconius butterflies. Does the dependence of anti-predator defenses on specific 
host plants drive the evolution of dietary specialization?

Katsanis et  al. (2016) show the anti-predator benefit of sequestration coupled 
with physiological specialization in a comparison of aphid species that differ in diet 
breadth but share the same host plant. First, laboratory experiments showed that the 
specialist species (Brevicoryne brassicae) had a 14% greater sequestration rate of 
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glucosinolates than the generalist (Myzus persicae). Subsequently, they found that 
coccinellid predators were threefold more likely to attack the generalist aphids than 
the specialists. While both generalists and specialists are able to sequester gluco-
sinolates, these chemicals require myrosinase to produce biologically active and 
toxic compounds. Given that these generalist aphids do not contain endogenous 
myrosinase like specialists do, they do not receive the full defensive benefits of the 
sequestered glucosinolates. Therefore, the tri-trophic effect of plant defenses on 
predators was stronger and more consistent when transferred through the specialist 
herbivore than the generalist. The strong differences in aphid survival in the pres-
ence of predators, combined with no difference in aphid performance in their 
absence, suggest that the primary benefit of restricting diet breadth is related more 
to predator deterrence than to plant-herbivore interactions alone.

Often, even low levels of allelochemical sequestration may cause predators to 
discriminate between generalist and specialist herbivores as predicted by the enemy- 
free space hypothesis. Choice assays conducted in a lab by Kumar et  al. (2014) 
showed that the wolf spider (Camptocosa parallela) preferred generalist Spodoptera 
exigua over specialist Manduca sexta caterpillars when both were fed artificial diets 
containing nicotine. As nicotine is a common alkaloid in many of its natural host 
plants, M. sexta is less sensitive to nicotine than S. exigua, which must oxidize some 
nicotine into the less toxic cotinine. Manduca sexta exhales nicotine when consum-
ing plant material, which deters predators, while incorporating only 0.6% of this 
ingested nicotine into its hemolymph. This small amount of sequestration increases 
the nicotine concentration of M. sexta by ca. 15 micrograms per ml hemolymph 
compared to S. exigua. But in combination with M. sexta’s tolerance and exhalation 
of nicotine, this slight difference gives the specialist an advantage in deterring the 
wolf spider. Another example comes from greenhouse choice assays in which the 
extracts of larval cuticle and surface extracts from the caterpillar Uresiphita rever-
salis were highly deterrent to both wasps (Mischocyttarus flavitarsis) and ants 
(Iridomyrmex humilis). Only about 1% of the plant compounds ingested by U. rever-
salis need to be sequestered to reach a concentration in the cuticle that is deterrent 
to generalist predators (Montllor et al. 1991).

When low levels of sequestration effectively deter generalist predators, the pro-
vided protection can create further selection for increased sequestration and dietary 
specialization when interacting species coevolve or ecological circumstances 
change. Such a scenario might explain the escalation of cardenolide sequestration in 
the caterpillars of danaine milkweed butterflies (Petschenka and Agrawal 2015). 
Herbivores utilizing small amounts of plant defense chemicals are not toxic, but if 
they reach the threshold for deterrence, they may make generalist predators more 
likely to opt for other prey species. For example, specialization by individuals on 
certain host plants can increase an herbivore species’ pre-existing ability to seques-
ter secondary compounds and thus to effectively deter predators. Jones et al. (1989) 
treated the dietary generalist grasshopper Romalea guttata with three diets: (1) 
restricted diet of only wild onions, (2) a broader plant diet resembling the grasshop-
per’s natural diet, and (3) artificial diet not including the secondary compounds 
R. guttata would naturally encounter. The wild-onion only diet resulted in 
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significantly higher sequestration than both the natural and artificial alternatives. 
Furthermore, when ant predators of R. guttata were given a choice between grass-
hoppers from the three diet groups, they were most strongly deterred by the secre-
tions of the wild-onion fed grasshoppers. This example of a dietary generalist 
species suggests the potential for evolutionary transitions from broader to narrower 
diets mediated by selection from predators for increasingly efficient sequestration 
of plant defensive compounds (Montllor et al. 1991; Kelly and Bowers 2018).

Zvereva and Kozlov’s (2016) meta-analysis of the effectiveness of chemical 
defenses of insect herbivores provides broad support for the enemy-free space 
hypothesis. They found that specialist herbivores had more effective anti-predator 
defenses than generalist herbivores, primarily due to their superior sequestration 
ability. The meta-analysis also suggests that specialist and generalist enemies exert 
opposing selection on herbivore diet breadths. Selection from parasitoids may 
oppose selection from generalist predators for narrow herbivore diet breadth: sev-
eral studies show that chemicals sequestered by specialist insect herbivores can be 
used by specialist parasitoids and predators as search cues (Köpf et al. 1997; Zvereva 
and Rank 2004; Zvereva et al. 2016). These sequestered chemicals may also make 
the herbivore a superior host for parasitoids because a chemically protected host 
will also protect the parasitoids developing inside it (Murphy et  al. 2014). 
Alternatively, the sequestered chemicals may constrain the herbivore’s immuno-
logical defenses against parasitoids (e.g., Smilanich et al. 2009). Either way, spe-
cialized sequestering herbivores face a potential trade-off between reduced mortality 
from generalist natural enemies and increased susceptibility to specialized natural 
enemies (Lampert et al. 2014; Zvereva and Kozlov 2016; Ali and Agrawal 2017; 
Kelly and Bowers 2018).

 Specific Camouflage

Bernays and Graham (1988) also suggested that dietary specialist herbivores might 
gain an anti-predator advantage over generalists by possessing superior camouflage. 
While this prediction has not been extensively tested (Sandoval and Nosil 2005), the 
limited evidence tends to support it. Before we examine this evidence, we note the 
updated terminology since 1988 (see also Koptur et al., Chapter “Caterpillar 
Responses to Ant Protectors of Plants”). Current work in this field defines camou-
flage as the close resemblance of an organism to its background (Ruxton et  al. 
2018). Crypsis, which has historically been used synonymously with camouflage, 
refers to camouflage that limits the detectability of the camouflaged organism. The 
relatively new concept of masquerade (Skelhorn et al. 2010) refers to cases of cam-
ouflage in which the predator detects the prey but does not recognize it as prey 
(Ruxton et al. 2018).

Few direct tests have evaluated the contention that specific camouflage can medi-
ate the enemy-free space advantage of dietary specialization. Singer et al. (2014) 
measured the strength of bird predation on 41 different caterpillar species that var-
ied in diet breadth and anti-predator traits, such as morphological camouflage. 
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Dietary specialization predicted reduced bird predation and superior camouflage 
(for the set of camouflaged caterpillar species), measured as the latency to detection 
by human observers. A companion study found higher values of latency to detection 
(more effective camouflage) to be among the strongest predictors of reduced bird 
predation for caterpillars (Lichter-Marck et  al. 2015). Both of these studies also 
showed evidence for a behavioral component of camouflage, measured as the fidel-
ity of each caterpillar species to hide on specific parts of the host plant. This mea-
sure, termed stereotypy, was also associated with dietary specialization (more 
host-specific caterpillar species exhibited more stereotypy, Singer et al. 2014) as 
well as with reduced bird predation (Lichter-Marck et al. 2015). The latter study 
also showed that increased expression of behavioral defensive responses of caterpil-
lars (e.g., thrashing, biting, locomotion) was associated with increased bird preda-
tion. This set of studies indicates that specific camouflage can be an important 
mediator of dietary specialization and protection from predators. The process by 
which predators exert selection on camouflaged phenotypes is not addressed in the 
work described above.

On this point, several studies do link selection by predators to specific camou-
flage and host-plant use in insect herbivores. Perhaps the most well-studied example 
is that of Timema stick insects (e.g., Sandoval 1994; Sandoval and Nosil 2005). 
Timema podura uses plant species in the genera Ceanothus and Adenostoma, and 
green morphs are specifically camouflaged on Ceanothus while brown morphs are 
specifically camouflaged on Adenostoma. Predation experiments reveal differential 
predation by birds targeting background mismatches between herbivore morph and 
host plant (Sandoval and Nosil 2005). The same phenomenon is recorded for the 
species T. cristinae on Ceanothus and Adenostoma, except with striped morphs and 
unstriped morphs, respectively (Sandoval and Nosil 2005). Remarkably, experi-
mental data reveal that all morphs of both species have higher fecundity feeding on 
Ceanothus, but all morphs exhibit host preference toward the plant on which they 
better obtain enemy-free space via specific camouflage despite the fecundity trade- 
off (Sandoval and Nosil 2005). However, the maintenance of polyphagy in these 
Timema species suggests that selection from predators for dietary specialization 
with specific camouflage is not the only factor operating on the evolution of herbi-
vore diet breadth. Opposing selection from host-plant quality seems to be a critical 
factor as well, thus maintaining the use of both host-plant species. In caterpillars, 
this trade-off is seen in the lichenivorous larvae of the moth Cleorodes lichenaria, 
which feed on the genus Ramalina, whose shrubby appearance more closely 
matches the coloration of the larvae than other potential hosts (Pöykkö 2011). Even 
though other host plants provide greater food quality to the caterpillars, mortality 
from predation is significantly lower for larvae on Ramalina (Pöykkö 2011). Again, 
we see the role of enemy-free space via specific camouflage in expanding or main-
taining polyphagy due to trade-offs between selection from predators and selection 
from plants.

Taken together, the studies discussed in this section provide provisional evidence 
supporting specific camouflage as a means by which predators select for dietary 
specialization in insect herbivores. This evidence is ample enough to warrant further 
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study of this mechanism. Future research should investigate how selection on cam-
ouflage traits influences the evolution of dietary specialization. Caterpillar popula-
tions that vary in both diet breadth and camouflage traits would be ideal for such a 
study (see Plate 1).

 Efficiency of Feeding Decisions

A more recent extension of the enemy-free space hypothesis relates to neural con-
straints on information processing, which may favor the evolution of dietary spe-
cialization due to improved accuracy and efficiency of feeding decisions by 
specialist herbivores (Bernays 2001). Indeed, dietary specialist arthropods can make 
more accurate and efficient feeding and oviposition decisions than dietary generalist 
arthropods (e.g., Bernays 1998; Bernays 2001; Janz 2003; Egan and Funk 2006). 
Our focus will be on the efficiency of feeding decisions, by which we mean the 
decision of individual herbivores to feed or not. The speed of making such decisions 
is predicted to mediate the enemy-free space advantages of dietary specialization.

In light of evidence that the act of feeding by caterpillars increases their risk of 
predation (Bernays 1997), more efficient feeding decisions of dietary specialists 
could limit predation risk (Bernays 1998; Bernays and Funk 1999). Generalist her-
bivores make decisions by processing a wider range of neurosensory inputs com-
pared to specialist herbivores (Farris and Roberts 2005), yet arthropod brains have 
limited processing capacity (Bernays 2001). The use of sign stimuli by dietary spe-
cialists (Bernays and Chapman 1994) is expected to enable rapid decision-making, 
thus offering greater opportunity for attention to be dedicated to anti-predator vigi-
lance and reduced time in a vulnerable position (Bernays 1998). Consequently, 
dietary generalists are expected to be less efficient at making feeding decisions and 
less vigilant to predation risk than specialists, giving the latter a fitness advantage 
(Bernays 2001).

Several experiments with well-designed comparisons have demonstrated greater 
efficiency of feeding decisions by specialist herbivores compared to their generalist 
counterparts. One of the most innovative of these conditioned individuals of the 
grasshopper Schistocerca americana to be either specialist or generalist phenotypes 
by feeding them artificial diets of either single or multiple flavors, respectively 
(Bernays 1998). The conditioned specialist phenotype made faster decisions than 
the generalist phenotype (Bernays 1998). Bernays and Funk (1999) found similar 
advantages in feeding behavioral efficiency in comparisons of specialist versus gen-
eralist populations of the aphid Uroleucon ambrosiae. Aphids from the specialist 
population were more efficient at finding, selecting, accepting, sampling, and set-
tling on their host plants (Bernays and Funk 1999). That the specialist and generalist 
populations were genetically differentiated suggests the potential for selection to act 
on this trait and cause the evolution of dietary specialization (Funk and Bernays 
2001). Turning to caterpillars, comparisons between the Physalis specialist, 
Heliothis subflexa, and its polyphagous close relative, H. virescens, strongly suggest 
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that behavioral efficiency in host-plant use confers an enemy-free space advantage 
to the specialist (Oppenheim and Gould 2002). Mortality from parasitoids was over 
ten times higher and predation from ants and wasps was over twice as high for 
H. virescens versus H. subflexa on Physalis plants. The enemy-free space advantage 
stemmed from H. subflexa’s more efficient behavior in securing a refuge from ene-
mies in the lantern-like calyx surrounding fruits on which it feeds. Additional study 
revealed that the specialist had greater taste and behavioral sensitivity to deterrent 
compounds, which may translate into increased efficiency in host- plant acceptance 
decisions (Bernays et al. 2000). While there is substantial evidence that dietary spe-
cialization entails increased feeding efficiency, further studies are needed to identify 
behavioral efficiency and associated neurosensory traits as a cause rather than a 
consequence of the evolution of dietary specialization.

 Manipulation of Host-Plant Volatiles

Although Bernays and Graham (1988) did not postulate how dietary specialists may 
be able to manipulate their host plants, recent research has increasingly explored 
this idea. Since the 1990s, research on tri-trophic interactions has focused on 
herbivore- induced plant volatile compounds as a cue for parasitoids and predators. 
A recent offshoot of this research concerns the possibility that specialist herbivores 
might suppress herbivore-induced plant volatiles (HIPVs) better than generalist her-
bivores. However, we found limited evidence for this prediction, and there was a 
much larger body of research demonstrating no significant relationship between 
dietary specialization and the ability to suppress HIPVs.

HIPVs are one mechanism by which herbivore enemies are attracted to plants 
with feeding herbivores (Turlings and Erb 2018), and by suppressing them herbi-
vores might protect themselves. Many contemporary studies focus on HIPVs 
attracting parasitoids (e.g., Williams III et al. 2008; Peñaflor et al. 2017; Gols et al. 
2012; Rodriguez-Saona et al. 2005), which often—but not always—have high host 
specificity (e.g., Collatz and Dorn 2013; Lucas-Barbosa et al. 2014; Najar-Rodriguez 
et al. 2015), although predators may also be attracted to HIPVs (e.g., Kessler and 
Baldwin 2001). It is possible that HIPVs contribute to the increased predation risk 
caterpillars and other herbivores face while feeding (Bernays 1997). Moreover, 
chewing herbivores may have enzymes in their oral secretions that can disrupt the 
host plant’s signaling pathways, and thus reduce HIPV emissions (Bede et al. 2006; 
Sarmento et al. 2011).

Evidence in support of dietary specialists being able to suppress volatiles more 
so than generalists is sparse. Oral secretions of the specialist velvetbean caterpillar 
(Anticarsia gemmatalis), when compared to those of the generalist fall armyworm 
(Spodoptera frugiperda), contain an amino acid substitution allowing them to 
diminish the induced response from their host plant Vigna unguiculata, resulting in 
lower volatile emissions (Schmelz et al. 2012). In another study, Pareja et al. (2012) 
used gas chromatography to measure the effects of phloem-feeding on floral volatile 
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emissions and found that feeding by the specialist aphid Lipaphis erysimi on Sinapis 
alba resulted in a greater reduction of emitted floral volatiles than did feeding by the 
generalist aphid Myzus persicae. However, suppression of floral volatiles alone was 
not enough to prevent ladybirds from locating the aphids, as the predators could 
instead use the volatiles released from vegetative tissue feeding (Pareja et al. 2012). 
Although these studies demonstrated differences between dietary specialists and 
generalists, they do not provide a strong basis of support for the enemy-free space 
hypothesis.

The literature concluding that there is no clear relationship between dietary spe-
cialization and the ability to suppress volatiles to maintain enemy-free space is far 
more abundant. Glucose oxidase, an enzyme in caterpillar oral secretions responsi-
ble for suppressing induced plant defenses, has been a subject of interest for 
researchers measuring plant responses to chewing herbivores (Merkx-Jacques and 
Bede 2004). Contrary to the enemy-free space hypothesis, Eichenseer et al. (2010) 
measured glucose oxidase activity in 88 lepidopteran and hymenopteran species 
and found it to be higher in the polyphagous species than in the oligophagous spe-
cies. One explanation for this result is that generalist herbivores may have a general-
ized counterdefense to the phylogenetically conserved jasmonic acid-regulated 
induced defense pathway in plants (Ali and Agrawal 2012).

There also appears to be context-dependency when it comes to an herbivore’s 
ability to suppress HIPVs. The generalist fall armyworm caterpillar, although used 
as a basis of comparison for a specialist species that suppresses HIPVs (Schmelz 
et al. 2012), has the ability to suppress HIPVs in maize while other generalist cater-
pillar species do not (De Lange et al. 2020). However, it does not have the same 
ability on other host plant species, and this suppression does not have an effect on 
parasitoid attraction (De Lange et al. 2020).

From our analysis of the current literature, suppression of HIPVs does not seem 
to mediate the evolution of dietary specialization in insect herbivores. Supporting 
cases are few (e.g., Schmelz et al. 2012; Pareja et al. 2012), whereas the opposing 
evidence encompasses a greater variety of herbivore species (e.g., Eichenseer et al. 
2010; Rowen and Kaplan 2016; Ali and Agrawal 2012). However, few of the studies 
measured enemy behavior and attraction to volatiles in the presence of herbivores of 
differing diet breadths. Future research that fills this gap could more clearly indicate 
if and how the enemy-free space hypothesis applies to HIPV suppression.

 Appraisal and Refinement of the Hypothesis

Natural selection from generalist predators remains a plausible hypothesis for the 
evolution of dietary specialization of insect herbivores. We found quantitative sup-
port for a key prediction: a greater survival advantage of dietary specialist over 
generalist herbivores faced with generalist predators compared to parasitoids 
(Fig. 1). As caterpillars were the herbivores in most of these studies, the evidence 
mainly applies to this group. The small sample size of studies limits the strength of 
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our conclusion, especially for herbivores other than caterpillars. We also note that 
some studies did not support the enemy-free space hypothesis. This inconsistent 
support reinforces the current view that no single factor is likely to fully explain 
herbivore diet breadth. The importance of predation relative to other factors, such as 
host-plant defenses, is receiving increasing attention (e.g., Coley et al. 2006; Forister 
et al. 2011; Mooney et al. 2012; Katsanis et al. 2016). Enemies of herbivores, on the 
one hand, and plant traits, on the other, have similarly large effects on insect herbi-
vore performance (Vidal and Murphy 2018a), suggesting that they jointly select on 
herbivore traits, such as diet breadth. Studies that directly measure selection from 
both enemies and plant traits on host-use traits by herbivores would be valuable 
additions to the field of tri-trophic interactions. Comparisons among conspecific 
heritable phenotypes varying in dietary specialization would be especially enlight-
ening, and caterpillar species with intraspecific variation in diet breadth offer excel-
lent opportunities for study.

Further exploration of the mechanisms by which dietary specialization confers 
anti-predator defense can generate new predictions and opportunities or testing. Our 
review shows that the anti-predator advantages of dietary specialization by insect 
herbivores stem mainly from sequestration of plant allelochemicals, specific 

Fig. 1 The magnitude of the survival advantage (∆effect size >1) or disadvantage (∆effect size 
<1) of dietary specialist relative to generalist herbivores as a function of enemy type (parasitoid 
versus predator). Each data point is a survival comparison between specialist and generalist herbi-
vores within a single study, with the size and color of the points denoting the number of herbivore 
species being compared and the taxonomic order of the herbivores being compared, respectively. 
Data points are jiggered for visibility. (*This data point represents Singer et al. (2019), which is 
discussed further (see Appraisal and refinement of the hypothesis))
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camouflage, and perhaps behavioral efficiency, but not from suppression of 
herbivore- induced volatiles. What are the relative roles of these mechanisms in the 
evolution of dietary specialization? In theory, it is possible that they play equivalent 
roles as alternative evolutionary pathways, and the preponderance of dietary spe-
cialization is a consequence of multiple roads leading to the same destination. 
However, we think it more plausible that sequestration of plant allelochemicals is 
the more traveled road because it entails selection from both plant defenses and 
predators acting in concert (Singer 2008). For example, lineages of herbivores that 
have evolved some degree of physiological specialization to particular classes of 
phytochemicals may be under selection from plants and predators to maintain and 
even escalate the pertinent behavioral, physiological, and morphological traits that 
reinforce host or chemical specificity (Vencl et al. 2011). With respect to caterpil-
lars, the especially well-studied case of milkweed butterflies supports this notion, as 
escalating concentrations of sequestered cardenolides (not concentrations in host-
plants) are responsible for escalating molecular and physiological resistance to 
cardenolides in larval milkweed butterflies (Petschenka and Agrawal 2015). As the 
tri-trophic players coevolve, this evolutionary maintenance and escalation is likely 
to continue in tri- trophic modules of communities that persist over long periods of 
time, resulting in the phylogenetic and/or phytochemical conservatism of traits of 
host-plant use in herbivore lineages (Winkler and Mitter 2008) that captured the 
attention of Ehrlich and Raven (1964) and many others since.

Lineages of herbivores that have evolved alternatives to sequestration of allelo-
chemicals may be more evolutionarily labile with respect to traits of host-plant use. 
The numerous cases of polyphenism of camouflage traits in polyphagous insect 
herbivores (Ruxton et al. 2018) as well as specific camouflage coupled with polyph-
agy in Timema stick insects (Crespi and Sandoval 2000) imply that specific camou-
flage does not necessarily constrain herbivores to highly restricted diets on a 
particular plant species. However, evidence for both strong selection on specifically 
camouflaged phenotypes (Sandoval and Nosil 2005) and superior camouflage of 
dietary specialists (Singer et al. 2014) suggests that selection from predators may 
still favor host specificity. Selection from predators acting in concert with selection 
from plant traits might cause dietary specialization characterized by escalating mor-
phological, chemical, and behavioral specific camouflage (e.g., De Moraes and 
Mescher 2004; Sandoval and Crespi 2008; Whitehead et al. 2014). Opposing selec-
tion from plants and predators might create food quality versus enemy-free space 
trade-offs among host plants, thus favoring the use of multiple host-plant taxa and 
adaptive plasticity of morphological, behavioral, and physiological traits of polyph-
agous herbivores (e.g., polyphenism and masquerade [Higginson et  al. 2012]). 
Several case studies show that benefits of enemy-free space and food-quality trade 
off among alternative host plants used by polyphagous populations of caterpillars 
(e.g., Mira and Bernays 2002; Singer et  al. 2004; Pöykkö 2011; Rodrigues and 
Freitas 2013; Stoepler and Lill 2013; Murphy and Loewy 2015). However, the mor-
phological, behavioral, and physiological plasticity of such polyphagous herbivores 
has received limited study.
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This mechanistic perspective inspired us to propose a refinement of the enemy- 
free space hypothesis: the greater the dependence of anti-predator defenses on taxo-
nomically specific host plant traits, the stronger the selection for the evolution of 
dietary specialization in herbivores (Fig. 2). This refinement reframes the hypothe-
sis in at least three important ways. First, predation is not exclusive to other factors, 
such as plant defenses, that are likely to select on dietary specialization (Dyer 1995, 
Singer and Stireman 2005, Vidal and Murphy 2018a). Second, by explicitly linking 
anti-predator defense traits to plant traits, this refinement can better guide research 
on evolutionary-genetic mechanisms (e.g., Gompert et al. 2014). Third, it makes a 
new phylogenetic prediction: repeated, independently evolved associations between 
dietary specialization and anti-predator traits that depend on taxonomically specific 
host-plant traits (e.g., sequestration of specific allelochemicals; Fig. 2). In contrast, 
polyphagy is predicted to be most strongly associated with key anti-predator traits 
that have limited dependence on taxonomically specific host-plant traits, such as de 
novo chemical defenses, many types of morphological defenses (e.g., spines, hairs, 
non-specific crypsis or masquerade), and many types of behavioral defenses (e.g., 
locomotion, evasion, thrashing, biting). In support of this prediction, polyphagy in 
British geometrid and drepanid caterpillars is associated with masquerade, but not 
crypsis or brightly coloration (Higginson et al. 2012). Sequestration of plant allelo-
chemicals (e.g., Engler-Chaouat and Gilbert 2007), specific camouflage (e.g., De 
Moraes and Mescher 2004), and behavior (e.g., Lichter-Marck et al. 2015) all may 
be highly dependent on taxonomically specific plant traits. Dependence of 

Fig. 2 (a) Hypothesized gradient of dependence of anti-predator defenses of insect herbivores on 
taxonomically specific host-plant traits for chemical (green), morphological (blue), and behavioral 
(purple) anti-predator traits. Selection from generalist predators is hypothesized to increase with 
increasing dependence of anti-predator traits on taxonomically specific host-plant traits. (b) 
Hypothetical example of the predicted macroevolutionary consequence of selection from preda-
tors. Note the visibly apparent association on the herbivore phylogeny between dietary specializa-
tion (S = specialists, G = generalists, with grayscale denoting a continuous measure of diet breadth) 
and dependence of anti-predator traits on taxonomically specific host-plant traits. The gradient in 
green shaded boxes refers to the gradient in host-plant dependence for chemical defense in a)
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anti- predator traits on taxonomically specific plant traits could be studied experi-
mentally by manipulating plant traits (e.g., secondary chemistry for sequestering 
species, morphology for camouflaged species) and herbivore diet (if different plant 
species or phenotypes vary in traits contributing to anti-predator defense) and mea-
suring the effect on anti-predator traits and/or predation of herbivores.

To illustrate the significance of our refinement of the enemy-free space hypoth-
esis, we consider the recent finding that dietary specialist caterpillars suffer more 
ant predation than dietary generalist caterpillars in Connecticut forests (Singer et al. 
2019). This finding clearly contradicts the conventional prediction of the hypothe-
sis, and including this study in our quantitative analysis considerably weakens sup-
port for this prediction (Fig.  1). Importantly, this result does not contradict the 
prediction that dietary specialization is associated with anti-predator traits that 
depend on taxonomically specific host-plant traits. In this case, dietary specialists 
possess a syndrome of life history traits that confers protection from bird predation, 
but renders them susceptible to ant predation. Dietary generalists, while more sus-
ceptible to bird predation, have traits that protect them from ant predation, espe-
cially behavioral defenses (Singer et  al. 2019). In accordance with the refined 
hypothesis, the anti-predator defenses of the dietary specialists are dependent on 
taxonomically specific traits of host plants, such as putative sequestration of host- 
plant allelochemicals, specific camouflage, and behavioral fidelity to particular 
structures on the host plant (Singer et al. 2014). The behavioral defenses that protect 
dietary generalists from ant predation, such as biting, thrashing, locomotion, and 
rappelling down from the plant on silk threads, do not derive their defensive efficacy 
from taxonomically specific host-plant traits (Singer et al. 2019). According to our 
refined hypothesis, birds select for dietary specialization in this community whereas 
ants do not because the caterpillar defenses against birds depend on taxonomically 
specific traits of host plants. More generally, we expect the degree to which preda-
tors select for taxonomically restricted herbivore diets will depend on the degree to 
which herbivores rely on taxonomically specific host plants for anti-predator 
defense.

 Conclusions

Our review and others over the last several decades make a strong case for the cen-
trality of tri-trophic interactions in driving the evolution of dietary specialization in 
caterpillars and other insect herbivores (e.g., Vidal and Murphy 2018a; Abdala- 
Roberts et al. 2019). That development alone is an important legacy of Bernays and 
Graham (1988) and other pioneering research of that era (reviewed in Abdala- 
Roberts et  al. 2019). With respect to the hypothesis proposed by Bernays and 
Graham (1988), our review of the evidence suggests that generalist predators prob-
ably play an important role in the evolution of dietary specialization by insect her-
bivores. However, despite it being a highly cited idea in the literature, the enemy-free 
space hypothesis has received surprisingly little testing. At this time, empirical 
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support for this hypothesis and its relative importance for the evolution of dietary 
specialization remains equivocal. In hopes of spurring more research on this topic, 
we reframe the hypothesis based on mechanisms by which specialist herbivores 
gain enemy-free space advantages over generalists. This refined hypothesis offers 
predictions that are more amenable to evolutionary analyses, which we encourage 
future research to explore.

 Questions for Future Study

Among many possible research questions for future study, we pose a few that are 
most relevant to this volume. First, how well does the enemy-free space hypothesis 
apply to insect herbivores other than caterpillars? Theoretically, it should apply to 
arthropod herbivores in general, as originally proposed (Bernays and Graham 1988). 
Indirect evidence also suggests that it might be quite general, but the direct evidence 
mainly comes from studies of caterpillars, leaving the question open. Second, how 
do different types of predators and parasites affect the evolution of host-plant use by 
caterpillars? There are many types of predators of caterpillars, especially among 
arthropods (Montllor and Bernays 1993), and relatively few types have been 
addressed in the context of the enemy-free space hypothesis. Our refined hypothesis 
predicts that the type of enemy should matter less than how specifically caterpillars 
depend on particular host plant taxa for defense against each type of enemy. In other 
words, the biological details of tri-trophic interactions are key, and further study of 
physiological and behavioral mechanisms of tri-trophic interactions will continue to 
be valuable. Finally, there is the question as to how tri-trophic dynamics and cater-
pillar diet breadth will be influenced by rapid environmental change. Habitat frag-
mentation and loss, climate change, invasive species, pesticide use, and pollution all 
have potentially important influences, but little work has directly addressed this 
question (Stireman III and Singer 2018). We hypothesize that the complex depen-
dence of dietary specialist herbivores on specific host plants for food and anti-pred-
ator defense would make them especially susceptible to changes in the plant and 
predator community. However, if they can track their specific host plants in the face 
of rapid environmental change, they might be able to maintain these dependencies. 
According to our refined hypothesis, the loss of specific groups of predators from a 
community could change selection on dietary specialization of caterpillars and 
other herbivores. We encourage future study of the enemy-free space hypothesis 
with explicit consideration of rapid environmental change.
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 Introduction

Adult butterflies emerge from their chrysalises to find mates and reproduce; how-
ever, during their caterpillar larval stage, time is spent feeding to gain enough mass 
and energy to form a chrysalis and successfully transform into an adult. During this 
comparatively sedentary larval stage, caterpillars are vulnerable to predation. 
Consequently, caterpillars have evolved a host of chemical, morphological, visual, 
and behavioral traits to defend themselves against diverse predators (Bernays 1997; 
Dyer 1997; Sugiura 2020).

When consuming plants, caterpillars are exposed to a variety of natural enemies, 
including predators and parasitoids (Singer et al. 2017; Sendoya and Oliveira 2017). A 
common defense of caterpillars against many natural enemies includes being poison-
ous or distasteful by sequestering plants’ chemical defenses for their own defense (see 
Bowers, Chapter “Sequestered Caterpillar Chemical Defenses: From “Disgusting 
Morsels” to Model Systems”). The iconic monarch butterfly is well- known for feeding 
on milkweeds, making the caterpillars and adult butterflies distasteful (Brower and 
Glazier 1975; Calvert et al. 1979); many other Lepidoptera utilize other hostplants in 
this and other plant families to similar effects. Some of these defenses are carried over 
to the adult stage, providing defense in more than one phase of the life history.

In addition to the chemicals themselves, many Lepidoptera use aposematic col-
oration to warn predators that prey are distasteful (Skelhorn et al. 2016a). Other 
Lepidoptera have irritating hairs or spines to deter predators from consuming them 
or as a physical barrier to parasitoids’ ovipositors (Murphy et al. 2010; Sugiura and 
Yamazaki 2014; Kageyama and Sugiura 2016) just as trichomes can protect plants 
from caterpillars (Kariyat et al. 2017).

Some caterpillars use colorful startle tactics, revealing eyespots or other warnings 
(osmeteria that look like snake tongues with a pungent odor) when harassed (Hossie 
and Sherratt 2012), and some have color patterns and behaviors that mimic larger 
predatory animals, a ruse for scaring away some predators. Many hide themselves 
within their host plant by spinning together plant parts and residing within or cutting 
leaves and silking them to construct shelters (Ito and Higashi 1991; Diniz et al. 2012; 
Lill et al. 2007; Marquis et al. 2019; Marquis et al. Chapter “The Impact Of Construct- 
Building By Caterpillars On Arthropod Colonists In A World Of Climate Change”) to 
escape detection from certain enemies. Of those, some fling their frass (Weiss 2003, 
Moraes et al. 2012) or even make frass chains (Freitas and Oliveira 1992, 1996) to 
avoid detection when they climb out on the chains away from the leaf.
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Larval Lepidoptera may pose as inedible objects, a strategy described as mas-
querade (Skelhorn and Ruxton 2010). Caterpillars of Geometridae may pose as 
twigs, holding on to branches with their back prolegs and keeping their body erect, 
at angles with the stem during the day. Others deploy a combination of crypsis with 
parts they can exert or flash to startle predators when disturbed (Stevens et al. 2008).

Early instars of the giant swallowtail butterfly look like shiny bird droppings on 
their citrus (Rutaceae) hostplants (Minno and Emmel 1992), while later instars may 
resemble small snakes (McAuslane 2009). Many tropical Sphingidae caterpillars 
are also snake mimics, a ruse to scare away predators (Janzen 1980) rather than to 
attract birds to eat snakes (Castellano and Cermelli 2015); the caterpillars can dis-
play behavior that furthers the ruse such as changing their posture (Hossie and 
Sherratt 2014), advantageous if the predators encounter the same prey repeatedly 
during their lives (Skelhorn et al. 2016b).

The least studied of the caterpillars may be those that are assumed to be palat-
able, and cryptically colored, avoiding detection by staying still on the plant surface 
(Bernays and Cornelius 1989; Dyer 1997; Henrique et  al. 2005; Skelhorn and 
Ruxton 2010; Gaitonde et al. 2018). Animals may escape visual detection by blend-
ing into their surroundings, a phenomenon termed “background matching” 
(Skelhorn and Ruxton 2010; Ruxton et  al. 2018). Young caterpillars of many 
Sphingidae align themselves with the midrib on the abaxial side of the leaf, not 
feeding during the day, to avoid detection. Many moth caterpillars demonstrate col-
ors and patterns that easily camouflage against plant surfaces, including leaves and 
bark. Some employ “disruptive coloration” that makes their body harder to detect 
on patterned surfaces, or compound leaves, making it difficult for predators to grab 
them (Ruxton et al. 2018).

Birds and ants are considered the main enemies of caterpillars on foliage 
(Remmel et al. 2011; Singer et al. 2012), though parasitoids may also have a large 
negative effect (Wanner et al. 2007). Since foliage-dwelling ants detect prey at close 
range using mostly substrate-borne vibration and/or chemical cues (Cerdá and 
Dejean 2011; Wüst and Menzel 2017), and parasitoids can locate their prey by 
detection of kairomones (Rutledge 1996; Dutton et al. 2000; Afsheen et al. 2008; 
Wölfling and Rostás 2009), visual camouflage in caterpillars likely results from 
selective pressure exerted by visually hunting insectivorous birds that spot prey 
from greater distances (Edmunds 1974; Heinrich and Collins 1983).

Ant foraging on vegetation can be an important source of mortality to lepi-
dopteran caterpillars on host plants (Floren et al. 2002). Since caterpillars usually 
move slowly on foliage, host plant selection by adult butterflies is one of the most 
important factors affecting caterpillar survival, which can be markedly lower on 
plants with high levels of ant visitation (Thompson and Pellmyr 1991; Sendoya and 
Oliveira 2015, 2017). Some butterflies are able to detect the presence of ants and 
avoid certain host plants in response (Mota and Oliveira 2016). The presence of ant 
attractants on plants (extrafloral nectaries, food/pearl bodies, fleshy fruits, insect 
trophobionts) has been demonstrated to induce ant presence on leaves and promote 
ant-caterpillar antagonism, which can negatively affect infestation levels by lepi-
dopterans in numerous plant species (Koptur 1984, 1992, 2005; Heil and McKey 
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2003; Oliveira and Freitas 2004; Dutra et al. 2006; Rico-Gray and Oliveira 2007). 
Recent meta-analyses have concluded that ants attracted to and maintained by plant 
rewards are beneficial to plants, providing biotic protection in most cases 
(Chamberlain and Holland 2009; Rosumek et al. 2009).

Despite their pugnacious bodyguards (Bentley 1977), plants with ant attractants 
are still eaten by herbivores. Most well-known are some caterpillars that themselves 
secrete honeydew, appeasing the ant defenders to include them in their patrols, and 
protect them from their parasitoids (Pierce and Mead 1981; Pierce et  al. 2002; 
Pierce & Dankowicz Chapter “Specializations for Ant Association in Caterpillars”), 
sometimes utilizing plants with extrafloral nectaries as “enemy free space” (Atsatt 
1981). Some ant-tended Lycaenidae caterpillars have exocrine secretions that tanta-
lize their ant attendants (Hojo et al. 2015). Caterpillars without such features may 
avoid ants by dropping from the plant, usually suspended by a silk strand up which 
they may return later (Sugiura and Yamazaki 2006). Some may even repel the ant 
guards by working in groups to fight back, such as the gregarious larvae of the noc-
tuid moth Dyops on Cecropia plants protected by Azteca ants in Brazil (Ramos 
et al. 2018).

 The Study System: Cryptic Caterpillars on Ant-Tended Plants

Many butterflies in the Pieridae family have green caterpillars, or otherwise blend 
into the color of plant parts on which they feed. Their eggs may be laid singly (e.g., 
Phoebis spp.) or in groups (e.g., Ascia monuste). Our experimental studies focused 
on pierid butterflies that oviposit on Senna spp. as hostplants. These butterflies have 
cryptically colored larvae that occur with a variety of patterns (Minno et al. 2005).

In southern Florida, native and ornamental species of Senna serve as host plants 
for Phoebis philea, P. sennae, and other Pieridae, including Abaeis nicippe. Ants are 
associated with all Senna spp., as these plants provide extrafloral nectar. Native 
Senna spp. associate with more species of native ants than do exotic species, though 
associations involve more species in urban areas than in natural areas (Koptur et al. 
2017). Experimental exclusion of native ants from Chamaecrista (syn. Cassia) fas-
ciculata in natural areas in northern Florida demonstrated that ants were effective in 
reducing numbers and damage to the plants by P. sennae larvae (Barton 1986); ant 
exclusion experiments in Iowa revealed that ants were important in reducing dam-
age from another sulphur butterfly, Pyrisitia (syn. Eurema) lisa (Kelly 1986). In 
human-disturbed habitats, invasive species are more common than in natural areas, 
and fire ants, in particular, readily recruit to and occupy space near plants providing 
food rewards. The protective ability of imported fire ants was dramatically demon-
strated by Fleet and Young (2000), who excluded red imported fire ants from Senna 
occidentalis in Texas and found that plants suffered much more herbivory from 
P. sennae and A. nicippe caterpillars in their absence, resulting in shorter plants that 
produced fewer and lighter fruits, and fewer seeds.

S. Koptur et al.



301

Extrafloral nectaries (EFNs) of Senna mexicana (Jacq.) H.S.  Irwin & Barneby 
var. chapmanii (Isely) H.S. Irwin & Barneby (hereafter referred to as Senna chapma-
nii) attract ants and other predators that provide protection against herbivores (Koptur 
et al. 2015). When ants are excluded from plants, there are more caterpillars on the 
plants, and the nectaries attract numerous other predators and parasitoids. Artificial 
defoliation experiments showed that S. chapmanii plants produce more extrafloral 
nectar (EFN) in response to leaf damage (Jones and Koptur 2015a). Greenhouse 
experiments showed that plants produce more nectar at higher light intensities (Jones 
and Koptur 2015b), and field experiments showed that ant protection is most effec-
tive in sunny locations, where plants with ants received less herbivore damage, grew 
larger, and produced more flowers and fruits (Jones et al. 2017). More than eight 
species of ants have been observed at the foliar nectaries of S. chapmanii (Koptur 
et al. 2015; Jones et al. 2017), with two of the most common being the native Florida 
carpenter ant (Camponotus floridanus Buckley) and the invasive red imported fire 
ant (Solenopsis invicta Buren). Carpenter ants make their nests in fallen wood on soil 
or decaying wood in standing trees; conversely, fire ants nest in the ground, some-
times even at the base of S. chapmanii plants (Koptur et al. 2015). We have observed 
sulphur caterpillars (Phoebis spp.) on plants with both ant species in the field, some-
times being bothered or attacked by ants, other times ignored by the ants (Fig. 1).

Fig. 1 Typical interactions between carpenter ants, nectaries, and sulphur butterfly caterpillars. (a) 
Camponotus floridanus ants at extrafloral nectaries of S. chapmanii in an experimental colony 
(photo M.C.  Pimienta); (b) Solenopsis invicta at extrafloral nectaries on a field-growing plant 
(photo I.M.  Jones); (c) C. floridanus worker touching caterpillar with its antennae (photo 
M.C. Pimienta); (d) S. invicta workers attacking large sulphur caterpillar (photo M.C. Pimienta)
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The efficacy of defense mechanisms by caterpillars may be crucial for their sur-
vival chances on ant-visited plants (Bernays 1997; Salazar and Whitman 2001; 
Sendoya and Oliveira 2017). On the other hand, ant-induced deterrence of caterpil-
lars may also depend on the ant species’ weaponry and aggressiveness (e.g., Sendoya 
et al. 2009). Consequently, ant-derived benefits to EFN-bearing plants may be con-
ditioned by traits on either side of the ant-caterpillar interaction (Koptur 1992; Rico- 
Gray and Oliveira 2007, and references therein). Here, we sought to compare the 
interactions between sulphur butterfly caterpillars and the two main ant species vis-
iting Senna chapmanii (Camponotus floridanus and Solenopsis invicta) to better 
understand the dynamics of the ant-herbivore interactions and gain insight into how 
so many caterpillars live to pupation on plants in nature.

 Methods

To compare the response of these two ants to the caterpillars, we created captive 
colonies in the laboratory. In this way, we could control for environmental variables, 
allowing us to examine the effects of only caterpillar size and ant species in the 
interactions.

Senna chapmanii plants were grown from seeds collected from pine rockland 
natural areas in south Florida the previous year. Seeds were scarified with a razor 
blade, soaked overnight, and planted individually in soil-filled germination trays. 
After seedlings were large enough (and their roots protruded from the bottom of the 
seedling cell), they were potted up into 4″ pots where they grew for at least 4 months 
prior to being used in our experiments.

The plastic containers housing the ants were fashioned into mesocosms for the 
study. Six mesocosms were set up the same way before the ant colonies were intro-
duced: one potted Zanthoxylum coriaceum plant was partially buried and centered 
in the container, two potted Senna chapmanii plants were partially buried and equi-
distant from the central plant, and six sticks were placed around each partially bur-
ied, potted plant as a pathway to ascend and descend. Periodically, plants were 
pruned to avoid touching edges, shelves, and lights above each box (so they would 
not serve as pathways for ant escapes). Grow-lights were suspended from the ceil-
ing above the mesocosms to keep the plants healthy and to provide semi-natural 
light. Grow-lights were kept on a 12/12 light schedule.

In the spring of 2016, we collected native carpenter ants (Camponotus florida-
nus, Fig. 1a, c) from woodlands in city parks and gardens in Miami, Florida, by 
following workers to their nesting site, usually a rotting log lying on the ground 
surrounded by leaf litter. We collected the suspected colony into a large plastic tub, 
and in the laboratory opened it up enough to see if it contained a queen. We then put 
the colony in an open-topped plastic container filled with several inches of sandy 
loam soil, leaf litter, and pieces of decaying wood. The edges of the plastic container 
were coated with Fluon® Insect-a-Slip, a slippery surface that prevents ants from 
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escaping. Three carpenter ant colonies were established and used throughout the 
duration of experiments.

Invasive red imported fire ants (Solenopsis invicta, Fig. 1b, d) were also collected 
in city parks and gardens in Miami, Florida. Fire ant nests are typically located in 
open areas with low vegetation and demonstrate a small, slightly raised, oval-shaped 
mound appearance. Once mounds were detected, a portion of it was dug up and 
transferred to a 5-gallon bucket. In the lab, fire ants were collected from the sub-
strate by taking advantage of their rafting abilities against floods. A slow-drip tech-
nique was applied that inundates the substrate over a period of several days (Banks 
et al. 1981); afterwards, the floating raft of ants was transferred to a plastic container 
containing a sandy loam soil, leaf litter, and pieces of decaying wood. As for the 
carpenter ants, the edges of the plastic container were coated with Fluon® Insect-a- 
Slip. Three fire ant colonies were established and used throughout the duration of 
experiments.

Ant colonies were provided test tubes filled with sugar water and plain water 
using cotton wool to stop the liquids from spilling out. For protein and lipids, ant 
colonies were provided chunks of hard-boiled eggs and potted meat (Spam) every 
other day on small plastic dishes, which were cleaned every 2–3 days. Test tubes 
were replaced and cleaned every 3 days. Prior to experimentation with caterpillars, 
all food was removed for 2 days, so ants would be more likely to forage for solid 
food and collect foliar nectar produced by Senna chapmanii.

Caterpillars of the cloudless sulphur butterfly (Phoebis sennae (L.)) and the 
orange-barred sulphur butterfly (P. philea (L.)) were field-collected in Miami, 
Florida, and used for experimentation. The two caterpillar species are very similar 
in appearance and size in their earlier instars, and both occur in many different pat-
terns, and are therefore difficult to distinguish prior to adult emergence. Therefore, 
we grouped both species together as “sulphur caterpillars.” In our experiments we 
used a variety of patterns, though all the caterpillars we used were green and not 
yellow (green caterpillars are found eating foliage, yellow ones on flowers).

To measure the ants’ responses to caterpillars, a single caterpillar was placed on 
the distal part of the plant’s leaf with a small paintbrush or leaf fragment, observing 
it until ants discovered it. Ant colonies were randomly selected each day and rotated 
until approximately equal numbers of caterpillars (small and large, < 1.5 cm vs. > 
1.5 cm) were tested against carpenter and fire ants. Small caterpillars represented 
2nd instars, while large caterpillars included 4th and 5th instars.

For each trial, the caterpillar was introduced slowly onto the plant using a paint-
brush or a leaf fragment. The placed caterpillar was observed for 15 min; if there 
was no encounter between caterpillar and ant then the trial was terminated, and no 
other data were recorded that day for that particular ant colony. If an encounter 
occurred, we recorded the time and observed all subsequent activity for 30 min or 
until the caterpillar was removed from or left the plant. Time to discovery was mea-
sured as the time at which an ant came into direct contact with the caterpillar after 
the caterpillar had settled on the leaf, irrespective of their behavioral response. The 
observer then recorded the behavioral responses of ants, categorizing them as 
ignore, inspect (Fig.  2), attack (Fig.  3), and/or removal from plant. Behavioral 

Caterpillar Responses to Ant Protectors of Plants



304

responses of caterpillars were also recorded such as twitch, flick, bite, bleed, thrash, 
or drop from the plant. We recorded time to discovery, time to attack, caterpillar 
behavior, and caterpillar fate for each trial. We summarized the behavioral interac-
tions between the ants and caterpillars using the following categories:

 1. Contact without violence (inspect and ignore/inspect and investigate).
 2. Contact with agitation (ant inspects the caterpillar and the caterpillar moves—

head flick or head butt)
 3. Violence and agitation (ant bites the caterpillar and the caterpillar responds 

with a head butt or tail flick)
 4. Caterpillar regurgitating after ant attack
 5. Caterpillar bleeding after attack
 6a. Caterpillar drops on silk strand from the leaf
 6b. Ants remove and kill the caterpillar

We repeated a smaller number of placement experiments using a caterpillar that 
does not eat Senna, the long-tailed skipper (Urbanus proteus (L.); Hesperiidae). The 
goal was to see if these might be more easily detected than the sulphur caterpillars 
that normally eat the plants. These butterflies oviposit on butterfly pea (Centrosema 
virginiana (L.) Benth.) as well as on weedy species of Desmodium (D. incanum 

Fig. 2 Carpenter ant touching then ignoring a sulphur caterpillar (photos J.T. Clayborn): (a) ant 
encounters caterpillar; (b) ant investigates with its mouthparts and antennae; (c) ant grooming 
antenna from material picked up from the caterpillar’s surface; (d) ant investigates further; (e) 
ant departs
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(Sw.) DC, D. tortuosum (Sw.) DC), and garden beans (Phaseolus vulgaris L.). 
Garden bean plants were the sole food source for the caterpillars used in these 
experiments. As in the other caterpillar trials, small caterpillars were less than 
1.5 cm in length, and the large were greater than 1.5 cm in length.

We compared average time to discovery for each ant/caterpillar size combination 
using t-tests for independent samples, with Bonferroni probability corrections for 
multiple t-tests. Time to attack (post-discovery) was also compared using the same 
statistical tests.

We compared caterpillar fate in the presence of each ant species (proportions 
alive, dropped, or dead) using contingency table Chi-squared tests. We further 
explored caterpillar fate (dead or alive) using logistic regression of several variables 
(time to discovery, time to attack, and number of ants on plants).

We developed flow diagrams summarizing the sequences of behaviors and out-
comes observed for caterpillars of each size in the presence of each ant species. 
These flow diagrams compare the proportions of caterpillars that conformed to each 
pathway.

Fig. 3 Carpenter ant attacking a caterpillar that moved when touched—a fatal flaw (photos 
J.T. Clayborn). (a–f) ant struggling with wriggling caterpillar, biting, wrestling; (g) ant attempts to 
carry caterpillar down plant; (h) help is on the way as another ant approaches
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 Results

Many of the trials resulted in no encounters, and those data were not part of the 
behavioral responses. Of the 94 trials we attempted with carpenter ants, 33% of 
them were discarded, as the ants never contacted the caterpillars placed on the plant. 
Of the 63 trials attempted with fire ants, 14% of them were discarded as no shows.

The average time-to-discovery (i.e., the time when ants come into contact with 
the caterpillar), in those trials where an encounter was observed, showed no signifi-
cant difference between caterpillar sizes for carpenter ants, but it took fire ants sub-
stantially longer to find the large caterpillars than the small ones (Fig.  4a). 
Time-to-attack (post-discovery) was nearly instantaneous for fire ants (within 5 s), 
whereas carpenter ants took much longer if they did attack the caterpillar (Fig. 4b). 
Carpenter ants did not differ in their attacks on small and large caterpillars, but fire 
ants attacked large caterpillars more quickly than small caterpillars (Fig.  4b). A 
logistic regression analysis revealed that attack time was the only variable corre-
lated with caterpillar survival (p  =  0.037); ants that attacked more quickly were 
more likely to kill and remove caterpillars from the plants.

The fate of sulphur caterpillars differed markedly between carpenter ant and fire 
ant encounters (Fig. 4c). In the presence of carpenter ants, more large caterpillars 
dropped from the plant than did small caterpillars (16% vs. 10%), and a similar 
proportion of caterpillars of both sizes were killed by the carpenter ants (10%). 
Most of the caterpillars detected remained alive and in place, with no significant 
differences in any of these responses between small and large caterpillars. In con-
trast, few caterpillars remained alive on the plants in the presence of fire ants (4%). 
As with carpenter ants, larger caterpillars were much more likely to drop off the 
plant than smaller caterpillars, but this difference was much larger in the presence 
of fire ants (72% vs. 19%). Most remaining ants that did not drop were killed by the 
fire ants (14% of the large caterpillars vs. 65% of the small caterpillars). The mortal-
ity rate of small sulphur caterpillars was significantly higher than that of large sul-
phur caterpillars from encounters with fire ants, but similar numbers of both sizes 
remained on the plants alive (15% and 14%). The ant responses to caterpillars of 
different sizes differed (Fig. 4d): carpenter ants were more likely to inspect, then 
poke or touch the caterpillars, and only sometimes attack, whereas fire ants were 
less likely to inspect before attacking the caterpillars.

Non-Senna eating skipper caterpillars placed on plants also sometimes went 
undetected by both ant species, although rates differed between ants. Half (50%) of 
these caterpillars were undetected by carpenter ants (n = 26), and 16% were unde-
tected by fire ants (n = 38). The sample sizes of trials with these caterpillars with 
carpenter ants were therefore small, but we report them here for descriptive 
comparison.

Though half of the long-tailed skipper (Urbanus proteus) caterpillars placed on 
the plants were not detected by carpenter ants, those that were found took consider-
ably longer to be detected (more than 10 min) than those found by fire ants (less 
than 5 min on average) (Fig. 4e). Once discovered by carpenter ants, however, the 
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Fig. 4 Caterpillar placement experiment results: (a) Average time to discovery of small and large 
sulphur caterpillars (Phoebis spp.) placed on Senna chapmanii plants in mesocosms by carpenter 
ants (Camponotus floridanus) and fire ants (Solenopsis invicta). NSD indicates no significant dif-
ference between small and large caterpillars; (b) average time to attack of caterpillars, as in A; (c) 
fate of sulphur caterpillars placed on plants; (d) response of ants to sulphur caterpillars on encoun-
ter; (e) average time to discovery by carpenter ants and fire ants of small and large skipper caterpil-
lars (Urbanus proteus) placed on Senna chapmanii plants in mesocosms; (f) average time to attack 
of caterpillars, as in E; (g) fate of skipper caterpillars placed on plants, as in E
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caterpillars were attacked in less than 5 s. Fire ants took longer on average to attack 
a detected skipper caterpillar (Fig. 4f). The fate of skipper caterpillars encountered 
by fire ants was more dire than that of sulphur caterpillars. Some of them began to 
silk together leaves, in which they might have evaded detection, but none were 
observed to silk off or bail from plants. When compared with sulphur caterpillars, 
more of these skipper caterpillars were removed from the plants by carpenter ants, 
especially the smaller caterpillars (Fig. 4g), though the small sample sizes precluded 
statistical comparisons. With fire ants, the fate of every skipper caterpillar encoun-
tered was the same; all (small and large) were removed or killed by fire ants (Fig. 4g).

Comparing the sequence of events in the observed interactions reveals some dif-
ferences in the ants’ responses to small and large sulphur caterpillars (Fig. 5). A 
large proportion of the small caterpillars were ignored after encounter by carpenter 
ants (Fig. 5a), while those that were discovered were attacked and dispatched (a few 
dropped from the plant). Carpenter ants recognized most of the large caterpillars, 
but many of those resisted ant attack and a large proportion of them dropped from 
the plant (Fig. 5b). Fire ants found nearly all the caterpillars, both small (Fig. 5c) 
and large (Fig. 5d). Most small caterpillars succumbed to ant attack (Fig. 5c), while 
a substantial number of the larger caterpillars escaped by dropping from the plant 
(Fig. 5d).

 Discussion

 Size Matters

As in many other experimental studies (Tilman 1978; Smiley 1985, 1986; Koptur 
1984; Freitas and Oliveira 1996; Fleet and Young 2000), we found that sulphur cat-
erpillar mortality from ant predation is size-dependent: larger caterpillars were more 
likely to take evasive action by silking off and dropping from the plant and have 
higher survival. With carpenter ants, if the sulphur caterpillar did not move, it was 
not usually detected. It may be that individual caterpillars that hold still in the pres-
ence of ants are those likely to survive to larger sizes.

 All Ants Are Not Created Equal

Ant species vary widely in size, behavior, and food preferences and exist as a mosaic 
throughout natural habitats interacting with the plant communities (Bluethgen et al. 
2004; Leston 1978; Sendoya and Oliveira 2015). Experiments have revealed that 
some species are better than others in providing protection for plants (Horvitz and 
Schemske 1984; Letourneau 1983; Koptur 1984; Rico-Gray and Thien 1989; Mody 
and Linsenmair 2004; Sendoya and Oliveira 2015, 2017; Melati and Leal 2018).
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Camponotus spp. respond to both extrafloral nectar and homopteran produced 
honeydew (Sendoya et  al. 2016) and are found more abundantly where those 
resources are available (Bluethgen and Feldhaar 2010). In the Brazilian cerrado, 
Camponotus spp. are attracted to these liquid plant rewards and are effective plant 
bodyguards (Del-Claro and Oliveira 2000; Oliveira and Freitas 2004), not only 
harassing caterpillars but also discouraging oviposition by butterflies (Sendoya 
et al. 2009). Several species of Camponotus associated with Pseudocedrela in Cote 
d’Ivoire differed in their ability to repel herbivores (Mody and Linsenmair 2004), as 
did those on Inga in Costa Rica (Koptur 1984).

Fig. 5 Pathways of different ant/caterpillar interactions. (a) Carpenter ants and small sulphur 
caterpillars; (b) carpenter ants and large sulphur caterpillars; (c) fire ants and small sulphur cater-
pillars; (d) fire ants and large sulphur caterpillars. Numbers on lines are the proportion of interac-
tions that follow that pathway
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Solenopsis invicta, an invasive species, can facilitate establishment of invasive 
plant species by protecting them against herbivores (Ackerman et  al. 2014). 
However, sometimes the most aggressive ant species are not the most beneficial to 
the plant bearing extrafloral nectaries (Melati and Leal 2018). They may repel pol-
linators as well as herbivores (Ness 2006), thwarting a plant’s reproduction. In addi-
tion, they can displace native ants and attack other beneficial insects, such as 
parasitoids (Ness 2003). Imported fire ants have been recognized as having some 
benefits in agriculture as their aggressive behavior has the potential to repel and 
eliminate many pest species (Reagan 1986), including the cotton boll weevil (Jones 
and Sterling 1979) and the sugarcane borer (Adams et al. 1981), though also poten-
tially harmful to agricultural workers.

Fire ants were quick to find the caterpillars in our experiments, and poked and 
prodded them until they flinched and were mercilessly attacked with bites and 
stings. After 2 days with no food supplied, they were ready for more than just nectar, 
they needed caterpillar meat (the “tenderloin of the insect world,” to quote David 
Wagner). Their ravenous attacks resulted in the dropping off or demise of nearly all 
the caterpillars in the experiments. In the field, we have occasionally observed these 
ants eating the seeds from the developing fruits of Senna chapmanii, another way in 
which an overly voracious bodyguard may harm plant fitness.

 Appearance May Not Matter to Ants, But What Does?

It is thought that many lepidopteran species use cryptic coloration to evade visual 
predators, but few studies have explored the possible mechanisms by which such 
species avoid predation by insects (but see Henrique et al. 2005). Ants, for example, 
use largely tactile and olfactory senses to discover prey and orient themselves in the 
environment (Cerdá and Dejean 2011). What appears as visual camouflage may be 
effective against birds and other visual predators, but not be important to predators 
using tactile or olfactory cues to detect prey.

Phoebis sennae have been described as having “common, aposematic caterpil-
lars” (Quicke 2017) and the US Forest Service states on its website (Cole 2017) that 
“Both Senna and Cassia are poisonous, which allows the caterpillars to accumulate 
a toxic deterrent to would-be predators.” These reports are surprising, as we have 
often observed caterpillars of this species, and of P. philea, to be consumed by birds, 
lizards, spiders, and large wasps during our field studies. In addition, Senna is also 
consumed by humans as a laxative, so it is not very toxic to those primates. Another 
legume-consuming Pieridae tested for palatability with Paraponera ants (Anteos 
clorinde, hostplant Cassia fruticosa) was considered neither tasty nor nasty, but 
neutral (Dyer 1995). As the Phoebis spp. caterpillars in our experiments eat a simi-
lar legume hostplant, we assume they do not have chemicals in their bodies that 
make them unpalatable to ants. Indeed, those individuals that dropped into the cap-
tive ant colonies in our mesocosms were readily consumed.
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Given the lack of visual and chemical defenses exhibited by Phoebis spp. cater-
pillars, the question remains: how do so many beat the odds, surviving to maturity 
in the presence of motivated predatory ants? The answer to this question may lie in 
the sequestering of host-plant chemicals after all, not for the accrual of distasteful 
chemicals, but to develop a form of chemical camouflage. Photographers have doc-
umented tiny droplets at the ends of setae covering the bodies of Phoebis caterpil-
lars (Fig.  6). It is likely that these droplets contain compounds similar to their 
hostplants, allowing the caterpillars to avoid detection by non-visual predators by 
blending in with the surrounding foliage. Chemical camouflage has been observed 
in Ithomiidae caterpillars, whose consumption of their hostplant led to their bodies 
expressing epicuticular waxes similar to those of the host plant, making them less 
likely to be found by Camponotus ants (Henrique et al. 2005). In our study, the more 
aggressive nature of the fire ants led them to prod anything they encountered, and 
once the caterpillars moved, they attacked. With carpenter ants, if the caterpillars 
remained motionless, the ants walked over them, occasionally grooming their anten-
nae as if they had encountered some substance they needed to clean off, but not 

Fig. 6 Sulphur caterpillars feeding on Senna flowers are yellow; here are two of several contrast-
ing pattern morphs. (a) Yellow sulphur caterpillar with longitudinal black stripes; tiny droplets are 
visible along its body (Photo M.C.  Pimienta). (b) Yellow sulphur caterpillar with black rings 
around its body in an inflorescence of S. chapmanii (photo S. Koptur). (c) Closer view of the tiny 
droplets on the sulphur caterpillar surface (photo M.C. Pimienta)
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apparently detecting the caterpillars, and not attacking them. Future experiments 
using freeze-dried caterpillars and hexane extracts of these compounds are planned 
to determine if this phenomenon is a defense in these caterpillars against some of 
their ant predators (Henrique et al. 2005). In addition, repeating the present study, 
but placing the sulphur caterpillars on a non-host plant with extrafloral nectaries and 
ants, might reveal if the caterpillars can quickly discover caterpillars with cuticular 
chemicals that do not match the non-host plant.

 Sulphur Butterfly Caterpillars and Ants in a Changing World

Temperature is apparently the most important variable predicting the diversity of 
ants in a given location (Jenkins et al. 2011), and ant ecologists agree there is much 
we still need to know about how changes in the warmest parts of the earth, both wet 
and dry, will be affected by climate change. These parts of the world are currently 
where the greatest ant diversity exists. The same is true for plant diversity, and spe-
cies that are not tolerant of warmer temperatures may migrate higher in elevation or 
further north or south of the equator if connections exist and habitat is available for 
migration (Feeley 2012; Feeley and Rehm 2012).

Development encroaching on natural areas means less wildlife habitat and fewer 
native plants available for species that depend upon them. The host plant range of 
Phoebis philea and P. sennae butterflies includes a number of genera in the Fabaceae, 
and they utilize both native and introduced species (Koptur et al. 2017), making 
them one of the best ambassadors for butterfly gardening in urban areas (Minno and 
Minno 1999). Areas where people live often have more pest control (spraying for 
mosquitoes, fleas, ticks, etc.) that can reduce the numbers of butterflies as well as 
their natural enemies, particularly parasitoid wasps and flies. Depending on the tim-
ing of these chemical controls, the numbers of butterflies may increase when para-
sitoids and predators are suppressed, and at such times the butterflies can be 
numerous and a beautiful sight on city streets. When the timing is wrong, the urban 
landscape can be devoid of not only butterflies but other beautiful and beneficial 
insects, as few insecticides target only problem species.

While P. sennae is native to Florida and the southeastern USA., P. philea is natu-
ralized to Florida, having become established around 1920 from its native range 
further south (Minno and Minno 1999). It is likely that as conditions warm up along 
the east coast of the USA, the range of tolerance of the hostplants will extend further 
north. Perhaps hostplants that require more tropical conditions may move north-
ward and provide new alternative hosts for these butterflies; but likewise, a wider 
variety of Fabaceae-consuming Pieridae may also follow northward.

Camponotus floridanus is native but abundantly present in areas of human habi-
tation, nesting in dead wood on trees and sometimes in man-made structures. 
Solenopsis invicta is an invasive species, outcompeting many native ants and occur-
ring especially around the edges of many natural areas. They are frequent pests of 
developed areas, including home gardens and lawns, and people take many 
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measures to limit their presence as their stings are painful and long-lasting. Wherever 
the sulphur butterfly caterpillars occur in southern Florida, they are likely to encoun-
ter both ant species; as the climate warms, S. invicta is spreading across the southern 
USA and may continue northward over the coming years (Fitzpatrick et al. 2007). 
Perhaps C. floridanus will do the same, as their populations are likely limited by 
freezing temperatures.

 Conclusion

Caterpillars exhibit a broad spectrum of defensive traits, ranging from aposematic 
coloration and the sequestering of plant toxins to aggressive flicks and the flashing 
of osmeteria. Nevertheless, Phoebis spp. maintain large populations, seemingly in 
the absence of any such defenses. It is possible that evasion of ants is due to cuticu-
lar chemicals sequestered from their hostplants that function as chemical camou-
flage to the ants, but this suggestion requires further examination and 
experimentation.
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A larva of Nudina artaxidia (Erebidae) steals honeydew from a monophlebid scale insect attended 
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 Introduction

Caterpillars have a fantastic array of chemical, physical, and behavioral defenses to 
protect themselves against ants (Borges et al. 2014; Darling et al. 2001; DeVries 
1991a; Dyer 1995; Freitas 1999; Honda 1983; Peterson et al. 1987; Rostás 1657; 
Roux et al. 2011; Uemura et al. 2017). Larvae of diverse Lepidoptera are ignored by 
marauding ants foraging on their host plants, either due to chemical manipulation 
and camouflage (Akino et al. 2004; Eubanks et al. 1997; Portugal and Trigo 2005) 
or physical concealment (Bächtold and Alves-Silva 2013; Farquharson et al. 1922; 
Ito and Higashi 1991; Jones et al. 2002; Loeffler 1996; Sendoya and Oliveira 2017). 
Unharmed larvae of various butterfly and moth species are also occasionally known 
to live close to or within ant nests (Fiedler 1991; Kistner 1982; Lamborn et al. 1914, 
iNaturalist #65727498). Larvae that can survive encounters with ants and colonize 
ant territories, whether on host plants or inside structures built by ants, may enjoy a 
range of benefits including reduced competition, enemy-free space, and favorable 
microclimates (Atsatt 1981a; Hinton 1951; Koptur 1985; Saarinen and Daniels 
2006). Passive coexistence of larvae and ants, through physical/chemical protection 
or signaling by larvae, may be an important prerequisite to the appearance of stable 
ant associations in caterpillars (DeVries 1991b; Fiedler 1991) much as in other 
arthropod groups (Cushing 1997; Cushing 2012; Hölldobler and Wilson 1990; 
Parker 2016; Stadler and Dixon 2005; Vantaux et al. 2012). Particularly in tropical 
tree canopies, mosaics of competing ant colonies and ant species play a major role 
in diversifying available host plant niches, structuring caterpillar communities and 
creating specialized niches for those able to coexist with them (Agassiz and Kallies 
2018; Baker et al. 2016; Blüthgen and Stork 2007; Camarota et al. 2020; Dejean 
et  al. 2017; Floren et  al. 2002; Sendoya and Oliveira 2014; Seufert and Fiedler 
1996; Wiens et al. 1993).

In this chapter, we provide an overview of caterpillar-ant associations. A number 
of recent reviews focus on ant associations in Lycaenidae and Riodinidae, including 
Pierce et al. (2002) and Casacci et al. (2019b). Other treatments such as Kistner 
(1982), Hölldobler and Wilson (1990) and Pierce (1995) have reviewed the caterpil-
lars found in nests of social insects. However, ant associations have not been sum-
marized and critically examined across all Lepidoptera since Hinton (1951). Many 
novel relationships have been uncovered in the intervening 70 years, and we discuss 
factors that may contribute to the phylogenetic distribution and biogeography of 
these unusual life histories at the end of the chapter. We have not used comparative 
methods to analyze potential correlates of different forms of ant association, 
although we plan to do so in a subsequent publication that will include additional 
phylogenetic and quantitative life history measurements. Our goal here is to describe 
the full range of natural histories exhibited by these taxa and to identify questions 
that require further study.

Over 70% of species in the large butterfly family Lycaenidae appear to be ant- 
associated, making them the largest single group of lepidopteran myrmecophiles 
(Tables 1 and 2). Two additional radiations of ant associates make up 20% of 
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Table 1 Based on life history records and recent phylogenies, myrmecophily appears to have 
arisen at least 30 times across the Lepidoptera as a whole in at least 17 families (Espeland et al. 
2018; Kawahara et al. 2019; Léger et al. 2021; Mitter et al. 2017; Regier et al. 2015)

Family
Ant-associated 
group

Degree of 
association and 
type of 
relationship 
with ants

Number 
of 
ant- 
associated 
species Distribution References

Psychidae Iphierga, 
Ardiosteres (may 
constitute more 
than one distinct 
group of ant 
associates)

Obligate. Larvae 
feed on debris 
or ants in 
Iridomyrmex or 
other nests

3 species Australia Hinton (1951), 
Kistner (1982)

Tineidae Myrmecozelinae 
(in part may 
constitute more 
than one distinct 
group of ant 
associates)

Obligate. 
Myrmecozela 
ochraceella feed 
on Formica nest 
material and 
possibly also 
ants. Ippa are 
carnivorous and 
along with 
others occur 
with diverse ant 
groups

>8 species 
in >3 
genera

Europe to 
New 
Guinea

Ahn et al. 
(2014), Gray 
(1974), Hinton 
(1951), 
Hölldobler and 
Kwapich (in 
review), Kistner 
(1982), 
Parmentier 
et al. (2014)

Setomorpha 
melichrosta

Obligate (?). 
Larvae feed on 
plant materials 
in fungus 
gardens of Atta 
and Acromyrmex 
leaf-cutter ants

1 species New World 
tropics/
subtropics

Kistner (1982), 
Robinson and 
Nielsen (1993)

Amydria anceps Obligate. Feed 
on fungal 
substrate 
accumulations 
outside of Atta 
nests

1 species Mexico Sanchez-Pena 
et al. (2003)

Tortricidae Hystrichophora 
spp.

Obligate (?). 
Larvae feed 
within Vachellia 
ant-plant 
domatia

3 species East Africa Agassiz (2011), 
Baker et al. 
(2016)

Semutophila 
saccharopa

Facultative (?). 
Trophobiotic 
relationship

1 species Malaysian 
peninsula

Maschwitz 
et al. (1986)

(continued)
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Table 1 (continued)

Family
Ant-associated 
group

Degree of 
association and 
type of 
relationship 
with ants

Number 
of 
ant- 
associated 
species Distribution References

Sesiidae Osmanthedon 
domaticola

Facultative (?). 
Larvae feed on 
Vachellia 
ant-plant 
domatia within 
silk shelters

1 species East Africa Agassiz and 
Kallies (2018)

Cyclotornidae Cyclotorna spp. Obligate. 
Ant-attended 
and parasitic 
within ant nests

12 species Australia Dodd (1902), 
Dodd (1912), 
Pierce (1995)

Coleophoridae Batrachedra 
myrmecophila

Obligate. Preys 
on ant brood

1 species Java Hinton (1951), 
Pierce (1995)

Oecophoridae Stathmopoda sp. Obligate (?). 
Known from 
Oecophylla 
nests

1 species Australia Downes and 
Edwards (2016)

Pyralidae Pachypodistes 
goeldii

Obligate. Larvae 
feed on 
Dolichoderus 
ant nest cartons

1 species Brazil Hinton (1951), 
Pierce (1995)

Stenachroia 
myrmecophila

Obligate. Larvae 
may feed on 
Crematogaster 
brood

1 species Australia Hinton (1951), 
Pierce (1995)

Gen. sp. Obligate (?). 
Found in 
Dinomyrmex 
nest

1 species Borneo Orr et al. (1996)

Gen. sp. Obligate (?). 
Found in 
Oecophylla nest

1 species Cameroon Dejean et al. 
(2017)

Gen. sp. Facultative (?). 
Found only on 
plants with 
Crematogaster

1 species Cameroon Dejean et al. 
(2017)

Gen. sp. Facultative (?). 
Found only on 
plants with 
Oecophylla

1 species Cameroon Dejean et al. 
(2017)

Crambidae Niphopyralis and 
allies

Obligate. Feed 
on Oecophylla 
eggs and brood

4 species Australia, 
Java, and 
Cameroon

Dejean et al. 
(2017), Hinton 
(1951), Pierce 
(1995)

(continued)
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Table 1 (continued)

Family
Ant-associated 
group

Degree of 
association and 
type of 
relationship 
with ants

Number 
of 
ant- 
associated 
species Distribution References

Noctuidae Dyops spp. Facultative. 
Larvae feed on 
Cecropia 
ant-plants 
defended by 
Azteca ants

>10 
species

Central and 
South 
America

Janzen and 
Hallwachs 
(2021, Ramos 
et al. 2018)

Erebidae Coxina spp. Facultative (?). 
Larvae feed on 
Acacia 
ant-plants

1 species Central 
America

Janzen (1967), 
Janzen and 
Hallwachs 
(2021)

Eublemma 
albifascia

Obligate (?). 
Larvae feed on 
Oecophylla 
regurgitations

1 species Cameroon Dejean et al. 
(2016, (2017)

Homodes spp. Obligate (?). 
Larvae feed on 
foliage around 
Oecophylla ants

>6 species Tropical 
Asia and 
Australia

Entomological 
Network of 
Singapore 
(2017), Fiedler 
(1991), 
Holloway 
(2005), Leong 
and D’Rozario 
(2012), and 
additional 
references in 
text

Nudina artaxidia Obligate (?). 
Larvae feed 
from ant- 
attended scale 
insects

1 species Japan Komatsu and 
Itino (2014)

Notodontidae Rosema dentifera Facultative (?). 
Larvae feed 
only on Acacia 
ant-plants

1 species Central 
America

Janzen (1967), 
Janzen and 
Hallwachs 
(2021)

Gen. sp. (near 
Stauropus)

Obligate (?). 
May solicit 
trophallaxis 
from 
Oecophylla

1 species Cameroon Dejean et al. 
(2017)

(continued)
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Table 1 (continued)

Family
Ant-associated 
group

Degree of 
association and 
type of 
relationship 
with ants

Number 
of 
ant- 
associated 
species Distribution References

Saturniidae Syssphinx 
mexicana

Facultative (?). 
Larvae feed 
only on Acacia 
ant-plants

1 species Central 
America

Janzen (1967), 
Janzen (1984), 
Janzen and 
Hallwachs 
(2021)

Hesperiidae Lotongus 
calathus

Obligate (?). 
Larvae build 
nests always 
shared with ants

1 species Malaysia Igarashi and 
Fukuda (1997)

Pieridae Catopsilia spp. Facultative. 
Larvae regularly 
attract ants to 
excretions and 
leaf exudates

>3 species Africa and 
tropical 
Asia

Williams 
(1995-2020) 
and additional 
references in 
text

Lycaenidae Lycaenidae See Table 2. 
Most form 
trophobiotic 
relationships 
with ants

>3830 
species 
estimated

Widespread 
globally

See Table 2

Riodinidae Eurybiina 
(Riodininae: 
Eurybiini)

See Table 2. All 
appear to form 
trophobiotic 
relationships 
with ants

>35 
species 
estimated

Central and 
South 
America

See Table 2

Nymphiidini 
(Riodininae)

See Table 2. 
Most form 
trophobiotic 
relationships 
with ants

> 273 
species 
estimated

Central and 
South 
America

See Table 2

In the absence of detailed phylogenies, we base this estimate on the assumption that a myrme-
cophilous species observed in a clade of taxa whose larvae are not otherwise known to be ant- 
associated is likely to have independently evolved ant association, and for those families that show 
multiple cases of myrmecophily, each also appears embedded in a lineage with other species 
whose caterpillars are not ant-associated. Ant associations in which trophobiotic caterpillars con-
sistently provide ants with food rewards are not as common and to date have only been well- 
documented in Tortricidae, Cyclotornidae, Pieridae, Lycaenidae, and twice in Riodinidae. 
Additional small radiations of caterpillars that appear obligately ant-associated are known from 
Psychidae; at least three groups of Tineidae, Tortricidae, Coleophoridae, Oecophoridae, Crambidae; 
at least four groups of Pyralidae; and three groups of Erebidae, Notodontidae, and Hesperiidae. 
Caterpillars specializing on ant-plants are often poorly described but include numerous additional 
ant-associated taxa as discussed in the text. Please refer to the text for explanation regarding crite-
ria for inclusion as a myrmecophilous species
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species in the closely related butterfly family Riodinidae (Table 2). While caterpil-
lars in these two families are generally characterized as ant mutualists, we discuss 
evidence suggesting that interactions with negative consequences for ants are far 
more common than previously recognized, and that despite appearances, these asso-
ciations might be better characterized as parasitic on the part of the lycaenids or, at 
best, reciprocally parasitic by both parties. Most other ant-associated groups, like 
the Australian moth family Cyclotornidae, are individually species-poor and rarely 
encountered but collectively span almost the entire lepidopteran tree of life and 
display great diversity, particularly in the tropics (Table 1). We show that myrme-
cophilous caterpillars that passively coexist with ants are far more diverse than pre-
viously recognized and suggest that many such caterpillar groups remain 
undiscovered.

 Terminology and Overview

Myrmecophiles are “ant loving” organisms with adaptations that enable them to 
benefit from ant association, and we will refer to them interchangeably as ant asso-
ciates (narrower definitions are also sometimes used: (Hölldobler and Wilson 1990; 
Kronauer and Pierce 2011; Nichols 1989). Specializations that help these species 
find or attract and subsequently stay in contact with ants are important and could be 
considered part of a basic signature of myrmecophily. Ants themselves, their phero-
mones, and even volatiles released by other organisms disturbed by ants are used as 
cues by adults or larvae to find ants, as discussed below. Within Lepidoptera, we 
consider caterpillars ant-associated if we can directly observe or infer from avail-
able evidence that caterpillars or ovipositing females use these cues to locate ants or 
that caterpillars themselves produce secretions or vibratory signals specialized to 
attract ants. Caterpillars may also qualify as ant-associated if they appear special-
ized to live in close proximity to ants on myrmecophytes, plants with a strong mutu-
alistic relationship with ants and that typically provide ants with cavities for shelter.

Obligate ant associates are species that cannot complete their life cycle without 
ants. In cases where full life histories have been well documented, these species are 
easily identified. However, for cases where relationships must be inferred, a species 
is likely to be an obligate ant associate if the caterpillars are never found without 
ants nearby; if caterpillars rely on ants as a food source; if females hesitate or refuse 
to oviposit, even in captivity, without ants present; or if adults are typically only 
observed near the openings of ant nests. In contrast, facultative ant associates are 
sometimes found without ants. Facultative association of caterpillars with ants has 
only been well documented in Lycaenidae and Riodinidae, although it seems likely 
to occur in other groups that have not been so well characterized. Obligate ant asso-
ciates usually associate with ants from only one genus or species, while most facul-
tative myrmecophiles associate with multiple ant genera and subfamilies. A number 
of exceptions exist to these broad generalizations (Eastwood and Fraser 1999; 
Fiedler 2001; Glasier et  al. 2018). For example, the obligately ant-associated 
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Australian lycaenid, Jalmenus eichhorni, is attended by ants from different genera 
during the day and night (Dunn 2007). Larvae of a congener, J. evagoras, are typi-
cally associated with only a few ant species in the genus Iridomyrmex but during 
“breakout” periods of high abundance can readily be found associating with other 
genera (Pierce and Nash 1999).

Like other conditional interactions with ants, caterpillar-ant associations vary 
spatially and temporally, ranging from mutualisms, where both parties derive net 
fitness benefits from their interaction, through to parasitisms, where one party (in 
this case usually the ants) pays a fitness cost due to the association. Many appear to 
be commensal or only mildly parasitic in the sense that caterpillars benefit while ant 
fitness seems largely unaffected.

Many insects produce secretions that serve as a food source to attract and main-
tain a standing guard of ants and are described as being trophobiotic. We refer to 
lycaenid and riodinid caterpillars that do this as ant-attended. We use the term 
non- trophobiotic to describe caterpillars that are not actively ant-attended. The 
term “myrmecoxenous” has been used as a substitute for “non-trophobiotic” in 
recent literature but confusingly describes either a symphile, an insect that is a guest 
in ant nests (Nichols 1989), or a non-myrmecophile, an insect that is simply not ant- 
associated (Kitching and Luke 1985; Paul 1977), so we have avoided using it here.

Parasites found in ant nests often belong to groups that prey on ant-attended 
hemipterans and thus already possess appropriate defensive and feeding-related 
adaptations to coexist with ants (Eisner et al. 1972; Malicky 1970; Pierce 1995). 
These include numerous genera within the subfamily Miletinae [Lycaenidae], 
Shirozua [Lycaenidae], a few riodinids, Eublemma [Erebidae], Cyclotornidae, and 
perhaps Stathmopoda [Tineidae] and Baratrachedra [Coleophoridae]. This pattern 
is not confined to Lepidoptera: ant brood and trophallaxis feeding have been 
reported in species from nearly every prominent hemipteran-associated arthropod 
group, including ladybug beetles (Orivel et al. 2004; Vantaux et al. 2010), flower 
flies (Hölldobler and Wilson 1990), green lacewings (Tauber and Winterton 2014; 
Tauber et al. 2020), and even certain aphids themselves (Salazar et al. 2015).

Many butterfly and moth larvae have ant associations that have been potentially 
overlooked because the relationship is defined largely by its absence: these are cases 
where ants cannot detect or appear indifferent to the caterpillars. These caterpillars 
typically only associate with ants near nests and food sources—habitats that are 
hotspots for lepidopteran ant associates more generally. For example, a veritable 
menagerie of potentially ant-associated Lepidoptera lives on the African ant-acacia 
Vachellia drepanolobium, the dominant tree species in the “black cotton” vertisols 
of East African savannas. Eighteen species of Lycaenidae, some attended by ants, 
were documented on these ant-plants at field sites in Kenya and Tanzania over a 
5-year period (Fig. 1) (Baker et al. 2016; Martins et al. 2013; Whitaker et al. 2019). 
Numerous species of Tineidae, Tortricidae, Sesiidae, Blastobasidae, Gelechiidae, 
and Geometridae have been reared from the swollen thorn ant domatia of V. drepa-
nolobium, and many others feed in the tree canopy (Adamski 2017; Agassiz 2011; 
Agassiz and Bidzilya 2016; Agassiz and Harper 2009; Agassiz and Kallies 2018; 
Baker et al. 2016; Hocking 1970). Some of these species are polyphagous and have 
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Fig. 1 Lycaenid larvae, 
almost certainly Kipepeo 
kedonga (formerly known 
as Chilades kedonga 
(Parmentier et al. 2014)) 
that were abundant in 
swollen thorns of Vachellia 
drepanolobium in Suyian, 
Kenya. (Photo by Dino 
Martins)

Fig. 2 The brown silk 
envelope on the left was 
built by a tortricid 
caterpillar feeding inside a 
thorn domatium of 
Vachellia drepanolobium 
occupied by Crematogaster 
mimosae in Kitengela, 
Kenya. (Photo by Naomi 
Pierce)

been described as having greater abundance in the absence of ants (Agassiz 2011), 
and we would not describe these ones as being ant-associated. The majority are not 
sufficiently well known to be able to characterize them as ant-associated or not.

A few specialist myrmecophiles have nonetheless been documented on ant- 
plants. For example, larvae of Hystrichophora (Tortricidae) build strong, membra-
nous, dome-like shelters within hollowed-out V. drepanolobium domatia that are 
frequently shared with ants (Fig. 2) (Agassiz 2011). Caterpillars of H. griseana are 
common on trees inhabited by colonies of Crematogaster mimosae or C. nigriceps, 
but they are almost never found on trees inhabited by colonies of Tetraponera pen-
zigi (Baker et al. 2016). Similarly, caterpillars of Syssphinx mexicana (Saturniidae), 
Rosema dentifera (Notodontidae), and Coxina spp. (Erebidae) specialize on Central 
American acacias, Vachellia cornigera, and its relatives, which are inhabited by 
aggressive Pseudomyrmex ants, whose defenses the caterpillars are able to over-
come (Janzen 1967; Janzen 1984; Janzen and Hallwachs 2021). The larvae of Dyops 
spp. (Noctuidae) are essentially immune to ant attack and feed on various species of 
Urticaceae, including Cecropia ant-plants defended by Azteca ants (Janzen and 
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Hallwachs 2021; Ramos et al. 2018). Many other species reported from ant-plants 
may prove to be ant-associated upon further investigation. Tunnels and silk shelters 
built by Stenoma charitarca (Oecophoridae), and leaf rolls built by Acrospila gas-
tralis (Crambidae), allow caterpillars to persist on Maieta guianensis plants occu-
pied by Pheidole ants (Vasconcelos 1991), much as certain crambid larvae are 
protected from ants within leaf rolls on Tococa ant-plants (Michelangeli 2003). The 
database of macrocaterpillar food plants of the Area de Conservacion Guanacaste, 
Costa Rica (Janzen and Hallwachs 2021), does not indicate whether caterpillar host 
plants were actually occupied by ants but nonetheless includes dozens of butterfly 
and moth species that have been exclusively reared from ant-plant species, such as 
Lygropia cernalis (Crambidae) from Triplaris melaenodendron, Conchylodes nol-
ckenialis (Crambidae) and Munona robpuschendorfi (Erebidae) from Cordia allio-
dora, and Macalla sp. (Pyralidae) from Cecropia obtusifolia. Many Lycaenidae and 
Riodinidae also prominently infiltrate ant-plants (e.g., DeVries and Baker 1989; 
Eastwood and Fraser 1999; Heredia and Robbins 2016; Heredia and Robbins 2016; 
Kaminski 2008b; Kaminski et al. 2010a; Kaminski et al. 2012b; Kaminski et al. 
2020a; Maschwitz et al. 1984; Sands 1986; Shimizu-Kaya et al. 2015).

Many caterpillar species that do not directly interact with ants are polyphagous 
and occur on different host plants only as they become occupied by ants. For exam-
ple, the obligate ant associations of many species in the butterfly tribe Liptenini 
(Lycaenidae) only became evident based on the observation that the large, attractive 
adults had only been observed around arboreal Crematogaster nests (see discussion 
below). Similarly, Homodes (Erebidae) are large and unusual caterpillars that occur 
on a wide variety of host plants but generally only when the plants are also patrolled 
by Oecophylla ants (see discussion below) (Fiedler 1991; Holloway 2005; Leong 
and D’Rozario 2012; Lokkers 1990). This kind of “cryptic” association probably 
exists even in less charismatic lepidopterans, such as leaf mining micromoths (com-
pare Bily et al. (2008)).

Dejean et al. (2017) undertook the most extensive study to date of the extent of 
ant-caterpillar associations in tropical habitats. Defoliator and nectarivorous cater-
pillars were collected and reared from 50 to 100  m transects of the extrafloral 
nectary- bearing plant Alchornea cordifolia along forest edges in Cameroon, each 
transect exclusively dominated by one of five species of aggressive ants. Each of the 
tree-nesting species Crematogaster striatula, Oecophylla longinoda, Tetramorium 
aculeatum, and Camponotus brutus were represented by 30 transects, along with 10 
transects dominated by the ground-nesting species Myrmicaria opaciventris. Of the 
22 species of caterpillar found, only 1 was found with more than 1 ant species, 
although many were collected from numerous transects. All species showed distinct 
specializations to coexist with ants, including some parasites that could solicit 
trophallaxis or appeared to feed within ant nests. This study may be the first to sys-
tematically document the full spectrum of defoliator and nectarivorous caterpillars 
on a host plant dominated by specific ant species and shows that previously unknown 
ant associations across diverse lepidopteran families can be uncovered by careful 
observations in tropical habitats.
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 Synopsis of Caterpillar-Ant Associations

 Tineidae and Psychidae

Diverse species of Tineidae and Psychidae are known to scavenge exclusively 
within ant nests, encased with debris or protected by silk webbing, and some of 
these probably feed on ant brood or food resources. Pending genus-level phyloge-
nies that may reveal additional origins, ant associations appear to have originated 
independently in at least three tineid clades, represented respectively by the genera 
Myrmecozela, Setomorpha, and Amydria, as well as in the psychid genera Iphierga 
and Ardiosteres; see Regier et al. (2015) for a higher level molecular phylogeny of 
62 representatives of the main lineages within Tineoidea) (Ahn et al. 2014; Gray 
1974; Hinton 1951; Kistner 1982; Parmentier et al. 2014; Robinson and Nielsen 
1993; Sanchez-Pena et al. 1993). Caterpillars in the Palearctic and Oriental genus 
Ippa (Tineidae) have been found in ant nests of Crematogaster (Myrmicinae), 
Polyrhachis, Lasius, Dolichoderus, and Anoplolepis (Formicinae) (Hinton 1951; 
Hölldobler and Kwapich in review). Ippa caterpillars build a flattened protective 
case, and while I. dolichoderella larvae in Java are only known to consume brood, 
I. conspersa larvae in Japan also feed on adult ants (Hinton 1951; Hölldobler and 
Kwapich in review). Although not obligately ant-associated, the free-living larvae 
of Perisceptis carnivora (Psychidae) in Panama build portable defensive cases and 
frequently feed on worker ants (Davis et al. 2008).

 Tortricidae

Malaysian caterpillars of Semutophila saccharopa (Tortricidae) live in silk shelters 
constructed on bamboo and associate with ants from at least seven genera in a man-
ner similar to aphids. Ants feed on the sugar-rich anal droplets provided by the cat-
erpillars. The caterpillars prefer to excrete waste in the presence of ants, but the 
droplets can be withdrawn back into the anus and jettisoned several centimeters 
away from the larval shelter if ants remain unavailable (Maschwitz et al. 1986).

 Cyclotornidae

In the Australian family Cyclotornidae, which comprises the single genus 
Cyclotorna, larvae start out as external parasites of ant-attended leafhoppers or 
scale insects (Fig.  3) (Dodd 1902, 1912; Pierce 1995). Second-instar larvae of 
Cyclotorna monocentra are flattened and produce an anal secretion that attracts 
ants. Workers of Iridomyrmex purpureus carry them into the nest, where they feed 
on brood until leaving to pupate under bark (Epstein et al. 1999; Pierce 1995). The 
Cyclotorna larvae will die if their anal secretions are not removed by ants (Hinton 
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Fig. 3 This was one of 
several Cyclotorna 
(Cyclotornidae) larvae 
found in a Camponotus 
nest in Western Australia. 
(Photo by Jean Hort)

1951). Epipyropidae, the apparent sister group to Cyclotornidae (Hall et al. 2004; 
Heikkila et al. 2015), are ectoparasites of planthoppers and cicadas (Hemiptera) but 
are not known to interact with ants (Pierce 1995).

 Coleophoridae and Oecophoridae

Many Batrachedra (Coleophoridae) prey on scale insects, but larvae of the 
Indonesian species B. myrmecophila feed on ant brood in nests of Polyrhachis dives, 
protected from ants by portable cases (Hinton 1951; Pierce 1995). While several 
Stathmopoda spp. (Oecophoridae) feed on scale insects (Pierce 1995), one 
Australian species builds webs in Oecophylla nests where it may feed on ants 
(Downes and Edwards 2016).

 Pyralidae

Many Pyralidae are associated with ants. Larvae of the Brazilian Pachypodistes 
goeldii (Chrysauginae) chew Dolichoderus gibbosoanalis nest cartons, which they 
use to construct a protective case, and may also feed on the brood (Hinton 1951; 
Pierce 1995). Adults of this species are covered in long, loose setae that are likely to 
help freshly eclosed adults escape attack by ants (Kistner 1982). An Australian spe-
cies, Stenachroia myrmecophila (Galleriinae), may feed on Crematogaster brood 
(Hinton 1951; Pierce 1995). Larvae of other unidentified pyralids have been found 
in Dinomyrmex nest debris in Borneo (Orr et al. 1996) and in Oecophylla nests in 
Cameroon (Dejean et al. 2017). Caterpillar silk weaving may also help herbivorous 
Pyralidae coexist with ants. Dejean et al. (2017) found an unidentified species of 
pyralid that uses silk to cordon off young leaves of Alchornea cordifolia inhabited 
by Crematogaster striatula. Caterpillars of another unidentified pyralid species 
were found only on A. cordifolia occupied by Oecophylla longinoda, in communal 
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caterpillar nests resembling Oecophylla nests from which they emerge at night to 
feed when the ants are less active. Crematogaster ants were recently found nesting 
within a shelter built by larvae of Triphassa (Pyralinae) on an Erica imbricata heath 
in South Africa [iNaturalist #23039584]. More work will be needed to determine if 
this remarkable relationship is coincidental or occurs regularly.

Other than Lycaenidae and Riodinidae, species of Tineidae and Pyralidae are the 
most prominent caterpillar guests in ant nests (Table 1). These species are herbi-
vores, detritivores, and parasites and include the only caterpillars found in colonies 
of ants, such as leaf-cutter ants [Attini], that do not harvest nectar from plants and 
hemipterans (Kistner 1982; Robinson and Nielsen 1993; Sanchez-Pena et al. 2003). 
Other species of Tineidae and Pyralidae feed within social wasp, bee, termite, and 
even communal spider nests (Ahn et al. 2014; Brandl et al. 1996; Davis and Davis 
2007; Deyrup et  al. 2004; Kistner 1982; Pierce 1995). Most Lepidoptera found 
within human dwellings also belong to these two families (Bertone et  al. 2016; 
Linsley 1944). Flexible diets, along with defenses that help larvae avoid aggression, 
may be among the factors that help these families to thrive alongside diverse host 
ant associates, and more species will undoubtedly be found in association with ants 
as new life histories are uncovered.

 Crambidae

In the family Crambidae, at least two lineages in the largely phytophagous subfam-
ily Spilomelinae may be associated with ants. Cirrhochrista saltusalis (Spilomelinae: 
Margaroniini) caterpillars have been found alongside Pheidole ants and Oboronia 
punctatus caterpillars (Lycaenidae) within debris nests constructed by the ants on 
flowerheads, but this cohabitation may be an unusual occurrence (Lamborn 1911; 
Lamborn et al. 1914). Immature stages remain unknown from most Wurthiini, but 
several feed on brood of arboreal ants, in addition to a single phytophagous species 
(Mally et  al. 2019). Niphopyralis aurivillii (Spilomelinae: Wurthiini), a possibly 
chemical mimic of host ants known from Java, feeds on the brood of Polyrhachis 
bicolor and may help maintain the silken nest structure (Hinton 1951; Pierce 1995). 
Another species found in Java, N. myrmecophila, feeds on Oecophylla smaragdina 
brood and has a flattened portable case for protection (Hinton 1951). Niphopyralis 
chionesis is suspected to prey on brood of Oecophylla smaragdina in Australia 
(Pierce 1995), and Dejean et al. ( 2017) found a related larva feeding on Oecophylla 
longinoda eggs in Cameroon (Fig. 4).

 Erebidae

Larvae of lichen moths (Erebidae: Lithosiini) secrete toxins that protect them from 
ants (Chialvo et al. 2018; Palting 2020). Ayre (1958) observed hundreds of British 
Columbian Crambidia casta larvae that sheltered and pupated in Formica nests, 
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Fig. 4 (a, b) Caterpillar 
on an Oecophylla nest in 
Guinea, near Conakry. 
Larvae of this undescribed 
species near Niphopyralis 
(Crambidae) feed 
voraciously on weaver ant 
eggs (Dejean et al. 2017). 
(Photo by Piotr Naskrecki)

although this behavior has not been found in other populations of this species 
(Palting 2020). Larvae of another small lichen moth found in Japan, Nudina 
artaxidia, are obligate associates of Lasius ants and feed on honeydew from scale 
insects, along with lichen (chapter frontispiece) (Komatsu and Itino 2014).

Many Eublemma spp. (Erebidae: Boletobiinae) feed on scale insects, where they 
are concealed from attending ants by a portable protective casing (Dejean et  al. 
2016; Lamborn et al. 1914; Pierce 1995; Susilo and Susilo 2015). In Cameroon, 
Dejean et al. (2016) found that Eublemma albifascia lays eggs on ant nests, and 
first-instar caterpillars are carried into Oecophylla longinoda brood chambers by 
workers. Subsequent instars are fed by ants and steal from trophallaxis between 
workers, and ants groom their bodies and drink their anal secretions. The larvae 
acquire colony odors and do not require physical protection from host ants (Dejean 
et al. 2016). Dejean et al. (2017) found 359 caterpillars of Eublemma albifascia in 
only four colonies of Oecophylla longinoda. Due to their intense trophallaxis 
requirements, Eublemma albifascia parasites generally cause the death of the queen 
through neglect, though their numbers are regulated by some parasitoid wasps 
(Dejean et al. 2016). Eclosed adults are mostly ignored and, if occasionally attacked, 
are protected by long, dense scales (Dejean et al. 2016).
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Fig. 5 (a, b) A weaver 
ant- mimicking Homodes 
larva (Erebidae) in 
Singapore. (Photo by 
Lionel Lim. Soh Kam 
Yung [K. Y. Soh] provides 
another full-habitus view at 
iNaturalist #37480826)

In a few wasmannian ant mimics, the same specialized tactile structures are used 
to integrate with ants and to scare off other predators (von Beeren et  al. 2018; 
Kronauer and Pierce 2011). A few Oriental and Australasian species of the genus 
Homodes (Erebidae: Boletobiinae) occur on a wide range of host plants but never 
far from Oecophylla smaragdina weaver ants (Fiedler 1991; Holloway 2005; Leong 
and D’Rozario 2012, iNaturalist #65316827, iNaturalist #27728866). These cater-
pillars are excellent mimics of Oecophylla ants at both the front and the back, with 
a false head on the posterior abdomen and long clubbed setae resembling ant 
appendages (Fig. 5). Waving these setae not only deters visual predators but appears 
to placate Oecophylla workers (video at https://www.facebook.com/
watch/?v=1938845709677099) (Entomological Network of Singapore 2017). 
Structurally similar, possibly glandular setae are found on the thorax and abdomen 
of related larvae documented on iNaturalist, which are not known to be ant- 
associated [e.g., iNaturalist #21087410, iNaturalist #38085822, iNaturalist 
#21414510]. Lokkers (1990) found ant-mimicking looper moth caterpillars in north 
Queensland exclusively on Oecophylla-occupied trees, which may have been larvae 
of Homodes or another group with a similar life history.
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Fig. 6 Stauropus larva 
(Notodontidae) feeding on 
Salix in Italy. The 
elongated thoracic legs 
help early-instar larvae 
mimic ants and in some 
cases are used to 
communicate with ants. 
(Photo by Paolo Mazzei)

 Notodontidae

Phytophagous larvae of Stauropus and Neostauropus (Notodontidae) have enlarged 
mesothoracic and metathoracic legs used to mimic ants in early instars, and spiders 
once larvae become larger, with a terrifying threat display (Fig. 6) (Poulton 1890; 
Pratt et al. 2016). In Britain, photographer Andy Newman experimentally brought 
together first-instar Stauropus fagi larvae and Formica ants and discovered that lar-
vae were ignored after waving their mesothoracic legs and contacting the ants’ 
antennae [http://www.andynewman.org/html/lobster_moth.html]. Dejean et  al. 
(2017) discovered related larvae in Cameroon that use their enlarged mesothoracic 
legs to solicit trophallaxis from associated Oecophylla longinoda ants. The larvae 
also fed on young leaves and extrafloral nectaries. An unidentified larva of this spe-
cies from southern Nigeria may have also been described by Farquharson et  al. 
(1922). Larvae of Afrotropical Amyops ingens strongly resemble Stauropus larvae 
and have much shorter, but still notably elongated, thoracic legs of unknown func-
tion [(iNaturalist #11244196, iNaturalist #11446507]). Perhaps they are used to 
handle soft-bodied Hemiptera or honeydew as in some Lycaenidae and Riodinidae 
(DeVries and Penz 2000; Dejean et  al. 2017). The biology of these fascinating 
Notodontidae remains largely undocumented; more research is needed to under-
stand their ecology and diversity.

 Papilionoidea (Hesperiidae, Nymphalidae, Pieridae)

With over 900 well-documented and more than 4000 inferred myrmecophilous spe-
cies, the butterfly families Lycaenidae and Riodinidae account for an overwhelming 
proportion of caterpillar-ant associations (Table 2). At least a few butterfly species 
in other families are also ant-associated. Malaysian Lotongus calathus caterpillars 
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Fig. 7 Glistening droplets on spines of larva of Phoebis philea (Pieridae) feeding on Senna mexi-
cana being inspected by an unidentified ant, with a second ant feeding on an extrafloral nectary 
nearby. The droplets are thought to be defensive but may in some cases (depending on the ant spe-
cies, host plant, and location) be strikingly attractive to ants (e.g., photo of Catopsilia pyranthe 
surrounded by Anoplolepis gracilipes ants at http://pureoxygengenerators.blogspot.com/2017/10/
some- nature- finds.html). (Photo by James Spencer, kindly provided by Nadia Spencer)

(Hesperiidae) build leaf shelters that are always shared with nesting Dolichoderus 
ants (Igarashi and Fukuda 1997). Chemically protected larvae of Neotropical Vettius 
tertianus (Hesperiidae) are usually found living with predatory ants in ant gardens, 
although not enough is known of their biology to conclude whether or not they are 
true myrmecophiles (Orivel and Dejean 2000).

Ants gathering to drink from leaf exudates generated by herbivores are not 
uncommon, although rarely analyzed, and result in facultative ant interaction with 
caterpillars of various butterfly and moth species (Fiedler 1991; Larsen 2005). For 
example, Young (1978) observed ants using their antennae to stroke a larva of the 
nymphalid butterfly Mechanitis isthmia in Costa Rica, whereupon the larva would 
withdraw from the leaf edge and allow the ants to drink exudates from the newly cut 
surface. Diverse ants commonly drink from the feeding sites of Catopsilia larvae 
(Pieridae), and some ant species appear to find the caterpillars themselves more 
attractive than the leaf exudates (Williams 1995-2020, iNaturalist #10726006 iNat-
uralist #15027508, http://pureoxygengenerators.blogspot.com/2017/10/some- 
nature- finds.html, https://www.flickr.com/photos/129254524@
N06/16162943814/). Larvae of many Pieridae and Saturniidae produce potent 
secretions to deter ants, and occasional reports suggest that the secretions them-
selves are consumed by ants under rare circumstances (Fig. 7) (Fiedler 1991; Hinton 
1951; Smedley et al. 2002).
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 Ant Association in the Lycaenidae and Riodinidae

Throughout Lepidoptera, only the families Lycaenidae and Riodinidae contain ant- 
associated taxa that number more than a few dozen species. The ability to actively 
attract ants with food rewards and sophisticated signaling may help account for their 
surprisingly massive radiation compared with other ant-associated larvae whose 
interactions are more limited and rarely involve food rewards. Non-trophobiotic 
myrmecophiles are limited to ant “hotspots,” where enemy-free space is strongest 
and unique resources are available: either around ant-attended hemipterans, within 
ant nests, on ant-plants, or within the arboreal territories of highly aggressive ants 
like Oecophylla. Correspondingly, trophobiotic organs in Lycaenidae and Riodinidae 
that obligately occur around ant-tended hemipterans and ant nests are often lost or 
modified, most notably in the lycaenid subfamilies Miletinae and Poritiinae and in 
riodinids like Aricoris arenarum (Kaminski et al. 2020b; Shimizu-kaya et al. 2013).

Recent comparative analyses using a well-resolved tribal level phylogeny of but-
terflies indicate that ant association arose once in the ancestor of the Lycaenidae 
nearly 80 mya, twice more recently in its sister family, the Riodinidae, once in the 
subtribe Eurybiina, and once in the Nymphidiini (Espeland et al. 2018). Thus, simi-
lar traits used in ant-caterpillar associations appear to have arisen independently at 
least three times in these two butterfly families.

 Adaptations of Adults

Ant-related visual and chemical cues are used during mate finding and oviposition 
by many ant-associated Lycaenidae and Riodinidae (e.g., Atsatt 1981b; Casacci 
et al. 2019b; Dejean et al. 2017; DeVries 1997; Elgar and Pierce 1988; Elgar et al. 
2016; Fiedler and Maschwitz 1989a; Fiedler and Maschwitz 1989b; Fraser et al. 
2002; Kaminski et al. 2013; Heath 1997; Henning 1983; Kaminski and Carvalho- 
Filho 2012; Martins et al. 2013; Pierce 1984; Pierce and Elgar 1985; Pierce and 
Nash 1999; van der Poorten and van der Poorten 2016; Pringle et al. 1994; Seufert 
and Fiedler 1996; Williams 1995-2020), even in species that are facultatively ant- 
attended (Mota and Oliveira 2016; Wagner and Kurina 1997) or non-trophobiotic 
(Bächtold et al. 2014; Fiedler and Maschwitz 1989b; Funk 1975; Sáfián and Collins 
2014; Sáfián and Larsen 2009; Rodrigues et al. 2010). Many obligate ant associates 
will not oviposit unless ants are present (e.g., Heath 1997)). Chemical eavesdrop-
ping on ants is widespread among myrmecophiles, and lycaenid adults may detect 
ant pheromones as well as visual cues (e.g., Adams et al. 2020; Kaliszewska et al. 
2015; Sáfián and Larsen 2009; Williams 1995-2020). Visual and chemical cues are 
also used by non-myrmecophiles to avoid ovipositing near ant territories (Freitas 
and Oliveira 1996; Van Mele et al. 2009; Sendoya et al. 2009).

Phengaris (=Maculinea) is one of two lycaenid genera with species whose larvae 
are obligately phyto-predaceous, with eggs laid on specific plant hosts that serve as 
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food for the early instars and that later drop to the ground to be carried by workers 
into the ant nest, where they feed on the brood or solicit regurgitations to complete 
development. Recent research on ovipositing females of Phengaris species has 
started to resolve a longstanding puzzle regarding whether or not these parasitic 
butterflies use ants as cues to locate oviposition sites (Carleial et al. 2018; Casacci 
et al. 2019b; Czekes et al. 2014; van Dyck and Regniers 2010; Fürst and Nash 2010; 
Musche et al. 2006; Patricelli et al. 2011; Thomas and Elmes 2001; Wynhoff et al. 
2008; Wynhoff et  al. 2015). Apparently Myrmica ants nesting at the base of 
Origanum vulgare plants (Lamiaceae) damage the roots and thereby induce the 
plants to release defense-related volatile organic compounds, or VOCs, including 
the monoterpenoid carvacrol and its isomer thymol. Ovipositing females of 
Phengaris arion can detect these compounds and use them to identify plants with 
appropriate ant hosts located beneath them (Pech et al. 2007; Patricelli etal 2015). 
The larvae of other species of Phengaris also feed on host plants in the Gentianaceae 
and Rosaceae (Als et al. 2004), and it seems likely that a similar mechanism exists 
on other host plants whereby damage to plant roots caused by ant colonies nesting 
underground may induce the release of VOCs that attract ovipositing females. Cues 
from a number of different plant families may be used by ovipositing females in this 
way, but this remains to be tested.

Chemical signals seem to mediate ant interactions with adults of many lycaenid 
and riodinid butterflies, generally with ants that are also associated with caterpillars 
(Atsatt 1981a; Farquharson et al. 1922; Fiedler and Maschwitz 1989a; Pierce et al. 
2002). These semiochemicals may be particularly important in species that pupate 
within ant nests (Elfferich 1998; Lohman 2004). Various adult Lycaenidae and 
Riodinidae are inspected or groomed by ants (DeVries 1984; Fiedler and Maschwitz 
1989b; van der Poorten and van der Poorten 2016, iNaturalist #36616206, iNatural-
ist #5526494, iNaturalist #62627204, iNaturalist #56774612, iNaturalist 
#66838365). Adults of most Poritiinae and Miletinae (Lycaenidae) feed exclusively 
from extrafloral nectaries and carbohydrate-rich insect exudates, both frequently 
attended by workers of the same ant species that are associated with their own lar-
vae (Figs. 8 and 9) (Atsatt 1981a; Callaghan 1992b; Cottrell 1984; Dejean et al. 
2017; Farquharson et al. 1922; Fiedler and Maschwitz 1989b). Certain Riodinidae 
may have similar habits (Torres and Pomerantz 2016).

 Adaptations of Caterpillars and Pupae

Before pupation, and in some species whenever not feeding, larvae of diverse 
Riodinidae (e.g., DeVries 1997; Kaminski and Carvalho-Filho 2012; Kaminski 
et al. 2020b; Ross 1966) and Lycaenidae enter special shelters built for them by ants 
(e.g., Eastwood et al. 2005; Eastwood et al. 2008a; Ekka and Rastogi 2019; Webster 
and Nielsen 1984) or the ants’ nests themselves (e.g., Benyamini and Bálint 1995; 
Bury and Savchuk 2015; Mizuno et  al. 2019; Wagner 1995). These cohabitation 
behaviors appear to co-opt existing ant behaviors widely used to shelter 
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Fig. 8 Lachnocnema 
butterflies (Lycaenidae: 
Miletinae) collecting 
honeydew from ant-
attended scale insects in 
Gorongosa National Park, 
Mozambique. (Photo by 
Piotr Naskrecki)

Fig. 9 An adult Miletus 
biggsii (Lycaenidae: 
Miletinae) perches among 
aphid-tending 
dolichoderine ants in 
Thailand. (Photo by Henrik 
Petersen. A related 
Logania malayica perches 
similarly among 
myrmicine ants in another 
photo at iNaturalist 
#50360170)

hemipterans. Many caterpillars in seasonally arid and cold regions enter under-
ground ant nests, likely to escape unfavorable conditions. The need to escape the 
increasingly dry conditions and the associated risk of fires that occurred during the 
aridification of Africa in the Miocene may have been an important driver leading to 
the relatively large number of obligately parasitic relationships found in the dry 
savanna habitats of southern Africa and Australia. These regions are also hotspots 
for myrmecochorous plants, those plants with seeds dispersed by ants (Lengyel 
et  al. 2010), possibly for similar reasons, although the phosphorus-poor soils of 
these regions are also likely to have been important (see discussion below) (Westoby 
et al. 1982). Larvae of a number of species have been reported to follow ant trail 
pheromones, but only a few cases of this behavior have been experimentally con-
firmed (Dejean and Beugnon 1996; Fiedler et al. 1996).

Hinton (1951) noted that ant-attended larvae, even within ant nests, may be 
attacked if ants are sufficiently alarmed by an intruder. Most lycaenid larvae can 

N. E. Pierce and E. Dankowicz



341

retract their head beneath a sclerotized prothoracic plate and are ventrally flattened, 
shielding vulnerable body parts (Ballmer and Pratt 1988; Fiedler 1991; Malicky 
1969; Malicky 1970; Pierce et al. 2002). Larvae that live in close proximity with 
ants may have a wrinkled cuticle up to 20 times thicker than that of other Lepidoptera 
to avoid harm from the occasional bite (Bächtold and Alves-Silva 2013; Fiedler 
1991; Gnatzy et  al. 2017; Malicky 1969; Malicky 1970). In general, those with 
facultative associations with ants have thicker cuticles than those with obligate asso-
ciations, although this depends in part on the mandible size of the ant associates 
(Dupont 2012). Lycaenid caterpillars also generally lack the thrash reflex to distur-
bance found in other Lepidoptera, which can elicit enhanced attack from ants 
(Bächtold and Alves-Silva 2013; Fiedler 1991).

Ant-attended Lycaenidae and Riodinidae possess a variety of multimodal “ant 
organs” to attract and signal to ants via chemicals or stridulation. Cuticular hydro-
carbons and similar substances protect lycaenid larvae from most ant aggression, as 
described in a later section. In addition, many ant-associated lycaenid and riodinid 
caterpillars are attractive to ants, which groom and antennate various parts of their 
bodies. Ants are often drawn to specific parts of lycaenid larvae bearing dense 
single- celled epidermal glands that Malicky (Malicky 1970) described in English as 
“perforated cupola organs” (PCOs). Kitching (g 1983) translated Malicky’s original 
“porenkuppeln” (Malicky 1969) as “pore cupola organs” (PCOs), and this term has 
been adopted generally. PCOs are also found in many pupae (e.g., Duarte et  al. 
2001; Fiedler 1989b; Fiedler and Seufert 1995; Hinton 1951; Malicky 1970; Pierce 
and Nash 1999). PCOs or putative homologs have been found in the larvae of all 
Lycaenidae and Riodinidae that have been examined (Dupont et al. 2016; Fiedler 
1991; Mota et al. 2014; Nielsen and Kaminski 2018; Pierce et al. 2002; Santos et al. 
2014). As a result, Pierce et al. (2002) suggested that PCOs may represent a key 
preadaptation for the radiations of myrmecophilous Lycaenidae and Riodinidae. 
The ant-associated functions of these organs are likely to be convergent given what 
we now know about the phylogeny of these groups. The function of PCOs in non- 
myrmecophilous caterpillars has not been carefully explored: PCOs are widespread 
among caterpillars of non-myrmecophilous Riodinidae as well as the non-myrme-
cophilous family Hesperiidae, where they were originally called “lenticles” 
(DeVries 1991c; Franzl et al. 1984).

Larval PCOs are often concentrated around spiracles and secretory organs (e.g., 
Downey and Allyn 1979; Fiedler 1991; Kitching and Luke 1985; Mota et al. 2014; 
Mota et al. 2020; Pierce and Nash 1999). Many Lycaenidae also have a higher den-
sity of PCOs on thoracic segments that are attractive to ants (Pierce and Nash 1999). 
Comparing related species or different populations of a single species, PCOs may 
be more numerous or productive in larvae that are more closely ant-associated (e.g., 
Ballmer and Pratt 1991; Kaminski et al. 2013).

In addition, a large number of wedge-shaped, dendritic, mushroom, and other 
highly modified setae appear important to ant interactions of various larvae and 
pupae (DeVries et al. 1986; Downey and Allyn 1979; Duarte et al. 2001; Dupont 
et al. 2016; Fiedler 1989a; Fiedler 1991; Hall and Harvey 2001; Hall et al. 2004; 
Kaminski and Carvalho-Filho 2012; Kaminski et al. 2013; Kaminski et al. 2020b; 
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Fig. 10 Plebejus idas 
larva (Lycaenidae: 
Polyommatini) in Italy 
with everted tentacle 
organs (on left), attended 
by Lasius emarginatus 
ants. (Photo by Paolo 
Mazzei)

Pierce et al. 2002). The presence of dendritic setae appears to be strongly correlated 
with the ants’ interest in larvae (Ballmer and Pratt 1991). These specialized setae 
are generally concentrated near PCOs and other secretory organs and may help 
disperse secretions to arouse ants (Ballmer and Pratt 1991). Others are mechanore-
ceptors that respond to attending ants (Tautz and Fiedler 1992).

Tentacle organs (TOs) are paired, typically eversible structures on the eighth 
abdominal segment of many riodinid and lycaenid larvae that are operated hydro-
statically by specialized muscles (Fig.  10) (Basu and Kunte 2020; Gnatzy et  al. 
2017; Hinton 1951; Vegliante and Hasenfuss 2012). While TOs are potentially part 
of the lycaenid and riodinid ground-plan, they are absent in the riodinid subfamily 
Nemeobiinae, the lycaenid subfamilies Poritiinae and Lycaeninae, all of the 
Miletinae except the genus Aslauga, and a few other genera (Campbell and Pierce 
2003; Fiedler 1991; Pierce et al. 2002). Their function is usually defensive and often 
specialized to signal to ants as discussed below.

 Vibratory Signaling

Larvae of various Lepidoptera produce vibratory signals to deter predators, defend 
larval territories, or attract additional larvae (see Yack, Ch. 7) (e.g., Bura et al. 2009; 
Bura et al. 2011; Dookie et al. 2017; Fletcher et al. 2006; Sanetra and Fiedler 1996; 
Yack et al. 2001; Yadav et al. 2017). Stridulations are a widespread method for ants 
to recruit nestmates for foraging or defense and have correspondingly been adapted 
by some larvae to attract attention (Schönrogge et  al. 2017). One of the earliest 
reports of larval stridulation came from naturalist Charles O.  Farquharson, who 
noted a sensation like an electric shock from touching different lycaenid caterpillars 
(Farquharson et al. 1922). Substrate-borne acoustic signals produced by numerous 
lycaenid and riodinid larvae encourage ant attendance and are similar to those made 
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by attending ants (e.g., Fiedler et al. 1996; Lin et al. 2019; Riva et al. 2017; Schurian 
and Fiedler 1994; Travassos and Pierce 2000). Larval sounds or sound-producing 
organs have been observed in all examined ant-attended lycaenid and riodinid lar-
vae and are only known to be absent in some non-myrmecophilous Riodinidae and 
New World Lycaenidae of the tribe Eumaeini (DeVries 1990; DeVries 1991d). 
Some non-trophobiotic larvae are able to produce sounds, but all belong to genera 
that facultatively associate with ants (Elfferich 1998; Pierce et  al. 2002; Riva 
et al. 2017).

The few described sound production mechanisms in lycaenid larvae are all strid-
ulatory (Hill 1993; Schönrogge et al. 2017; Schurian and Fiedler 1994). The stridu-
latory organ of both the larva and pupa of Arhopala madytus is located between the 
fifth and sixth abdominal segments (Hill 1993), as is the stridulatory organ of most 
lycaenid pupae (Downey 1966). However, in the pupa, the file (sixth segment) is 
posterior to the stridulatory plate (fifth segment), whereas in the larva of A. madytus, 
their placements are reversed. The discrete organs giving rise to these substrate- 
borne vibrations have proved difficult to identify in many species. In the Australian 
lycaenid, Jalmenus evagoras, they seem likely to consist of rings of tiny, serially 
repeating teeth and scrapers occurring between each pair of larval abdominal seg-
ments. When the larva is calling, these areas can be seen to vibrate using high speed 
video (Pierce et al. 2002; Travassos and Pierce 2000).

Pupae of Lycaenidae and Riodinidae also produce several types of vibrations, 
including “chirping” noises audible to humans, using plate-and-file stridulatory 
mechanisms located on membranes between abdominal segments 4 and 7 (Downey 
and Allyn 1973; Downey and Allyn 1978). In addition, “tooth-cast” systems, in 
which one opposing structure of the sound-producing organ is an imprint of the 
other, are found in diverse Lycaenidae (Downey and Allyn 1973), as in pupae of 
Nymphalidae and Papilionidae (Dolle et al. 2018). Acoustic signals play an impor-
tant role in ant recruitment and appeasement by myrmecophilous Lycaenidae and 
Riodinidae but are also widespread in non-myrmecophilous pupae, presumably 
serving as deimatic displays to startle predators as in other Lepidoptera (Dodd 1916; 
Dolle et al. 2018; Downey and Allyn 1973; Elfferich 1998; Lin et al. 2019; Pierce 
et al. 2002; Travassos and Pierce 2000).

 Lycaenidae

The Lycaenidae contain over 5000 species in more than 400 genera distributed 
worldwide (Eliot 1973; Espeland et al. 2018; Pierce et al. 2002). Although different 
species vary in the relative strength and context of ant association, all lycaenid sub-
families have species that are either ant-attended or form some kind of regular asso-
ciation with ants (Table 2).
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 Curetinae

The lycaenid subfamily Curetinae consists of a single genus (Curetis) of 18 species 
and is distributed from India to the Solomon Islands (Eliot 1990). The genus is sig-
nificant inasmuch as it is sister to all other Lycaenidae and may illustrate plesiomor-
phic traits shared with riodinids but lost in other lycaenids (Espeland et al. 2018). 
Curetis larvae can produce loud substrate-borne vibrations (Fiedler et  al. 1995). 
Curetis TOs are housed in large, sclerotized cylinders, which evert long filamentous 
processes when the larva is disturbed, exciting nearby ants (videos at https://www.
youtube.com/watch?v=2AAg26XDtgM, https://www.youtube.com/
watch?v=zhSX_7edW44) (DeVries 1984). Much like those of some non- 
trophobiotic riodinids described below (Nielsen and Kaminski 2018), Curetis TOs 
evert and appear to emit repulsive chemicals, in response to ants and other attackers 
including parasitoid flies and wasps (video at https://www.youtube.com/
watch?v=LUKxmq3_6MU) (Ballmer 2015; DeVries et al. 1986; Fiedler et al. 1995; 
de Niceville 1890; van der Poorten and van der Poorten 2016). Ants usually show 
little interest in Curetis larvae but often accompany them to drink from leaf exudates 
where larvae have been feeding (Fig. 11) (DeVries 1984; Fiedler et al. 1995).

The remaining Lycaenidae form a clade that is ancestrally ant-attended (Espeland 
et  al. 2018). Most species of the subfamilies Aphnaeinae, Theclinae, and 
Polyommatinae have a dorsal nectary organ [DNO], a unique slit-like glandular 
invagination on the 7th abdominal segment that produces attractive secretions for 
ants and appears in the 2nd or 3rd instar (Daniels et al. 2005; Fiedler 1991; Hinton 
1951; Pierce et al. 2002). A superficially similar abdominal invagination found in 
Curetinae may be a vestigial DNO or perhaps simply a muscle attachment site 
(DeVries et al. 1986). The DNO contains 2–4 individual glands, which structurally 
and developmentally resemble modified setae (Hinton 1951; Malicky 1970; 
Newcomer 1912; Pierce and Nash 1999; Vegliante and Hasenfuss 2012). Muscles 
around the DNO usually allow it to push upward and extrude liquid droplets or 
retract and suck back these secretions (video at https://www.youtube.com/

Fig. 11 Curetis thetis 
(Curetinae) larva with ants 
in Sri Lanka. (Photo by 
Nuwan Chathuranga)

N. E. Pierce and E. Dankowicz

https://www.youtube.com/watch?v=2AAg26XDtgM
https://www.youtube.com/watch?v=2AAg26XDtgM
https://www.youtube.com/watch?v=zhSX_7edW44
https://www.youtube.com/watch?v=zhSX_7edW44
https://www.youtube.com/watch?v=LUKxmq3_6MU
https://www.youtube.com/watch?v=LUKxmq3_6MU
https://www.youtube.com/watch?v=fCho3Vrt2bU


345

watch?v=fCho3Vrt2bU) (Basu and Kunte 2020; Pierce and Nash 1999). Larvae of 
many obligately ant-attended species have been reported to die in captivity from 
mold and/or infection without ants to remove built-up secretions around the opening 
of the DNO (Cottrell 1984; Hinton 1951; Williams 1995-2020).

Caterpillars of some species have been shown experimentally to deploy their 
DNO secretions strategically, increasing the rate of droplets provided when they are 
vulnerable or under perceived attack and decreasing per capita secretions in larger 
larval aggregations (Agrawal and Fordyce 2000; Axen and Pierce 1998; Axén et al. 
1996; Leimar and Axén 1993). Caterpillars may also increase secretion rates when 
more ants are present; this might allow them to retain a larger retinue of ants (Axén 
2000; Fiedler and Hagemann 1992). Curiously, the dorsal nectary organ remains 
functional in many parasites that enter the ant nest such as Niphanda fusca and spe-
cies of Phengaris, suggesting that secretions from the DNO in these species may 
contain essential substances enabling them to manipulate attendant ants.

The TOs of species in the Aphnaeinae and the Theclinae-Polyommatinae assem-
blage appear to secrete volatile chemicals that excite ants to defend the larva 
(Casacci et al. 2019b; Fiedler 1991; Fiedler et al. 1996; Henning 1983; Pierce et al. 
2002). Lycaenid TOs are most frequently everted to attract ants when caterpillars 
are disturbed or are traveling to a new location or when ant-caterpillar interactions 
first begin (Axén et  al. 1996; Fiedler et  al. 1996; Fiedler and Hagemann 1992; 
Leimar and Axén 1993). Secretions from the tentacle organs of lycaenids have been 
difficult to detect and/or characterize chemically (Gnatzy et al. 2017; Pierce and 
Nash 1999). The TOs of the Japanese species Shirozua jonasi (Theclinae: Theclini) 
were described to contain dendrolasin (Yamagushi and Shirozu 1988), a compound 
found in some ant alarm pheromones (Hölldobler and Wilson 1990). Although the 
chemicals involved are unknown, extracts from the TOs of Aleiodes dentatis 
(Aphnaeinae) were shown to elicit an alarm response from workers of the attendant 
ant species (Henning 1983). Alarm pheromones are also mimicked by many myr-
mecophilous rove beetles and wasps (Stoeffler et al. 2007; Thomas et al. 2002).

In terms of delivery, some authors have speculated that the tentacle organs of 
Lycaenidae might disperse chemical signals that are coated on their long, finely 
branched apical setae when the tentacle is withdrawn into an evagination formed by 
the cuticle (Fiedler et al. 1996; Fiedler et al. 1995; Hinton 1951; Kitching and Luke 
1985; Pierce and Nash 1999; Sanetra and Fiedler 1996). Additional research is war-
ranted, as Gnatzy et al. (2017) carefully examined the histology of these setae and 
found no evidence that they were glandular in nature.

 The Theclinae-Polyommatinae Assemblage

Theclinae and Polyommatinae are both polyphyletic as traditionally defined but 
together form a well-supported monophyletic group (Espeland et  al. 2018). The 
Theclinae-Polyommatinae assemblage is widespread, including over 4000 species 
in nearly 350 genera. Larvae are mostly phytophagous and ant-associated, but 
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Fig. 12 The larvae of 
several species of 
Hypolycaena (Theclinae: 
Hypolycaenini) are 
attended by Oecophylla 
ants, such as this H. erylus 
in Malaysia being 
accompanied as it travels. 
(Photo by Masatoshi Sone)

several lineages are non-myrmecophilous (Table 2, Fig. 12, videos at https://www.
youtube.com/watch?v=GsSlcA0WXnk, https://www.youtube.com/
watch?v=43vmltWoSdo].

With over 1300 species that typically only form facultative ant associations, the 
tribe Polyommatini is the largest tribe of Lycaenidae. Only a few obligately ant- 
associated taxa are known in this tribe outside of the two unique genera, 
Lepidochrysops and Phengaris (Polyommatini). Larvae of the some 130 species of 
Afrotropical Lepidochrysops typically feed on flowers until the 3rd instar, when 
they begin to mimic ant brood and are carried by workers of species of Camponotus 
(subfamily Formicinae) into the nest to feed on brood and/or engage in trophallaxis 
(Heath and Claassens 2003; Henning 1983).

Like Lepidochrysops, the approximately ten species of Palearctic Phengaris (= 
Maculinea) are also phyto-predaceous. The larvae of different species of Phengaris 
initially feed on flowers and in the fourth instar are carried by Myrmica workers 
(subfamily Myrmicinae) into the nest, where different larvae, even those derived 
from eggs laid in the same year, will remain parasitic for either 1 or 2 years (Elmes 
et al. 2019; Thomas et al. 1998; Witek et al. 2006). Acceptance of Phengaris by host 
ants is mediated by specialized chemical mimicry of ant hosts (Akino et al. 1999; 
Casacci et al. 2019b; Casacci et al. 2019a; Nash et al. 2008; Schönrogge et al. 2004; 
Solazzo et al. 2013). Although most Phengaris feed directly on ant brood, a group 
of “cuckoo” species have larvae that specialize on trophallaxis (Als et  al. 2004; 
Thomas and Elmes 1998). Both predatory Phengaris arion and cuckoo Phengaris 
rebeli are nest parasites whose larvae have been reported to produce acoustic signals 
resembling those of their host ant queens and giving them extreme priority in feed-
ing and protection (Barbero et al. 2009a; Barbero et al. 2009b; Barbero et al. 2012; 
Sala et al. 2014; Thomas et al. 2013). Most Phengaris species can parasitize nests 
of multiple ant species, although local populations are often strongly specialized on 
different hosts (Pech et al. 2007; Tartally et al. 2019; Ueda et al. 2016; Witek et al. 
2011; Witek et al. 2008; Sielezniew et al. 2010; Thomas et al. 2013). Phengaris 
arion has become a classic conservation success story, after recognition of its 
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obligate relationship with a single ecologically restricted Myrmica species in the 
UK facilitated the reintroduction of the caterpillar species (Thomas et al. 2009).

First-instar larvae of East Asian Niphanda fusca (Niphandini) feed on aphid hon-
eydew, but later-instar larvae enter Camponotus nests, where they chemically mimic 
male ants and are fed by workers (Hojo et al. 2014a; Hojo et al. 2009). Larvae of 
Phengaris, Lepidochrysops, and Niphanda fusca that enter the ant nest in later 
instars have an unusual growth pattern, growing more than ten times as much once 
in the ant nest as would be predicted from their earlier stages (Elmes et al. 2001). 
Two Afrotropical species of Anthene (Lycaenesthini) are parasites in nests of spe-
cies of Crematogaster (Williams 1995-2020). A few related larvae—Tropical Asian 
Chilades lajus (Polyommatini) and Afrotropical Triclema lamias (Lycaenesthini)—
may prey on aphids and scale insects (Farquharson et al. 1922; Pierce 1995). Many 
other plant-feeding species supplement their larval diet with hemipteran honeydew 
under certain conditions (Fig. 13) (e.g., Pierce and Elgar 1985).

Only a few other parasitic species can be found within the remaining tribes that 
are currently non-monophyletically grouped as Theclinae. All 11 species of the 
Australian genus Acrodipsas (Eastwood and Hughes 2003; Miller and Lane 2004; 
Sands and Sands 2015) and a few species within the mostly phytophagous and 
highly ant-associated genera Ogyris and Arhopala are brood predators in ant nests 
(Braby 2000; Fiedler 2012; Pierce 1995). Palearctic Shirozua larvae mostly feed on 
hemipterans and their excretions but also sometimes on Lasius or Camponotus ant 
trophallaxis (Fiedler 2012; Pierce 1995; Zhou and Zhuang 2018). Shirozua jonasi 
may enter ant nests to pupate, and adults are protected by dense cotton-like hairs 
(Cottrell 1984).

Although widely distributed, over 90% of the approximately 1096 species in the 
tribe Eumaeini are found in the Neotropical region, and all are either non- 
myrmecophilous or facultatively so, usually only sporadically ant-attended. The 
Old World taxa are clustered in a single clade consisting largely of the species-rich 
sections Callophrys, Erora, and Satyrium. Their huge radiation appears to be asso-
ciated with intense sexual selection, as males have a great diversity of secondary 
sexual traits such as brush organs associated with the genitalia and androconial 

Fig. 13 A fourth-instar 
larva of Jalmenus daemeli 
(Theclinae: Zesiini) feeds 
on secretions from a 
margarodid scale, while 
both are tended by workers 
of Iridomyrmex rufoniger. 
These Australian 
caterpillars are usually 
herbivorous but may 
facultatively feed on 
honeydew secretions. 
(Photo by Naomi Pierce)
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Fig. 14 Cycad-feeding 
Eumaeus larvae 
(Theclinae: Eumaeini), 
such as these E. toxea in 
Nayarit, Mexico, are toxic 
and not ant- associated. 
(Photo by Juan Cruzado 
Cortés)

wing scent pads and patches that waft pheromones (Valencia-Montoya et  al. In 
review). Caterpillars of several genera are aposematically colored or bear defensive 
tubercles and scoli, resembling Limacodidae (Fig. 14) (e.g., Kaminski et al. 2010b; 
Silva et al. 2014). Some respond to disturbance by curling their body or hanging off 
the substrate on a silk thread, behaviors otherwise unknown in Lycaenidae (Fiedler 
1991; Silva et  al. 2014). The approximately 175 species in the detritivorous 
Neotropical subtribe Calycopidina have never been reported with ants, but limited 
evidence suggest that some species might be facultatively ant-associated (Duarte 
and Robbins 2010; Nishida and Robbins 2020, supplemental table from Schär et al. 
2018; Silva et al. 2014).

A number of studies have looked at the developmental effects of ant attendance 
on caterpillars of the Theclinae-Polyommatinae assemblage. Different attendant ant 
species differ in their impact on survival and development (Fraser et  al. 2001; 
Kaminski and Rodrigues 2011; Mizuno et  al. 2019; Trager and Daniels 2009; 
Saarinen and Daniels 2006; Wagner 1993). The costs and benefits of ant attendance 
are also borne differently by males and females, probably based on differing physi-
ological demands on adults of each sex to ensure reproductive success (Mizuno 
et al. 2019; Pierce et al. 1987). Measured effects of ant attendance on developmental 
times and adult sizes vary extensively between different species (Baylis and Pierce 
1992; Cushman et  al. 1994; Fiedler and Hölldobler 1992; Fiedler and Hummel 
1995; Fiedler and Saam 1994; Fraser et al. 2001; Kaminski and Rodrigues 2011; 
Mizuno et  al. 2019; Pierce and Nash 1999; Pierce et  al. 1987; Robbins 1991; 
Saarinen and Daniels 2006; Trager et  al. 2013; Wagner 1993). The methods 
employed in quite a few of these studies involve placing ants and larvae together in 
disturbed laboratory environments in order to create an “ant-attended” treatment. 
Controlled experiments using intact ant colonies containing queens and with natu-
rally foraging workers tending caterpillars feeding on live host plants are difficult to 
carry out, but they seem likely to yield different results from treatments in which 
individual workers are simply enclosed with caterpillars feeding on cuttings to sim-
ulate natural tending. For example, field versus laboratory experiments found 
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different effects on developmental times of facultatively ant-associated larvae of 
Glaucopsyche lygdamus (Fraser et al. 2001; Pierce and Easteal 1986).

Leguminous host plant use is broadly correlated with ant attendance within the 
Theclinae-Polyommatinae assemblage (Fiedler 1995; Pellissier et al. 2012a; Pierce 
1985). The relationship may not be causal, but protein-rich foods could help cater-
pillars produce nitrogen-rich secretions for ants. For example, individual larvae of 
Jalmenus evagoras larvae are tended by more ants per capita when they are fed 
higher-quality host plants that have been treated with nitrogenous fertilizer than 
when feeding on lower-quality control plants (Baylis and Pierce 1991). Similarly, 
feeding on flowers may lead to greater larval growth and in some cases has been 
shown to increase the volume of DNO secretions (Burghardt and Fiedler 1996; 
Collier 2007; Pierce and Easteal 1986; Wagner and Kurina 1997). The distribution 
of legumes and their symbiotic bacteria might also exert indirect effects on lycaenid 
biogeography (Steidinger et al. 2019). Feeding on Fabaceae appears to be an ances-
tral state of all phytophagous lycaenid subfamilies with the exception of the 
Lycaeninae (Boyle et al. 2015; Espeland et al. 2018; Fiedler 1991). Thus, the cor-
relation between ant attendance and legume feeding might be more appropriately 
viewed as one where species that switch to less nutritious food sources are unlikely 
to remain ant-attended (Fiedler 1995).

 Lycaeninae

The approximately 110 species of Lycaeninae, which form a sister group to the 
Theclinae-Polyommatinae assemblage, have an unusually wide, disjunct distribu-
tion that includes all major zoogeographic regions. All described species of 
Lycaeninae lack a dorsal nectary organ and tentacle organs, but larvae and pupae 
possess stridulatory organs and sometimes enter ant nests (Bascombe et al. 1999; 
DeVries 1991d; Downey and Allyn 1973; Fiedler 1991; Gibbs 1980; Heath and 
Claassens 2003; Yago et al. 2010). Furthermore, a few species have been reported 
possibly to rely on ants for oviposition, and these caterpillars may also be somewhat 
attractive to ants (Ballmer and Pratt 1991; Fiedler 1989a; Funk 1975; Oliver 2007).

 Miletinae

The lycaenid subfamily Miletinae is notably missing from the Neotropics and west-
ern Palearctic (and has only one species in the Nearctic). All 190 species in 13 
genera are thought to be entomophagous, eating either ants, their regurgitations, or 
ant-associated hemipterans and their secretions (Fig. 15, video at https://www.you-
tube.com/watch?v=ZmCz2UxKaHA) (Cottrell 1984; Eliot 1986; Kaliszewska et al. 
2015; Pierce 1995). Many adult Miletinae have an especially long, sclerotized abdo-
men and legs, possibly to protect against the occasional ant bite while alighting and/
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Fig. 15 This ant-
associated Lachnocnema 
laches larva (Miletinae) 
feeding on treehopper 
nymphs was reared in 
South Africa. (Photo by 
Suncana Bradley)

or ovipositing among hemipteran prey that are being tended by ants (Cottrell 1984; 
Pierce 1995).

Ants intensively palpate and display interest in the larvae of many Miletinae, but 
larvae lack dorsal nectary organs, and only species in the Afrotropical genus Aslauga 
possess tentacle organs (Bascombe et al. 1999; Claassens and Heath 1997; Cottrell 
1984; Dejean et al. 2017; Lohman and Samarita 2009; Pierce et al. 2002). Most 
appear obligately ant-associated (Table 2). Larvae of Oriental and Palearctic Spalgis 
and Taraka spp. and Nearctic Feniseca tarquinius appear facultatively ant- associated 
and are protected by silk shelters or cuticular hydrocarbons of ant-attended prey 
(photos at iNaturalist #57006925 and iNaturalist #14834663) (Cottrell 1984; 
Lohman et al. 2006; Youngsteadt and Devries 2005). Larvae of F. tarquinius pro-
duce vibratory signals that may be ant-related (Mathew et al. 2008).

Kaliszewska et  al. (Kaliszewska et  al. 2015) found that the subfamily of 
hemipteran- attending ant is strongly conserved phylogenetically within Miletinae, 
whereas hemipteran host preference can be quite broad (Fiedler and Maschwitz 
1989b; Lohman and Samarita 2009). For example, lycaenids in the genus Miletus 
appear to associate only with species of ants in the genus Dolichoderus, which 
adults use to find their hemipteran prey. All 27 species in the southern African genus 
Thestor are thought to parasitize ants in the genus Anoplolepis (Formicinae), par-
ticularly A. custodiens (Claassens and Dickson 1980; Clark and Dickson 1971; 
Pringle et al. 1994). While the larvae of the majority of Miletinae feed on Hemiptera, 
later instars may occasionally be carried into the ant nest, where they feed on ant 
regurgitations and sometimes also ant eggs and detritus (Clark and Dickson 1960; 
Clark and Dickson 1971; Heath and Claassens 2000; Heath and Claassens 2003; 
Heath and Pringle 2004; Williams and Joannou 1996).

Caterpillars of the sister genera Liphyra and Euliphyra inhabit the nests of 
weaver ants in the genus Oecophylla (Fig.  16). Oriental Liphyra brassolis and 
Liphyra grandis feed voraciously on ant brood and are protected from occasional 
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Fig. 16 Liphyra brassolis 
larva (Miletinae) 
displaying its highly 
sclerotized, tank- like 
dorsum on the outside of 
an Oecophylla nest in 
Queensland, Australia. 
(Photo by Martin 
Lagerwey)

attack by a thick, bulky “chain link” integument derived from modified setae (Braby 
2000; Dupont et  al. 2016; Pierce 1995). African species of Euliphyra also coax 
trophallaxis, intercept trophallaxis between workers, and steal brood within 
Oecophylla nests (Dejean et  al. 2017; Fiedler 2012). Liphyra pupae are entirely 
enclosed within the hardened exuviae of the last larva instar, or puparium, and 
Euliphyra pupae only partially emerge during larval-pupal ecdysis (Eltringham 
1913). Euliphyra larvae have been shown experimentally to find Oecophylla nests 
by following ant trail pheromones (Dejean and Beugnon 1996), and Liphyra prob-
ably do this as well (Common and Waterhouse 1981; Pierce et al. 2002). Larvae of 
Liphyra, along with those of Thestor, have short, stubby antennae used to seek and 
manipulate prey (Dupont et al. 2016). Adult Liphyra are protected upon eclosion by 
a thick vestiture of greasy, loose scales that slip off in the mandibles of vicious 
attacking ants, similar to several other species that pupate in ant nests (Atsatt 1981a; 
Cottrell 1984; Dodd 1902; Hinton 1951; Pierce 1995).

The Miletinae likely constitute the largest radiation of entomophagous lepidop-
terans (Cottrell 1984; Pierce 1995), and ant association may be linked to the success 
of this dramatic dietary shift. Body plan constraints may limit the success of preda-
tory caterpillars, except around concentrated food resources or in situations where 
there are few competing predators (Pierce 1995)—ant brood and ant-attended 
hemipterans meet both of these conditions. The reverse dietary shift in spiders fol-
lows the same principle: the only two spider species with known specializations for 
plant-feeding are found on well-defended ant-plants with few other herbivores 
(Meehan et al. 2009; Nyffeler et al. 2016; Painting et al. 2017).

 Aphnaeinae

The Aphnaeinae, which along with the Poritiinae are sister to the Miletinae 
(Espeland et  al. 2018), are a largely African subfamily that seems to have been 
ancestrally associated with Crematogaster ants and legume feeding (Boyle et  al. 
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Fig. 17 Cigaritis 
takanonis larvae 
(Aphnaeinae) tended by 
Crematogaster ants in 
South Korea. (Photo by 
iNaturalist user clurarit)

2015). All species whose life histories are known appear obligately ant-associated 
(Fig. 17, Table 2). Moreover, at least one species in each of nine genera is aphy-
tophagous, feeding on hemipterans or the eggs, brood, or regurgitations of ants 
(Boyle et al. 2015; Pierce 1995; Sanetra and Fiedler 1996). One species, Aleiodes 
pallida, is known to feed in early instars on species of Aspalathus (Fabaceae), but 
Heath and Claassens (Heath and Claassens 2000) were able to rear final-instar cat-
erpillars of this species in observation nests of the formicine ant, Lepisiota capensis, 
where caterpillars selectively ate only the ant eggs and not the brood. Additional 
evidence suggests that several other species of Aloiedes may share this ability to 
shift from eating plants to eating ant eggs in the final instar. Other species, with 
exclusively parasitic larval habits, appear in several otherwise phytophagous genera 
(Basu and Kunte 2020; Fiedler 2012; Heath and Claassens 2003; Pierce 1995). 
Many Aphnaeinae depend on the presence of a specific species of ant to oviposit 
(Heath 1997). Dish organs or dew patches are dish-like depressions found on the 
anterior abdomen in several ant-attended genera of Aphnaeinae that appear to pro-
duce reward secretions (Basu and Kunte 2020; Clark and Dickson 1971; Cottrell 
1984; Vegliante and Hasenfuss 2012). Several authors note that caterpillars of dif-
ferent species of Aphnaeinae will die if ants are not present to remove secretions 
from the dew patches and the DNO to prevent them from growing moldy (e.g., 
Heath 1997; Williams 1995-2020). Tentacle organs of aphnaeine larvae are often 
housed in protruding cylindrical bases and can be deployed almost like a cat-o’-
nine-tails to shoo away overly persistent ants from the DNO (video at https://www.
youtube.com/watch?v=Qkd23Pmucmk) (Fiedler 1991).

 Poritiinae

The Poritiinae are a subfamily of lycaenid butterflies with non-trophobiotic caterpil-
lars. The approximately 729 species are divided into two clades: the small Asian 
tribe Poritiini and the large African tribe Liptenini (sometimes split further). Among 
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these, the Liptenini are notable for their lichenivorous diet, although larvae of 
Deloneura have also been recorded feeding on honeydew near ants (Heath and 
Claassens 2003; Williams 2006). Larvae of some species feed on lichens growing 
on bark, rocks, or sticks along the ground and may not be found around ants (Larsen 
2005; Williams 2006). While poritiine larvae in the generally open habitats of 
southern Africa are  generally  facultatively ant-associated (with the exception of 
Deloneura), most species in the wetter forests of West Africa seem to be obligately 
ant-associated (Bampton 1995). Adults of many species are only found around indi-
vidual colonies of arboreal Crematogaster ants (Larsen 2005; Sáfián 2015b), and 
caterpillars of several genera have been reared from ant-infested trees (Callaghan 
1992a; Dejean et al. 2017; Jackson 1937; Sáfián 2015a; Sáfián and Collins 2014; 
Sáfián and Larsen 2009). Over 50% of Poritiinae belong to genera that appear to 
contain obligate ant associates (Table 2). Obligately ant-associated poritiines tend to 
be rare, and some species have only ever been found in association with a single 
arboreal ant colony, raising considerable conservation concern (Larsen 2005; 
Williams 1995-2020). The lack of obligate ant association in some genera of 
Poritiinae is perhaps a secondary loss—except for the Poritiini that remain under-
studied, all major lineages of Poritiinae include species apparently only found on 
trees along with their associated ant species. Together, the subfamilies Miletinae, 
Aphnaeinae, and Poritiinae probably constitute the largest single radiation of obli-
gately ant-associated Lepidoptera.

All caterpillars of Poritiinae are covered in long bristles that appear to repel ants 
(Callaghan 1992b; Dejean et al. 2017). They are probably also chemically defended, 
as larvae of many species interact with ants with no sign of overt conflict (Farquharson 
et al. 1922; Sáfián and Collins 2014; Sáfián and Larsen 2009). Ants are repelled 
from many liptenine caterpillars, perhaps because they secrete toxic chemicals. 
Some species form large larval aggregations, and others appear to be aposematic 
(Sáfián 2015a; Sáfián and Larsen 2009). Tussock moth caterpillars (Erebidae: 
Lymantriinae) protected by defensive glands are sometimes found near poritiine 
caterpillars in Africa and may similarly be associated with arboreal ant colonies 
(Farquharson et al. 1922; Hinton 1951). These lymantriine and poritiine caterpillars 
are visually similar and possibly form a Müllerian mimicry complex (Farquharson 
et al. 1922).

 Riodinidae

Riodinidae are sister to Lycaenidae, and while the 153 genera of Riodinidae are 
distributed worldwide, more than 1400 species are found in Central and South 
America. The ca. 120 Old World species are concentrated in Southeast Asia 
(Espeland et al. 2015; Seraphim et al. 2018). Most Riodinidae are not known to be 
ant-associated and possess long setae and chemical defenses that prevent ants from 
getting too close (e.g., Ballmer and Pratt 1988; DeVries 1988a; Fiedler 1991; 
Kaminski 2008a; Mota et al. 2014; Nishida 2010; Vélez-Arango et al. 2010). Larval 
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Fig. 18 Aposematic 
Emesis aurimna larva 
(Riodininae: Emesidini) in 
Costa Rica. (Photo by Karl 
Kroeker)

aggregation and aposematism are also widespread among riodinids (Fig. 18) (Allen 
2010; Callaghan 1986; Janzen and Hallwachs 2021; Nishida 2010). Recorded ant 
associations are limited to the tribe Nymphidiini and subtribe Eurybiina of the tribe 
Eurybiini, both of which are in the strictly Neotropical subfamily Riodininae 
(Espeland et al. 2015). Almost a thousand riodinid species belong to genera that are 
non-trophobiotic and generally not known to be ant-associated (Table 2).

 Eurybiini

In ant-attended larvae of the subtribe Eurybiina of the riodinid tribe Eurybiini, mod-
ified TOs, called tentacle nectary organs (TNOs), evert to release a drop of fluid that 
ants eagerly drink (Horvitz et al. 1987). However, larvae of the subtribe Mesosemiina, 
sister to the subtribe Eurybiina (Espeland et al. 2018; Seraphim et al. 2018), have 
never been found with ants, and their TOs are protected by defensive bristles 
(Nielsen and Kaminski 2018; Vélez-Arango et  al. 2010). Nielsen and Kaminski 
(2018) found that TOs of these larvae evert and extrude a droplet of liquid when 
attacked by various predators including wasps, biting midges, and lacewing larvae. 
Ants that came into contact with this liquid cleaned themselves and shunned the 
larva (Nielsen and Kaminski 2018). Larvae of Symmachiini (Riodininae), which 
are not ant-associated, also possess tentacle organ openings that may prove to have 
a similar function (Seraphim et al. 2018).

 Nymphidiini

In the riodinid tribe Nymphidiini, all known larvae are ant-associated and typically 
secrete liquid droplets from glandular tissue within the tentacle organs for ants to 
imbibe (Fig.  19) (Callaghan 1986; DeVries 1988b; DeVries 1997; DeVries and 
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Fig. 19 Ant-attended 
Synargis calyce larva 
(Nymphidiini) in Brazil. 
(Photo by Kel Silva)

Penz 2000; Hall and Harvey 2001; Kaminski 2008b; Kaminski and Carvalho-Filho 
2012; Kaminski et al. 2016; Kaminski et al. 2013; Mota et al. 2020; Ross 1964; 
Torres and Pomerantz 2016). The TNOs may be everted most often when the larva 
is vulnerable or attending ants have only started to arrive (DeVries 1988b).

In a handful of related Nymphiidini, a pair of metathoracic anterior tentacle 
organs (ATOs) induce alarm in attending ants, sensitizing them to future threats 
much like the TOs of Lycaenidae (DeVries 1988b, 1997; Kaminski and Carvalho- 
Filho 2012; Kaminski et al. 2016; Penz and DeVries 2006). Brush-like setae at the 
apex of the ATOs likely help disperse volatile chemicals (DeVries 1997; Ross 
1964). DeVries (1988b) found that the ATOs are important for these larvae to main-
tain the attention of attending ants and activate most often when the larva is initiat-
ing contact or vulnerable. Some phylogenetically earlier-branching Nymphidiini 
have thoracic PCO clusters that appear homologous in position to the anterior ten-
tacle organs and similarly excite ants (Kaminski et al. 2013).

Balloon setae, swollen structures on the prothorax, may play a role in myrme-
cophilous interactions in some Nymphidiini that lack ATOs (Kaminski 2008a; Penz 
and DeVries 2006). However, balloon setae appear to serve a largely defensive 
function and are shared by many non-myrmecophilous caterpillars (Fig. 20) (Hall 
et al. 2004; Kaminski et al. 2013; Mota et al. 2014). While Zabuella paucipuncta 
(Nymphidiini) lacks ATOs, a unique cervical gland that is exposed when ants anten-
nate the balloon setae causes the ants to react in alarm (DeVries et al. 2004).

Adaptations for ant attendance have largely been lost in the riodinid genus Stalachtis 
(Nymphidiini), but caterpillars remain facultatively ant-associated, and their cuticle 
appears attractive to diverse ants, much as in some non-trophobiotic lycaenids (Espeland 
et  al. 2015; Seraphim et  al. 2018, https://www.flickr.com/photos/142712970@
N03/33322969114, https://www.flickr.com/photos/142712970@N03/40459961724, 
https://www.flickr.com/photos/142712970@N03/38713147222/, https://www.flickr.
com/photos/142712970@N03/27298752638/, https://www.flickr.com/pho-
tos/142712970@N03/34660951953/, https://www.flickr.com/photos/142712970@
N03/48374845847/).
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Fig. 20 Non- 
myrmecophilous Caria ino 
larva (Riodininae: 
Riodinini) in Texas, 
displaying orange balloon 
setae. (Photo by Joseph 
Connors IV)

Vibratory signals in ant-attended riodinid larvae are produced through several 
different mechanisms. Larvae of ant-attended Eurybiini produce sound by rubbing 
small teeth on the cervical membrane against granulations on the head (DeVries and 
Penz 2000; Travassos et  al. 2008). Larvae of ant-attended Nymphidiini produce 
sounds using vibratory papillae, small rodlike structures on the prothorax that rub 
against granulations on the head. Larvae can adjust the beat frequency of the vibra-
tory papillae, with higher rates attracting more ants. Vibratory papillae of Thisbe 
irenea beat fastest when the larva is stressed, traveling, or during initial contact with 
ants (DeVries 1988b).

Riodinidae in several genera have independently evolved hemipteran diets 
(DeVries 1997; Mota et al. 2020). Many species in both Eurybiini and Nymphidiini 
cohabit with ants, including a single species, Aricoris arenarum, in which the first 
two instars steal honeydew from ant-attended hemipterans and solicit trophallaxis, 
and later instars feed by trophallaxis within Camponotus nests (DeVries 1997; 
Kaminski et  al. 2020b; Robbins et  al. 1996). Another riodinid caterpillar was 
recently found preying on ant brood in arboreal nests of Neoponera villosa (Rocha 
et al. 2020). As in the Lycaenidae, adults of aphytophagous Riodinidae frequently 
have greasy wings that may help them to escape ants (DeVries 1997; Espeland et al. 
2015; Hall and Harvey 2002), and the greasiness of wings has been used to success-
fully predict larval diet in at least one instance (Hall 2007; Mota et al. 2020). The 
TNOs no longer secrete rewards in ant-associated hemipterophagous riodinids, but 
still signal to ants (Kaminski et al. 2020b; Mota et al. 2020), much as nectary organs 
have been lost in the predatory lycaenid subfamily Miletinae. The predatory larvae 
of Neotropical Pachythone spp. (Mota et al. 2020) are also remarkably convergent 
in appearance and adaptive morphology to the ecologically similar larvae of 
Afrotropical Aslauga spp. (Lycaenidae: Miletinae) (Dejean et al. 2017).
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 Mutualism and Manipulation: Caterpillar-Ant Trophobiosis 
in Lycaenidae and Riodinidae

All ant species known to tend trophobiotic caterpillars are agricultural in the sense 
that they also harvest plant extrafloral nectar and the honeydew produced by 
Hemiptera (DeVries 1991b; Eastwood and Fraser 1999; Fiedler 2001, 2006; Pierce 
and Elgar 1985). They include genera such as Iridomyrmex, Oecophylla, 
Camponotus, and Crematogaster that are among the most dominant ants in the 
regions where they occur, with wide distributions and large colony sizes that are 
often polydomous in structure. Caterpillars may take advantage of ant preadapta-
tions to harvest carbohydrate rewards, which are essential resources for ants in 
many environments (Blüthgen and Fiedler 2002, 2004; Blüthgen et  al. 2003; 
Davidson et al. 2003; Dejean et al. 2007; Grover et al. 2007; Kaspari et al. 2020; 
Kaspari et al. 2012; Pohl et al. 2016; Ribas and Schoereder 2004). Although bio-
chemically modified to attract ants in many species, hemipteran honeydew is an 
excrement, produced whether attendant ants are present to collect it or not (Stadler 
and Dixon 2005). Semutophila saccharopa (Tortricidae) are the only caterpillars 
that produce sugar-rich excrement for ants in a manner similar to aphids. In contrast, 
lycaenid and riodinid larvae produce secretions tailored specifically for their ant 
associates and released from specialized exocrine glands. This distinction is an 
important one because exocrine glands provide opportunities for lycaenids and rio-
dinids to fine-tune their secretions to manipulate ant behavior, without necessarily 
providing nutritious rewards.

Ants, although they confer substantial overall benefit to aphid populations, 
sometimes consume honeydew-producing hemipteran mutualists, particularly when 
alternative carbohydrate sources are available (Offenberg 2001; Shibao et al. 2009; 
Silveira et  al. 2010; Stadler and Dixon 2005). In contrast, ants have been rarely 
reported to attack lycaenid larvae except under unnatural circumstances in captivity. 
Ants suffer a serious opportunity cost when they invest in protecting caterpillars 
rather than preying on them, especially facultatively ant-attended lycaenids whose 
secretions may provide poor-quality rewards. The striking absence of overt ant pre-
dation also suggests that lycaenid caterpillars must be able to manipulate ants, at 
least sufficiently to avoid aggression (Fiedler 1998a; Fiedler et al. 1996).

A number of lycaenid larvae mimic the cuticular hydrocarbon (CHC) profiles of 
host plants or ants or conceal themselves entirely by lacking recognizable mole-
cules (Barbero 2016; Inui et al. 2015; Lima et al. 2020; Lohman 2004; Morozumi 
et al. 2019), much as reported for different honeydew-producing hemipterans (Endo 
and Itino 2013; Silveira et al. 2010). This “cloak of invisibility” can ensure that a 
caterpillar is not attacked by the ants, even if it is not actively tended. CHC mimicry 
of ants plays an intimate role in the adoption of parasitic species like Phengaris by 
host ants, as reviewed by Barbero (2016) and Casacci et al. (2019b). Chemical dis-
guise may be observed in other groups when more lycaenid species are studied, but 
it is clearly not universal (Hojo et al. 2014a; Omura et al. 2009). Other mechanisms 
might also exist to avoid ant predation. Pupae of facultatively ant- attended Lycaeides 
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argyrognomon, which sometimes cohabit with Camponotus or Formica host ants, 
have been found to subdue ant aggression through the presence in their cuticle of 
several long-chained aldehydes not seen in larvae (Mizuno et al. 2018).

DNO and TNO secretions contain amino acids and carbohydrates and have been 
studied in about ten species (Cushman et  al. 1994; Daniels et  al. 2005; DeVries 
1988b; Pierce and Nash 1999; Pierce et al. 2002; Wada et al. 2001). Secretions of 
obligate or steadily ant-attended larvae have a higher nutritive content than those of 
less myrmecophilous species (Daniels et al. 2005).

Aphid mimicry may be one way that facultatively attended larvae attract ants. 
Melezitose is an aphid gut compound that serves as an attractant for aphid-attending 
ant workers and is a major component of the nectary secretions in Polyommatus 
icarus and Zizeeria knysna [Polyommatini], one of the few  well-studied species 
whose caterpillars are weakly attended (Daniels et  al. 2005; Depa et  al. 2020; 
Detrain et al. 2010; Vantaux et al. 2011).

Hojo et al. (2015) determined that the facultatively ant-attended Japanese lycae-
nid Arhopala (=Narathura) japonica produces DNO secretions that manipulate the 
dopaminergic pathway in the brains of their attendant ants, workers of Pristomyrmex 
punctatus. Reduced levels of dopamine are correlated with a reduction in worker 
activity levels (thereby increasing their fidelity to the caterpillar) and heightening 
aggression toward intruders. Specialized cuticular hydrocarbons (CHCs) of 
A. japonica act as a signal to host ants that they learn to associate with reward after 
attending larvae (Hojo et al. 2014a).

The parasitic species Niphanda fusca has larvae that secrete primarily only tre-
halose and glycine for host Camponotus japonicus ants (Hojo et al. 2008; Wada 
et al. 2001). Glycine alone is ignored by ants at low concentrations but acts as a 
manipulative “umami” taste enhancer substance when added to trehalose, increas-
ing host ant interest in this specific sugar (Hojo et al. 2008; Wada et al. 2001). The 
relative simplicity of this “umami” mechanism for taste enhancement (i.e., the cou-
pling of an amino acid or small peptide with a sugar reward) makes it an attractive 
candidate for further research into how and why lycaenid caterpillars can be so 
extremely attractive to their associated ants. However, these same taste preferences 
are not shared by the closely related Camponotus obscuripes, indicating that lycae-
nid secretion components may be specialized to individual ant species (Hojo 
et al. 2008).

By comparing the foraging behavior of colonies of the attendant ant species, 
Iridomyrmex mayri, fed on high-protein, high-carbohydrate, or mixed diets, Pohl 
et al. (2016) showed experimentally that the nutritional state of the attendant ant 
colony influenced the number of attendant workers foraging on larval secretions 
from the Australian lycaenid, Jalmenus evagoras (Fig. 21). Workers from colonies 
fed on either carbohydrate- or protein-restricted diets were inconsistent in their 
compensatory behavior. Those on low-carbohydrate diets compensated by foraging 
more on sugars, but those on low-protein diets did not show compensatory behavior 
by foraging more on amino acids. However, workers from colonies that were diet 
restricted were significantly more interested in foraging on secretions from the lar-
vae than those from well-fed colonies. Workers were not strongly attracted to the 
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Fig. 21 Jalmenus 
evagoras larval 
aggregation (Theclinae: 
Zesiini) in Victoria, 
Australia. (Photo by Ron 
I. Greer)

amino acid serine, which had been thought to be the primary amino acid in Jalmenus 
evagoras larval secretions (Pierce 1984) nor did they show an “umami” response 
when serine was coupled with sugar. More recent analysis suggests that glutamine 
rather than serine is the primary amino acid in J. evagoras larval secretions (Zemeitat 
2017), and further work will be necessary to explore the relationship between larval 
secretions and ant attendance. The chemical composition of liquid secretions pro-
duced by different species of ant-attended larvae varies depending on the species 
and seems likely to be shaped at least in part by the feeding preferences of the ants 
that attend each caterpillar species (Daniels et al. 2005; Pierce 1984).

Certain obligate lycaenid-ant associations may provide sufficient fitness benefits 
to both partners under some conditions to warrant being classified as mutualists 
(Cushman et al. 1994; Fiedler and Maschwitz 1988; Fiedler et al. 1996). For exam-
ple, caterpillar secretions from the Australian Jalmenus evagoras confer a net ben-
efit in terms of positive growth rates (potentially resulting in a greater production of 
alates) for colonies of its most common ant associate, Iridomyrmex mayri (Pierce 
et al. 1987).

However, even associations with larvae of Jalmenus evagoras may sometimes be 
detrimental to ants. Under experimental conditions, small ant colonies grew faster 
when allowed to collect secretions from Jalmenus evagoras larvae, but colonies 
provided with only one larva grew significantly faster than colonies given access to 
five larvae, although this may have been because larvae were allowed to aggregate 
on the host plants (Nash 1990; Pierce and Nash 1999). Subsequent experiments 
showed that once small groups of workers and brood passed below a minimum ratio 
of workers to brood, workers would consistently chose to tend J. evagoras larvae 
and neglect their own brood, allowing them to perish (Merrill 1997; Pierce and 
Nash 1999). As has been demonstrated for symbioses more generally, whether the 
relationship is mutualistic or parasitic varies spatially and temporally and is influ-
enced by a number of factors (Madeiros et al. 2018; Thompson 2005; Warren et al. 
2019). In the case of caterpillar-ant interactions, this context dependency can 
include the size of the ant colony, the availability of alternative resources, the num-
ber of caterpillars, and the relative cost of their defense.
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In certain contexts, manipulation can stabilize mutualisms (Heil et  al. 2014; 
Sachs 2006). However, the manipulation and asymmetry seen in typical lycaenid- 
ant associations suggest that despite their superficial similarity to honeydew- 
secreting insects such as aphids, the majority of phytophagous lycaenids might best 
be viewed as only rarely mutualistically associated with ants and more often mildly 
parasitic upon them. This association could also help to explain why lycaenids are 
unusually prone to shifts to overt parasitism and obligate aphytophagy (Sachs and 
Simms 2006). A number of different ant species are obligately dependent upon 
associated plants, fungi, and even hemipterans, but it is perhaps significant that none 
are known to be obligately associated with caterpillars (Chomicki and Renner 2015; 
Eastwood and Fraser 1999; Ivens 2015).

Because many non-trophobiotic and trophobiotic caterpillars associate with the 
same species of ants, the primary advantage for trophobiotic caterpillars seems to be 
that they can attract ants with additional food rewards, not simply that they are able 
to appease them. There are many reasons why myrmecophilous lycaenids may uti-
lize ants for defense rather than relying on toxic secondary compounds or other 
means of caterpillar protection. Different circumstances in combination with factors 
such as larval size or feeding activity can influence predation risk for non- 
myrmecophilous caterpillars (Berger et  al. 2006; Bernays 1997; Dmitriew 2011; 
Gotthard 2000; Mänd et al. 2007). Selection will favor conditional ant association 
for protection if maintaining an ant guard is both possible and metabolically less 
expensive than other means of defense (see discussion below) (Mizuno et al. 2019; 
Wagner 1993). Different attending ant species can confer significantly different lev-
els of protection (Fraser et al. 2001), but predation or parasitism rates are typically 
many-fold higher in the absence of ants, both for facultative and obligate ant associ-
ates (Atsatt 1981a; Forister et  al. 2017; Kaminski et  al. 2010a; Rodrigues et  al. 
2010; Peterson 1993; Pierce and Easteal 1986; Pierce and Mead 1981; Thomas et al. 
2020; Weeks 2003). For example, the obligately ant-associated juveniles of the 
Australian lycaenid, Jalmenus evagoras, suffered nearly 100% mortality from para-
sites and predators when ants were experimentally removed (Pierce et al. 1987), and 
even the facultatively attended larvae of the North American lycaenid, Glaucopsyche 
lygdamus, were shown experimentally in one field season to suffer up to a 12-fold 
difference in mortality without ants (Pierce and Easteal 1986).

Highly specialized parasitoids and predators may seek out myrmecophilous cat-
erpillars by using chemical or vibrational cues from their associated ants to locate 
their prey (e.g., Dejean et al. 2016; DeVries 1991b; Elgar et al. 2016; Fiedler et al. 
1992; Pierce and Nash 1999; Thomas and Elmes 1993; Thomas et al. 2002). In situ-
ations like this where specialized enemies use attendant ants to find their prey, selec-
tion might favor the loss of ant association. Ant associations in plants and insects are 
prone to frequent loss or modification, and Lepidoptera are no exception (Chomicki 
and Renner 2015; Sachs and Simms 2006; Stadler and Dixon 2005; Weber and 
Keeler 2013; Yao 2014). For example, several Australian species in the obligately 
ant-associated lycaenid genus Hypochrysops have likely either lost ant association 
(Hypochrysops byzos, H. pythias) or become facultatively associated with them 
(H. polycletus) (Braby 2000). In another Australian genus, Ogyris, while most 
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species have caterpillars that are never found without ants, often with only a single 
genus or species, the clade containing Ogyris amaryllis, O. oroetes, O. olane, and 
O. barnardi has lost or greatly reduced facultative ant associations (Eastwood and 
Fraser 1999; Schmidt and Rice 2002). The Taraka-Spalgis-Feniseca clade 
(Lycaenidae: Miletinae) and several genus-groups of Poritiinae represent other 
cases where phylogenetic studies will probably reveal extensive secondary loss of 
obligate ant associations. Ant associations appear lost most frequently in faculta-
tively ant-associated groups of the Theclinae-Polyommatinae assemblage, a pattern 
also observed in facultative associations more generally (Chomicki et al. 2020).

Like many classic symbioses, ant-caterpillar associations typically have addi-
tional hidden partners. Hemipteran-ant mutualisms often benefit host plants 
(Campbell et al. 2013; Pringle et al. 2011; Styrsky and Eubanks 2007), and host 
plants may similarly benefit when lycaenid and riodinid caterpillars attract ants that 
drive away other herbivores and deposit nutrients, as recently documented for 
Euchrysops cnejus caterpillars attended by Camponotus ants on Vigna plants in 
India (Ekka et al. 2020).

 Abiotic Effects, Obligate Associations, and Biogeography

One of the more significant insights gained in recent years from a worldwide con-
sideration of the drivers of interspecies symbiosis (e.g., Kaspari 2020; Steidinger 
et al. 2019) is the importance of abiotic factors in determining the distribution of 
species interactions such as those seen between caterpillars and ants. Pierce (1987) 
pointed out a striking pattern in the biogeographic distribution of lycaenid-ant inter-
actions: obligate interactions are considerably more common in the Southern 
Hemisphere, particularly Australia and Southern Africa, compared to those in the 
Northern Hemisphere, including the Nearctic and Palearctic. These patterns appear 
to extend into wet tropical Africa and Southeast Asia, where life histories of 
Lycaenidae are comparatively less well-documented. All but one tribe of lycaends 
has representatives in both hemispheres, and thus this pattern cannot be explained 
by a single vicariance event involving ant-associated and non-associated lineages. 
Rather, it is due to a heterogenous distribution of tribes with different levels of ant 
association, with Poritiinae, Aphnaeinae, Miletinae, and strongly ant-associated 
genera of Theclinae-Polyommatinae generally limited to the Afrotropical, Oriental, 
and Australasian regions. In the same way, ant-associated Riodinidae and other 
Lepidoptera are almost entirely limited to the Neotropical, Afrotropical, Oriental, 
and Australasian regions (Table 1).

Two nonexclusive explanations for this pattern include (1) climate differences 
and (2) bottom-up effects of soil micronutrients and precipitation that affect plants, 
microbes, and species that interact with them (e.g., Steidinger et  al. 2019). For 
example, the phosphorus-poor soils of southern Africa and Australia have been 
evoked as potentially playing a role in the high percentage of ant-dispersed myrme-
cochorous plants in these areas (Westoby et al. 1982). Research has accumulated 
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over the past 25 years in what Kaspari has called “ionic ecology” (Kaspari 2020), 
demonstrating the importance of the stoichiometry of essential elements like Na, P, 
Cl, K, Mg, and Ca that flux across membranes of organisms at different tro-
phic levels.

Functional mechanisms involving different species are complex and undoubt-
edly vary depending upon the circumstances, but numerous experiments at a variety 
of spatial scales focusing on invertebrates ranging from termites (with a rich gut 
microbiome) to caterpillars (largely devoid of a gut microbiome) have shown that 
levels of accessible environmental sodium either from direct access through soil or 
“mud puddles” or indirectly through plant tissues consumed by herbivores can have 
an enormous effect not only on the abundance and distribution of invertebrates but 
also on the entire network of parasites and predators interacting with them (Baker 
et al. 2020; Kaspari 2020). The significance of these results in considering caterpillar- 
ant interactions seems especially clear given the trophobiotic nature of most of their 
associations. Coping mechanisms are required in habitats with soils that are poor in 
phosphorus: an essential, rare, and limited nutrient needed for ribosomes, ATP, and 
nucleic acids. For insects with gut microbiota, movement into the cell can be facili-
tated by bacteria with surface proteins that can cotransport Na-P across membranes 
(Werner and Kinne 2001). This means that sodium can be at a premium for organ-
isms with microbial associations like ants because of its role in facilitating cotrans-
port of phosphates into cells of their symbionts (Kaspari 2020). A growing body of 
research has shown that the availability of sodium and phosphorus can place con-
straints on ant growth (Bujan et al. 2016; Goitía and Jaffé 2009; Kaspari et al. 2008, 
2009, 2020). Any mechanism that could enhance sodium acquisition and/or facili-
tate sodium ion transport might be especially favored in regions where soils have 
low phosphorus or sodium.

For plants, this could be achieved through extrafloral or floral nectars or through 
seeds with attractive eliasomes. For caterpillars, this could perhaps be achieved with 
secretions and could explain the appearance of obligate, intense ant associations in 
arid habitats with low phosphorus soils such as those found in central Australia and 
Southern Africa. The same ability to attract and manipulate ant partners would not 
exist in habitats with well-fertilized soils because ants might not be limited by 
essential micronutrients in the same way. This difference in soil fertility could also 
help to explain in part why ant plants are restricted to the tropics. For example, 
although the genus Macaranga is widely distributed in the Old World tropics, the 
clade containing ant plants occurs in West Melanesian rainforest, a region also char-
acterized by phosphorus-poor soils (Davies et al. 2001). Similarly, natural variation 
as well as experimental manipulations in nutrient exposure of obligately associated 
ant plants ranging from Cordia and Cecropia in the Neotropics to Macaranga and 
Vachellia in the Old World tropics have resulted in differences in plant growth rates 
and turnover of ant inhabitants (Folgarait and Davidson 1995; Heil et  al. 2001; 
Pringle et al. 2013).

Aridification has played an additional role in affecting ant associations, both by 
driving caterpillars to seek shelter and possibly food in ant nests (Espeland et al. in 
review) and by generating extremes in the distribution of soil micronutrients over a 

N. E. Pierce and E. Dankowicz



363

large spatial scale (Bui et al. 2014). It seems no coincidence that relatively high 
levels of ant association are observed in caterpillar-ant interactions in Australia, 
Southern Africa, and the Cerrado of Brazil.

Finally, differences in soil composition across large spatial scales may have also 
played a more important role in shaping ant association across landscapes of the 
Southern Hemisphere including Australia and Southern Africa because weathering 
and erosion processes have taken place in the absence of the kind of severe, cyclical 
history of glaciation observed in the Northern Hemisphere (Hopper 2009). This 
explanation has the advantage of accounting for different levels of obligate associa-
tion in similar temperate climates of the Western Palearctic (Fiedler 1998b) versus 
in Australia (Pierce 1987).

Experimental evidence suggests that seasonal temperature fluctuations can break 
up established partnerships by disrupting ant ecological partitioning. Ant territorial-
ism on caterpillar host plants seems to facilitate obligate ant-caterpillar association, 
as exemplified by species of aggressive, tropical, arboreal Oecophylla and 
Crematogaster found with diverse specialized Lepidoptera. Ecologically dominant 
ant species typically have the most abundant and aggressive workers, and their large 
colonies create stable, high-quality habitats for myrmecophiles (Eastwood and 
Fraser 1999; Fiedler 1991; Fiedler 2001; Fiedler 2006; Hölldobler and Wilson 
1990). The combined suitability of a host plant to feed on and enemy free space 
afforded by the ability to appease otherwise threatening ants can create “ecological 
islands” of opportunity for obligately specialized myrmecophilous Lepidoptera, 
and this can have strong effects on their subsequent diversity through restriction of 
population size and/or structuring of populations (Eastwood et al. 2006; Pellissier 
et al. 2012; Pierce et al. 2002; Schär et al. 2018). This helps explain why New World 
Eciton and Old World Dorylus army ant species, although the former have the most 
diverse myrmecophile communities known, do not have caterpillar associates—
their lepidopteran interactions are restricted to a few species of Papilionidae, 
Hesperiidae, and Nymphalidae whose adults use ant columns to find nitrogen-rich 
bird droppings (Ivens et al. 2016; Kistner 1982; Rettenmeyer et al. 2011). The for-
aging strategies of army ants afford little opportunity for caterpillars, which are rela-
tively sedentary and typically herbivores, to form stable associations (Pierce 1995; 
Powell et al. 1998). Ant partners in temperate regions might also be less desirable 
due to the various documented effects of climate on colony traits and community 
structure (Dunn et al. 2010; Dunn et al. 2009; Kaspari and Vargo 1995; Kaspari 
et al. 2000).

Besides making suitable ant partners difficult to find, climate fluctuations in tem-
perate areas might increase caterpillar developmental times and reduce access to 
nutritious host plants (Fiedler 2006; Pellissier et al. 2012a). These hypotheses are 
supported by the observation that obligate ant associates in temperate areas gener-
ally spend most of their life cycle within ant nests, where nutritious food sources, 
favorable microclimates, and attendant ants are always available (Fiedler 2006). 
Caterpillar life histories are generally more specialized and diverse in the tropics 
(Dyer et al. 2007; Forister et al. 2015). Further studies are needed to elucidate the 
underlying ecological causes.
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Fig. 22 Geographical distribution of ant associations in Lycaenidae. Known and inferred lycaenid 
life histories reported in Table 2, or the lack thereof, were cross-referenced with regional catalogs 
in (Braby 2000; Ek-Amnuay 2012; van Gasse 2013; Hardy and Lawrence 2017; Lamas et al. 2004; 
Opler 1992, 1999; Parsons 1999; Seki et  al. 1991; Tshikolovets 2011; Williams 1995-2020). 
Facultative associates are often more widely distributed than obligate associates, and they may 
comprise an increasingly large fraction of total species when looking at small, disturbed, or iso-
lated regions

Whether based on climate, soils, the availability of required ants, or other factors, 
only non-myrmecophilous or flexible, facultative ant associates in the families 
Lycaenidae and Riodinidae are found extensively beyond the Old World and New 
World southern zoogeographic regions (Fig.  22). The Lycaenidae are thought to 
have originated in the Old World tropics, where extant phylogenetic diversity 
remains heavily concentrated (Espeland et  al. 2018). Only five lycaenid groups 
occur substantially beyond the Old World tropics and subtropics into the Palearctic, 
and all five have also entered the New World through Beringia or across the Atlantic 
(Fric et al. 2019; Gompert et al. 2008; Vila et al. 2011): the Spalgis-Taraka-Feniseca 
clade [Miletinae], the subfamily Lycaeninae, and the tribes Theclini, Eumaeini, and 
Polyommatini of the Theclinae-Polyommatinae assemblage. Except for a handful 
of obligately associated species of Polyommatini found within otherwise faculta-
tively associated genus groups, species in these groups are all largely facultatively 
ant-associated or not ant-associated (Table 2, Fig. 23). The Riodinidae have diversi-
fied primarily in the Neotropics. A single lineage within the subfamily Nemeobiinae 
has colonized the Old World, most likely via Beringia, with a secondary return to 
the Neotropics of the genera Styx and Corrachia (Espeland et al. 2015). None of the 
over 300 species in this subfamily are known to be ant-associated (Table 2). It is 
tempting to conclude that strongly ant-associated butterflies have been unable to 
disperse between the Old World and the New World due to the challenge of finding 
suitable ant partners, especially when confronted with climatic conditions found in 
temperate regions.

Obligate myrmecophiles’ double reliance on associated ants and food sources 
may make them especially sensitive to disturbance and vulnerable to extinction 

N. E. Pierce and E. Dankowicz



365

Fig. 23 Phylogenetic tree of extant Lycaenidae and Riodinidae based on data from Espeland et al. 
(Espeland et al. 2018), showing (a) distribution of species with larval ant association overall, (b) 
distribution of facultative larval ant associations, and (c) distribution of obligate larval ant associa-
tions (from data summarized in Table 2). The size of each circle is proportional to the number of 
species represented. Percentages correspond to the number of records known or inferred from 
congeners divided by the total number of species, with groups where life history information such 
as degree of obligacy is unavailable scored as 0%. Tribes that were rendered non-monophyletic 
appear multiple times in the tree (e.g., the Polyommatini). We have illustrated the same species 
counts and ant association proportions next to each appearance as current phylogenies do not allow 
us to break down these data further. (Figure prepared by João Tonini)

(Chomicki et al. 2020; Geyle et al. 2021; Koh et al. 2004; Pierce 1995; Pierce et al. 
2002). Invasive ant species, habitat disturbance and destruction, and climate change 
are particular concerns (e.g., Braby et al. 2021; Geyle et al. 2021). Over 60% of the 
threatened Lycaenidae and Riodinidae on the IUCN Red List are recorded as obli-
gate ant associates or predicted to be obligate ant associates based on congeners 
(Table 2) (IUCN 2020). Among the obligately ant-associated species, those that are 
“aphytophagous,” having at least one life stage obligately dependent on animal 
rather than plant tissue for nutrition, are particularly vulnerable. Species of 
Lepidoptera with this rare life history trait comprise only 400 species at most, rep-
resenting only about 0.25% of the estimated 160,000 species (Pierce 1995). 
However, aphytophagous species are greatly overrepresented on the IUCN Red List 
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of Threatened Species of butterflies, appearing almost two orders of magnitude 
more likely to be included in the categories of “Extinct,” “Critically Endangered,” 
and “Endangered” than are herbivorous species (IUCN 2020). Most obligate ant 
associations remain poorly studied. Moreover, countless groups of ant- associated 
caterpillars likely remain undiscovered, as nearly two-thirds of currently known 
myrmecophile groups are known from only a single species, almost entirely in the 
tropics (Table  1). Surprising and unique forms of ant association continue to be 
described regularly (e.g., Agassiz and Kallies 2018; Dejean et al. 2017; Komatsu 
and Itino 2014; Ramos et al. 2018; Rocha et al. 2020). Future experiments will need 
to measure the abundance and distribution of myrmecophiles in different regions 
and habitats to let us estimate their true global diversity, document their often- 
unbelievable biology, and ensure their future.
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 Introduction

Caterpillars (larval Lepidoptera) are among the most widespread and important her-
bivores in both natural and agricultural ecosystems (Turcotte et al. 2014a). In natu-
ral ecosystems, insect herbivory has selected for a diverse array of chemical and 
physical defenses in plants (Speed et al. 2015); in turn, plant defense traits select for 
a suite of physiological and behavioral traits in insect herbivores to excrete, metabo-
lize, avoid, or tolerate plant defenses (Schoonhoven et  al. 2005). Such plant- 
herbivore interactions (particularly those based on plant defense chemistry) are 
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widely thought to have driven high rates of speciation within both groups (Mitter 
et al. 1988; Futuyma and Agrawal 2009; Richards et al. 2015). Indeed, some of the 
classic studies of plant-insect herbivore coevolution have focused on caterpillars 
(e.g., Ehrlich and Raven 1964; Berenbaum 1983).

In addition to the bottom-up effects of plant defense chemistry on caterpillars, 
most species of caterpillars are food themselves for at least one, and often multiple, 
species of parasitoids, predators, and pathogens. Caterpillars have evolved elaborate 
behavioral and physiological mechanisms to avoid consumption by their natural 
enemies (e.g., crypsis, production of repellent regurgitants, sequestration of plant 
toxins, encapsulation of parasitoid eggs) (Zvereva and Kozlov 2016; Kaplan et al. 
2016). Furthermore, recent studies have shown that parasitoids can modify plant 
chemistry-caterpillar interactions (Fatouros et al. 2005; Poelman et al. 2011, 2012; 
Ode et al. 2016; Tan et al. 2020). In these ways, tritrophic interactions have contrib-
uted to species diversification across all three trophic levels (Singer and Stireman III 
2005). That top-down forces on caterpillars are important has been supported by a 
recent meta-analysis (Vidal and Murphy 2018). Clearly, the success and diversifica-
tion of Lepidoptera reflect their ability to adapt to bottom-up as well as top-down 
selective pressures.

Caterpillars in agroecosystems are expected to experience trophic interactions 
that differ, both quantitatively and qualitatively, from their counterparts in natural 
ecosystems. The effects of domestication on plant traits and their consequences for 
trophic interactions involving herbivores and natural enemies have been reviewed 
elsewhere several times (e.g., Evans 1993; Meyer et al. 2012; Meyer and Purugganan 
2013; Chen et al. 2015a, b, 2018; Chen 2016; Whitehead et al. 2017) including a 
review specifically focused on caterpillars (Barbosa 1993). Plants in agroecosys-
tems differ from those in natural ecosystems in three ways. First, most domesticated 
crops have been introduced widely throughout the world, often away from their 
region of origin (Meyer et al. 2012; Meyer and Purugganan 2013). Such introduc-
tions result in ecological and evolutionary mismatches between plants, insect herbi-
vores, and their natural enemies compared to related plants in natural ecosystems 
(Chen 2016). Mismatches are most extreme in cases where domesticated plants 
have been introduced to geographic regions without their coevolved herbivores or 
their natural enemies. Indeed, the underlying premise of importation (classical) bio-
logical control programs is to reestablish historic trophic assemblages such that 
top-down control of herbivore pests is renewed (Risch et  al. 1983; Landis et  al. 
2000; Cohen and Crowder 2017; Heimpel and Mills 2017). At the other extreme, 
plants domesticated in their region of origin often retain many of the same herbi-
vores and natural enemy complexes as found in their wild progenitors (Chen et al. 
2015a). Second, plant community structure is generally far less complex in agro-
ecosystems than in natural ecosystems. Planting practices typically result in mono-
cultures or highly simplified plant communities with uniform phenologies compared 
to the more species diverse natural ecosystems from which a given crop originated 
(Root 1973; Landis et al. 2000). Such simplifications undoubtedly affect the preda-
tor/parasitoid communities attacking caterpillars (Gurr et al. 2017; González et al. 
2020) with often highly system-specific effects on the regulation of herbivore 
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populations by their natural enemies (Chaplin-Kramer et al. 2011; Bianchi et al. 
2006; Tscharntke et  al. 2016; Karp et  al. 2018). Third, plant breeding efforts to 
improve crop products during and post domestication have also resulted in changes 
in plant traits that have been generally shown to decrease resistance to herbivory, 
benefitting insect herbivores (Whitehead et al. 2017). One important experimental 
study of 29 crop species and their wild relatives found that resistance to the general-
ist caterpillar, beet armyworm Spodoptera exigua, was generally reduced on domes-
ticated crops (Turcotte et al. 2014b). Domestication has typically increased the size 
of plant organs (Evans 1993) and increased palatability, which is often the result of 
decreased production of plant defensive chemistry (Meyer et al. 2012).

Domesticated crops grown in their region of origin are generally presumed to 
retain relatively rich herbivore and predator/parasitoid fauna compared to where the 
crop has been introduced, yet this notion has been infrequently explored with any 
rigor (Chen et al. 2015a), e.g., maize Zea mays (Rosenthal and Dirzo 1997; Moya- 
Raygoza et al. 2019), lima bean Phaseolus lunatus (Bustos-Segura et al. 2020), and 
rice Oryza sativa (Chen et  al. 2013). A classic example of this is sunflower 
Helianthus annuus, which is native to North America. In many areas of North 
America, cultivated sunflower is grown sympatrically with wild populations. 
Consequently, the herbivore and parasitoid fauna associated with both wild and 
cultivated sunflower are very similar (Rogers 1988; Ode et al. 2011). One of the 
most important herbivores of wild and cultivated sunflower is the sunflower moth 
Homoeosoma electellum (Lepidoptera: Pyralidae) (Chen and Welter 2002). Larvae 
feed inside the developing seeds where they are sometimes attacked by many native 
parasitoids including the braconid wasp Dolichogenidea homoeosomae. Female 
moths showed a strong preference for ovipositing on cultivated sunflower, which 
have larger flower heads and larger seeds (Chen and Welter 2003). Interestingly, 
D. homoeosomae females spent more time foraging on wild sunflowers resulting in 
parasitism rates that were 19 times higher on wild sunflower compared to cultivated 
sunflower. In part, these differences were explained by the observation that moth 
larvae were more likely to be found feeding on the fewer and smaller florets of wild 
sunflower compared to cultivated sunflower where a higher proportion of caterpil-
lars feed within the seeds. This made it easier for the parasitoid female to locate and 
parasitize the moth larvae on wild sunflowers compared to cultivated sunflower 
(Chen and Welter 2007). Seeds of wild sunflowers develop a phytomelanin- 
containing seed coat before most moth larvae are large enough to penetrate the seed 
coat (Rogers and Kreitner 1983). Furthermore, wild sunflowers have higher concen-
trations of diterpenoids and sesquiterpene lactones that are both feeding deterrents 
and toxins to many sunflower herbivores (Gershenzon et  al. 1985; Rogers et  al. 
1987). The combination of quick-forming, phytomelanin-containing seed coats and 
the production of higher levels of terpenes presumably force H. electellum larvae to 
remain feeding on pollen and florets where they are more exposed to parasitism 
(Chen and Welter 2007).

While there is strong evidence that plant domestication has resulted in plant traits 
that are generally beneficial to insect herbivores (e.g., larger plant organs/tissues, 
reduced chemical defenses, higher nutritional content), the effects of plant 
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domestication on parasitoids and predators are far less studied (Chen et al. 2015b). 
In this chapter, I largely restrict my focus to consideration of the role of domestica-
tion in altering plant secondary metabolites that are involved in direct and indirect 
defense against caterpillar herbivores (see examples in Plate 1) and their interac-
tions with natural enemies. Surprisingly few studies have directly compared trophic 
interactions involving plant secondary metabolites in both agroecosystems and 
natural ecosystems, and I highlight those that do. Elsewhere, I draw reasonable 
inferences from studies that have either focused on natural systems or 
agroecosystems.

 

Plate 1 Ten “bad cats”: (a) Native to southeast Asia, the beet armyworm Spodoptera exigua 
(Noctuidae) has a cosmopolitan distribution. This species is broadly polyphagous, having been 
recorded from 34 plant families (“Spodoptera exigua” by Macreando is licensed under CC 
BY-NC-ND 2.0); (b) adult S. exigua. (“[2385] Small Mottled Willow (Spodoptera exigua)” by 
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Bennyboymothman is licensed with CC BY 2.0). (c) Fall armyworm Spodoptera frugiperda 
(Frank Peairs, Colorado State University, Bugwood.org). While the fall armyworm has a broad 
reported host range, it primarily feeds on grasses, especially maize. Native to the Americas it has 
recently spread in Africa, South Asia, Australia, and Europe where it causes significant damage to 
maize; (d) Adult fall armyworm (“File:- 9666 – Spodoptera frugiperda – Fall Armyworm Moth 
(male) (22653159377).jpg” by Andy Reago & Chrissy McClarren is licensed under CC BY 2.0 ). 
(e) A highly polyphagous herbivore of deciduous and coniferous trees, the gypsy moth Lymantria 
dispar is one of the most damaging caterpillar pests of natural and commercial forests. This species 
has been the focus of many biocontrol introductions, including the generalist tachinid Compsilura 
concinnata that have had disastrous non-target effects on native Lepidoptera. (“Gypsy Moth  - 
Lymantria dispar” by Björn S... is licensed under CC BY-SA 2.0); (f) Adult gypsy moth 
(“Lymantridae - Lymantria dispar-1” by Ettore Balocchi is licensed under CC BY 2.0). (g) The 
diamondback moth Plutella xylostella has a cosmopolitan distribution and feeds almost exclu-
sively on plants within the Brassicaceae. This species is notable for its ability to detoxify gluco-
sinolates as well as its resistance to a broad range of insecticides including Bt toxins. Several 
biocontrol agents provide some natural control including Cotesia vestalis and Diadegma insulare 
(“110203 新竹 關西 小菜蛾 Plutella xylostella”) by Bettaman is licensed under CC BY-NC-SA 
2.0); (h) Adult P. xylostella (“091213 苗栗 公館 小菜蛾 Plutella xylostella” by Bettaman is 
licensed under CC BY-NC-SA 2.0 ). (i) Spodoptera littoralis (African cotton leafworm) is native 
to the Middle East, the Mediterranean Europe, and Africa. This species has been intercepted at US 
border controls numerous times. It is highly polyphagous, causing serious economic damage to 
cotton, tomato, maize, cabbage, and potato, among others (“Spodoptera littoralis” by Macreando 
is licensed under CC BY-NC-ND 2.0); (j) Adult S. littoralis (“Mediterranean Brocade .Spodoptera 
littoralis. Noctuidae” by gailhampshire is licensed under CC BY 2.0). (k) The Asiatic rice borer 
Chilo suppressalis (Crambidae) is found from South to East Asia and has been introduced to Spain 
and Hawaii and is a serious pest of rice. Its relative, the spotted stalk borer Chilo partellus, attacks 
a wide range of grass species including maize, sugarcane, sorghum, and rice. The spotted stalk 
borer is likely native to South Asia and has spread throughout Africa in the twentieth century. 
(“Stem borer” by IRRI Images is licensed under CC BY-NC-SA 2.0); (l) Adult spotted stalk borer 
(“File:Chilo suppressalis (41866967681).jpg” by LiCheng Shih is licensed under CC BY 2.0 ). (m) 
The cotton bollworm Helicoverpa armigera (Noctuidae) is native to Asia and Africa and is a 
polyphagous pest of many crop plants including cotton, tomato, chickpea, rice, and maize among 
many others (“Helicoverpa armigera” by fturmog is licensed under CC BY-NC-SA 2.0). The 
related Helicoverpa zea (corn earworm, aka cotton bollworm, tomato fruitworm) is also polypha-
gous but is native to the Americas; (n) Adult H. armigera (“Helicoverpa armigera” by xulescu_g 
is licensed under CC BY-SA 2.0 ). (o) The codling moth Cydia pomonella (Tortricidae) has a 
cosmopolitan distribution and is one of the most destructive pests of a wide variety of fruit crops; 
(p) Adult C. pomonella (“[1261] Cydia pomonella” by Bennyboymothman is licensed under CC 
BY 2.0). (q) The large white Pieris brassicae (Pieridae) and the related small white P. rapae are 
both pests of a wide variety of plants in the Brassicaceae. While both are native to Europe (and the 
large white also found in north Africa and to the Himalaya), they have different invasion ranges. 
The small white is widespread throughout North America, eastern Asia, and New Zealand/
Australia. The large white has established in South Africa and temporarily in New Zealand (“’Cap 
a l’aplec amb mes germanes’ (Pieris brassicae)” by AntoniGarciaLlorca is licensed under CC 
BY-NC-SA 2.0); (r) Adult P. brassicae (“Large White - Pieris brassicae” by Björn S... is licensed 
under CC BY-SA 2.0). (s) The cabbage moth Mamestra brassicae is another polyphagous noctuid 
that is distributed from Europe to Asia. While it feeds on several crops in the Brassicaceae, it also 
attacks a wide range of other crops including tobacco, tomato, and sunflower (“73.274 BF2154 
Cabbage Moth, Mamestra brassicae” by Patrick Clement. is licensed under CC BY 2.0); (t) Adult 
M. brassicae (“[2154] Cabbage Moth (Mamestra brassicae)” by Bennyboymothman is licensed 
under CC BY 2.0)
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 Domestication and Plant Breeding Effects on Plant 
Secondary Metabolites

Plants produce a wide array of secondary metabolites that directly act as toxins or 
repellants to herbivores (“direct defenses”) as well as volatiles that are attractive to 
natural enemies of herbivores (“indirect defenses”) (Gols 2014). Direct defenses 
include protease inhibitors (PIs) that inhibit the functioning of herbivore proteases 
(Zhu-Salzman and Zeng 2015), anti-nutritive enzymes such as polyphenol oxidases 
(PPOs) (González-Santoyo and Córdoba-Aguilar 2012), and an astounding array of 
often plant-specific mixtures of toxins (e.g., alkaloids, furanocoumarins, iridoid 
glycosides, cardiac glycosides, glucosinolates to name a few classes) (Kessler and 
Baldwin 2002; De Geyter et al. 2012; Heckel 2014). Indirect defenses are generally 
thought of as plant volatiles (many of which are inducible by herbivory) that attract 
parasitoids and predators of insect herbivores. Other plant traits such as extrafloral 
nectaries, domatia, and other structures that can house natural enemies of herbi-
vores, and traits that enhance natural enemy foraging success, are also considered 
indirect defenses (Pearse et al. 2020). Yet, the distinction between so-called direct 
and indirect defenses is somewhat artificial as the metabolites involved in both cat-
egories of defenses often influence the behavior and physiology of both herbivore 
and natural enemy (Gols 2014).

 Plant Breeding, Plant Toxins, and Caterpillars

Plant domestication and breeding for traits beneficial for agriculture are widely pre-
sumed to result in reduced production of secondary metabolites associated with 
resistance against herbivory, a concept sometimes referred to as the “plant 
domestication- reduced defense” hypothesis (Evans 1993, Meyer et  al. 2012, 
Whitehead et al. 2017). Indeed, reduction of plant chemical defenses has been posed 
as one of the main reasons why cultivated crops often experience higher damage 
from herbivores compared to their wild progenitors (Chen et al. 2015a, b; Fernandez 
et al. 2021). In many cases, reduced secondary plant chemistry is the direct result of 
breeding crops for increased palatability of plant organs to be consumed as many 
plant compounds in wild progenitors are bitter tasting or outright toxic to humans. 
In other cases, selection on other agriculturally favorable plant traits such as 
increased yield may indirectly select for reduced plant secondary chemistry if 
investment in yield trades off with investment in defense (Benrey et al. 1998). In 
still other cases, cultivated plants may be selected to produce increased levels of 
defensive chemicals in cases where taste is positively correlated with plant chemis-
try (e.g., condiment mustard), where there may be medical or nutritional benefits 
(e.g., anticancer properties of glucosinolates; Fahey et al. 2001), or there is inten-
tional selection for increased resistance to herbivory (e.g., Degenhardt et al. 2009; 
Tamiru et al. 2011; Bleeker et al. 2012).
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Selection on plant chemistry (whether intentional or unintentional) can influence 
direct (via changes to plant toxins) and indirect (e.g., via herbivore-induced plant 
volatiles, HIPVs; see following sections) plant defenses. Yet, whether domestication 
results in increased resistance against herbivores depends on the identity of the her-
bivore. Whereas more generalist herbivores enjoy faster growth rates and reduced 
mortality on domesticated plants compared to their wild progenitors, this is not 
always the case for co-evolved specialist herbivores. For example, while the gener-
alist Lymantria dispar fed more and enjoyed reduced mortality on domesticated 
blueberries (Vaccinium corymbosum), the native specialist blueberry leafroller 
Sparganothis sulfureana performed equally well on domesticated and wild blueber-
ries (Hernandez-Cumplido et al. 2018). In a study of eight specialist and generalist 
herbivores of maize and its wild ancestor teosinte, domestication most strongly ben-
efitted the more generalist herbivores (Gaillard et al. 2018). In other cases, domes-
tication may result in increased resistance against specialist herbivores. 
Domestication of murtilla (strawberry myrtle, Ugni molinae) has resulted in the 
reduction of four flavonols, which are important feeding stimulants for the native 
erebid moth, Paracles (= Chelisia) rudis (Chacón-Fuentes et al. 2015).

Crops in the genus Brassica (Brassicaceae) are excellent examples of how plants 
can either be intentionally or unintentionally bred for either increased or decreased 
chemical levels depending on the plant part used for consumption (Hopkins et al. 
2009; Gols and Harvey 2009). In the Brassicaceae, glucosinolates are plant toxins 
that confer resistance to many insect herbivores as well as pathogens. Glucosinolates 
also give many brassicaceous crop plants (e.g., cabbage, Brussels sprouts, cauli-
flower, mustard) their characteristic bitter taste (van Doorn et al. 1998). In some 
cases, breeding programs have selected for increased glucosinolate concentrations. 
For instance, the discovery that some glucosinolates have anticancer properties has 
prompted efforts to increase the glucosinolate content in some crops such as broc-
coli (Farnham et  al. 2004). In other cases, breeding programs have attempted to 
select for decreased glucosinolate content. The widespread use of oilseed meal as a 
source of protein in animal feeds prompted efforts to select for seeds low in gluco-
sinolates (with limited success) (Hopkins et al. 2009). Interestingly, selection for 
decreased glucosinolate content in the seeds of B. napus did not translate into 
reduced glucosinolate content elsewhere in the plant. In other oilseed species 
(B. juncea, Sinapis alba), selection for decrease glucosinolate concentrations in the 
seeds also resulted in decreased glucosinolate concentrations in the leaves. Lines of 
B. juncea containing low levels of glucosinolates were more susceptible to lepi-
dopteran herbivores, although this depended on whether the herbivore was a relative 
generalist or specialist (Bodnaryk 1997). Whereas the crucifer specialist diamond-
back moth Plutella xylostella fed equally on low and high glucosinolate lines of 
B. juncea, the generalist bertha armyworm Mamestra configurata fed five times 
more on low glucosinolate lines compared to high glucosinolate lines (Bodnaryk 
1997). The levels of constitutive and inducible glucosinolates were higher in wild 
B. oleracea populations than in cultivated populations (Gols et al. 2008a, b; Ode 
et al. 2016). While development time increased and adult body size decreased of 
both the specialists (P. xylostella and small cabbage white Pieris rapae) and the 
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generalist (M. brassicae) when feeding on wild plants, the survivorship of M. bras-
sicae was also significantly reduced (Gols et al. 2008a, b), indicating that domesti-
cation/cultivation may benefit generalist herbivores more than specialist herbivores.

 Plant Volatile-Mediated Interactions with Caterpillars 
and Parasitoids

Ovipositing females of most herbivore species are attracted to volatile chemicals 
released by their host plants. Adults of specialist herbivores are typically far more 
sensitive to specific blends of herbivore-induced plant volatiles (HIPVs) than are 
generalists, and slight changes to these blends may make plants unapparent to ovi-
positing specialists. Therefore, while generalist herbivores may be expected to 
respond more strongly to changes in plant defense toxins (Rothwell and Holeski 
2020), specialist herbivores may be expected to respond more to changes in specific 
HIPVs that result from domestication and plant breeding. In turn, caterpillars often 
alter plant volatile phenotypes by inducing different volatile blends in herbivore- 
specific ways (e.g., Poelman et al. 2011).

Parasitoids (including hyperparasitoids) and predators are well known to respond 
to HIPVs to locate plants attacked by their host caterpillars (Vet and Dicke 1992; De 
Moraes et al. 1998; Mumm and Dicke 2010; Kessler and Heil 2011; Poelman et al. 
2012; Stam et al. 2014; Rowen and Kaplan 2016). Parasitoids can alter the HIPV 
profiles of plants by altering the quality of the elicitors in the oral secretions and 
regurgitants of their host caterpillars (e.g., Poelman et al. 2011; Tan et al. 2020). 
Indeed, the HIPV blend induced by caterpillars can depend on the species of para-
sitoid developing within the caterpillar (Poelman et al. 2011). In a study of three 
parasitoid species that attack Pieris rapae and P. brassicae, application of regurgi-
tant from caterpillars parasitized by one of the three parasitoid species differentially 
induced genes in the jasmonic acid pathway responsible for HIPV production, pro-
tease inhibitors, and toxin production (Poelman et al. 2011). Changes in the HIPV 
profiles from plants fed upon by caterpillars attacked by different species of parasit-
oids not only have been shown to influence oviposition behavior by subsequent 
herbivores (Poelman et al. 2011) but attack by parasitoids in the fourth trophic level 
as well (Poelman et al. 2012). In a further twist, obligate symbiotic polydnaviruses 
(which are found within the Ichneumonoidea and injected along with the parasitoid 
egg into their hosts) have been shown to alter the quality of elicitors in the caterpil-
lars’ regurgitant (Zhu et al. 2018). Studies such as these highlight the sometimes 
highly species-specific nature of the multitrophic interactions based on plant vola-
tiles. Therefore, changes to plant volatile production resulting from crop domestica-
tion may alter trophic interactions in unexpected ways.

While domestication tends to result in reduced production of many toxic second-
ary metabolites, this is not necessarily the case for plant volatile production. A 
meta-analysis of 236 experiments found that domesticated species in general 
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produced higher overall levels green leaf volatiles and sesquiterpenes (albeit in less 
complex blends) than did their wild relatives, whereas other HIPVs (e.g., benze-
noid, homo- and monoterpenes) were unaffected by breeding (Rowen and Kaplan 
2016), although exceptions exist (e.g., Loughrin et al. 1995). Nevertheless, many 
domesticated crops are generally less attractive to natural enemies of caterpillars 
and other herbivores (Chen et al. 2015a) suggesting that specific volatiles, and not 
total HIPV production, make damaged plants attractive to specific natural enemies 
of caterpillars (Clavijo McCormick et al. 2012; Li et al. 2018). This is especially the 
case for specialist parasitoids that respond to minor compounds rather than the most 
abundant HIPVs (e.g., D’Alessandro et al. 2009). The production of less diverse 
volatile profiles may be a consequence of domestication whereby cultivated crops 
have lost the ability to synthesize certain volatiles present in their wild relatives. As 
a case in point, wild cabbage populations produce isothiocyanates (volatile break-
down products of glucosinolates), whereas cultivated varieties do not when fed 
upon by the small cabbage white Pieris rapae (Gols et al. 2011). These volatiles are 
highly attractive to the specialist parasitoid Cotesia rubecula, which are more likely 
to parasitize P. rapae feeding on wild cabbage plants compared to caterpillars feed-
ing on cultivated cabbage plants (Gols et al. 2011). However, whether crop domes-
tication results in decreased attractiveness to generalist vs. specialist natural enemies 
to their host caterpillars depends on which specific volatiles are reduced; an overall 
reduction in volatile production would likely decrease attractiveness to both gener-
alist and specialist natural enemies (Steidle and van Loon 2003). Such observations 
may help to explain the increased leaf damage seen in agroecosystems compared to 
natural ecosystems (Chen et al. 2015a).

Several studies have compared HIPV production in commercial hybrid cultivars 
of maize (Zea mays) with those from traditional landraces or wild teosinte species 
and their consequences for trophic interactions involving caterpillars and their para-
sitoids. Commercial cultivars produce lower levels of HIPVs relative to landrace 
varieties, which can significantly compromise attractiveness to parasitoids. 
Oviposition by the spotted stalk borer Chilo partellus, a serious pest of maize in 
southern and eastern Africa and South Asia, results in HIPV emission in three land-
race varieties (from Brazil, Cuba, and Haiti), but not in two commercial maize vari-
eties (Tamiru et  al. 2011). Consequently, both Trichogramma bournieri (an egg 
parasitoid) and Cotesia sesamiae (a larval parasitoid) were attracted to C. partellus 
on the landrace varieties, but not on the commercial hybrids, suggesting that the 
ability to produce HIPVs in response to oviposition was lost during plant breeding 
(Tamiru et  al. 2011). Several studies have shown significant variation in volatile 
profiles across different maize cultivars, suggesting that HIPVs can change as the 
result of plant breeding. In a study of the genetic variability of HIPVs produced by 
31 inbred lines of maize, significant variation was found in 23 volatile compounds 
(Degen et  al. 2004) including several that are induced by the elicitor “volicitin” 
found in the regurgitant of the beet armyworm Spodoptera exigua (Alborn et al. 
1997; Turlings et al. 2000). These volatile compounds are known to be attractive to 
the parasitoid Cotesia marginiventris (Turlings et al. 1990). This parasitoid showed 
a strong preference for maize cultivars that produced higher quantities of HIPVs 
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when fed upon by the African cotton leafworm S. littoralis, although the specific 
composition of these HIPVs also influenced preference (Fritzsche Hoballah et al. 
2002). Interestingly, a comparison of the total HIPVs produced by 11 maize culti-
vars and five wild Zea (teosinte) species when attacked by S. littoralis found that 
while HIPV amounts were highly variable across cultivars and teosinte populations, 
the amounts were similarly variable across the maize cultivars and the wild teosinte 
species, suggesting that domestication did not significantly alter total HIPV produc-
tion in maize (Gouinguené et al. 2001). Nevertheless, cultivars and teosinte species 
often differed in amounts of sesquiterpenes produced (Gouinguené et  al. 2001), 
highlighting the importance of specific, not total, amounts of HIPVs. In another set 
of studies, different cultivars of maize may vary substantially in the production of 
(E)-ß- caryophyllene, a sesquiterpene that has been shown to be produced in response 
to herbivory by both the caterpillar S. littoralis and the corn rootworm Diabrotica 
virgifera virgifera (Turlings et al. 1998; Rasmann et al. 2005). Teosinte and European 
maize cultivars have maintained the ability to produce (E)-ß-caryophyllene in 
response to herbivory, whereas North American maize lines have lost this ability 
and, consequently, are less attractive to C. marginiventris (Köllner et  al. 2008). 
Efforts to transform North American maize lines with a (E)-ß-caryophyllene syn-
thase gene have demonstrated that it is possible to restore indirect defense by creat-
ing the ability of these maize lines to produce this sesquiterpene (Degenhardt et al. 
2009). Finally, it is important to recognize that herbivore species may differ in their 
ability to suppress HIPV production. In a study of four noctuid herbivores of maize, 
herbivory by the fall armyworm Spodoptera frugiperda suppressed HIPV emissions 
in maize compared to the other three, more generalist herbivores S. littoralis, 
S. exigua, and the corn earworm Helicoverpa armigera, and that these results were 
likely due to differences in the regurgitants of these four caterpillar species (De 
Lange et  al. 2020). Somewhat surprisingly, the suppressed production of HIPVs 
when attacked by S. frugiperda had little apparent effect on the attractiveness to 
C. marginiventris, although it may be that other parasitoids and predators in this 
system, not studied here, may be less attracted.

Most plants, in both natural and agroecosystems, are attacked by multiple spe-
cies of herbivores, which in turn are attacked by often, complex suites of natural 
enemies (Stam et  al. 2014). HIPVs play a central role in mediating interactions 
between the plant and its herbivore and natural enemy communities (Turlings and 
Erb 2018). In many parts of Asia, cultivated (Oryza sativa) and wild rice (O. rufi-
pogon) are attacked by two important insect pests, the rice striped stem borer Chilo 
suppressalis and the brown planthopper Nilaparvata lugens. The brown planthop-
per is strongly attracted to HIPVs released by rice plants (both wild and cultivated) 
already attacked by the stem borer in large part because such plants represent 
enemy-free space from their own egg parasitoids Anagrus nilaparvatae (Hu et al. 
2020). Whereas the parasitoid is strongly attracted to the HIPVs produced by plants 
infested with their host, the brown planthopper, this attraction disappears (and 
becomes somewhat repellent) when the C. suppressalis caterpillars are present. 
Identification of several volatiles produced by rice only when fed upon by C. sup-
pressalis also showed that these compounds were repellent to A. nilaparvatae (Hu 
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et al. 2020). Hu et al. (2020) argue that ovipositing N. lugens use HIPVs released in 
response to C. suppressalis damage as “enemy-free space” for their offspring. 
Studies such as this illustrate the importance of considering the community com-
plexities and interactions among species in addition to focusing on more simplistic 
trophic interactions that involve only a single member at each level.

Despite the examples discussed above, much remains to be learned regarding 
how natural enemies decipher information about the status of their hosts from the 
complex volatile mixtures emitted by the plant (Dicke 2016). Much of what we 
know about domestication effects on plant volatile production comes from a hand-
ful of crop systems (e.g., maize, rice – Poaceae). Yet, many crops are dicots, and 
more research needs to be conducted before we can say how universally plant 
attractiveness to parasitoids is reduced by domestication. Furthermore, parasitoids 
are well known to learn to associate novel HIPV blends with successful foraging for 
hosts (e.g., Meiners et al. 2003; De Rijk et al. 2018). This makes it difficult to pre-
dict how plant attractiveness and parasitoid foraging will be affected by plant 
domestication.

 Plant Toxin-Mediated Interactions with Caterpillars 
and Parasitoids

The direction and magnitude of the effects of changes in plant toxins resulting from 
domestication and cultivation on higher trophic levels depend on the degree of host 
plant or host specificity exhibited by herbivores and their natural enemies (Ali and 
Agrawal 2012; Ode 2019). Herbivores with narrow host ranges often have highly 
specific detoxification enzymes allowing them to specialize on otherwise highly 
toxic plants (e.g., Ratzka et al. 2002; Wittstock et al. 2004; Mao et al. 2006; Calla 
et  al. 2020). Specialized herbivores are often relatively insensitive to changes in 
concentrations of plant toxins encountered as they feed (Rothwell and Holeski 
2020). Rather, these herbivores either metabolize or excrete plant toxins in their 
frass. Therefore, changes in plant defensive chemistry resulting from crop breeding 
may not have a substantial effect on the larval performance of specialist herbivores 
or their natural enemies. Important exceptions to this prediction are cases where 
specialist herbivores sequester plant toxins in their tissues as defense against their 
own natural enemies (Nishida 2002; Ode 2006; Ali and Agrawal 2012). While this 
idea remains to be tested, specialist herbivores may be harmed by plant breeding 
efforts that result in lower concentrations of plant toxins as these sequestering her-
bivores may be more susceptible to their own natural enemies (although see the 
discussion on interactions between plant toxins and caterpillar immune responses, 
below). Furthermore, many specialist caterpillars use plant metabolites as oviposi-
tional and feeding stimulants (e.g., Reddy et al. 2002; Renwick et al. 2006; Hopkins 
et al. 2009). In such cases, reductions in plant secondary metabolites in cultivated 
plants may result in lower oviposition and feeding by some specialist herbivores 
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compared to wild plants (e.g., Altesor et al. 2014). The net effect of reduced plant 
toxins on specialist caterpillars depends on the balance between changes in larval 
performance, the risk of being consumed by predators and parasitoids, and oviposi-
tion rates, making predictions of how specialist caterpillars respond to agroecosys-
tems challenging. Generalist herbivores, on the other hand, are often highly sensitive 
to changes in the levels of encountered plant toxins (Li et al. 2004; Wen et al. 2009; 
Lampert et  al. 2011a). Domestication and plant breeding efforts that result in 
decreased plant toxin concentrations are generally expected to benefit generalist 
herbivores.

While few studies have explicitly compared plant toxin effects on the third tro-
phic level in cultivated vs. wild plant systems (e.g., Harvey et al. 2007; Harvey and 
Gols 2011; Garvey et  al. 2020), breeding changes to plant secondary metabolite 
production undoubtedly influence higher trophic levels. Plant toxins may influence 
parasitoid developmental success in at least one of three ways (Kaplan et al. 2016):

 (a) Plant toxins reduce caterpillar size/quality: Toxic plant metabolites may indi-
rectly affect parasitoid performance if host caterpillar size is diminished even if 
parasitoids do not directly encounter plant toxins. Smaller hosts may support 
fewer or smaller parasitoid larvae – an issue particularly germane for gregarious 
parasitoids with large clutch sizes. That plant chemistry often results in smaller, 
poorer-quality host caterpillars may reflect the cost to the caterpillar of metabo-
lizing plant toxins (e.g., Whittaker and Feeny 1971; Brattsten et al. 1977; Appel 
and Martin 1992; Cresswell et al. 1992). For instance, metabolism of the fura-
nocoumarin xanthotoxin by the parsnip webworm Depressaria pastinacella 
under conditions of dietary protein limitation resulted in decreased growth 
rates. Detoxification ability in this species is maintained at the expense of 
growth rate (Berenbaum and Zangerl 1994). On the other hand, ingestion of 
plant toxins may slow host development resulting in an increased window of 
vulnerability for the caterpillar for which it can be attacked by parasitoids – the 
so-called slow-growth, high-mortality hypothesis (Benrey and Denno 1997; 
Williams 1999; Chen and Chen 2018).

 (b) Accumulation/sequestration of plant toxins in the hemolymph of the caterpillar: 
Plant toxins may be ingested by caterpillars and subsequently passed from the 
midgut either unmetabolized or as toxic breakdown products into the hemo-
lymph where they would be encountered directly by feeding parasitoids or 
predators. To a large degree, the strength of these effects is mediated by where 
the herbivore falls on the generalist–specialist continuum. Compared to 
 generalist caterpillars, relatively specialized caterpillars (apart from those spe-
cies that sequester plant toxins, see below) are less likely to pass ingested plant 
toxins to their hemolymph (Lampert et al. 2011a). Therefore, parasitoids and 
predators attacking generalist caterpillars are expected to directly suffer the 
negative effects of plant toxins more so than specialists (Ode 2006, 2013). In 
one of the few studies to explicitly test these predictions, we found that hemo-
lymph of the generalist cabbage looper Trichoplusia ni contained nearly twice 
the concentration of the plant toxin xanthotoxin as that found in the highly 
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specialized parsnip webworm Depressaria pastinacella despite feeding on 
identical artificial diets (Lampert et al. 2011a). Differences in the levels of xan-
thotoxin found in the hemolymph of these two caterpillars can be explained by 
the significantly lower detoxification abilities of the generalist T. ni (Lee and 
Berenbaum 1989). Correspondingly, brood sizes and survivorship of 
Copidosoma floridanum that parasitize T. ni were significantly lower when the 
caterpillar fed on xanthotoxin-containing diet compared to a diet free of xantho-
toxin; brood sizes and survivorship of C. sosares that parasitize parsnip web-
worm were unaffected by the presence or absence of xanthotoxin in the diet of 
their webworm host (Lampert et al. 2008, 2011a). Studies of nicotine-contain-
ing Nicotiana and iridoid glycoside-containing Plantago also show that gener-
alist herbivores and their parasitoids are more negatively affected by plant 
toxins than are specialists (Barbosa et al. 1986, 1991; Harvey et al. 2005). In a 
common garden study of 18 wild and domesticated plants in the Solanaceae, the 
tobacco hornworm Manduca sexta generally preferred to oviposit on plants in 
the genera Nicotiana and Datura (both of which contain nicotine) rather than 
other genera such as Capsicum and Physalis that do not contain nicotine 
(Garvey et al. 2020). While M. sexta larvae generally perform more poorly on 
Nicotiana and Datura, they also experience reduced parasitism rates by the 
parasitoid Cotesia congregata (Garvey et  al. 2020). A final example of how 
parasitoids can be the beneficiaries of the detoxification abilities of their hosts 
comes from a study of the diamondback moth Plutella xylostella and its para-
sitoid Diadegma semiclausum (Sun et  al. 2020). Normally, P. xylostella can 
feed on brassicaceous plants due to glucosinolate sulphatases that prevent the 
formation of toxic isothiocyanates (Ratzka et al. 2002). Using plant-mediated 
RNA interference, Sun et al. (2019, 2020) silenced the Pxgss genes responsible 
for the glucosinolate sulphatase production in P. xylostella showing that toxic 
isothiocyanates accumulated within the caterpillar hemolymph; this, in turn, 
resulted in delayed development and reduced survivorship of D. semiclausum 
(Sun et al. 2020).

Very few studies have examined whether parasitoids are able to detoxify 
plant metabolites encountered in their caterpillar hosts (Ode 2006, 2013). Those 
few that have, including studies on C. floridanum and C. sosares, found no evi-
dence that parasitoid larvae were able to metabolize plant toxins found in the 
hemolymph of their caterpillar hosts (McGovern et  al. 2006; Lampert et  al. 
2008, 2011a). This suggests that the developmental success of many parasitoids 
is dependent on the amount of plant toxins ingested by the host caterpillar and 
whether that caterpillar can detoxify, excrete, or sequester those plant toxins.

As noted above, many caterpillars sequester plant toxins providing “enemy- 
free space” from parasitoids and predators (Jeffries and Lawton 1984; Dyer 
1995; Stamp 2001; Nishida 2002; Ode 2006). Many of these sequestering spe-
cies are specialists that, when they feed on toxic plants, become “nasty hosts” 
to their parasitoids and predators (Gauld et al. 1992; Dyer 1995; Lampert et al. 
2010; Lampert et  al. 2014; Ali and Agrawal 2012; Petschenka and Agrawal 
2016). Sequestration often incurs a cost for the caterpillar in terms of reduced 
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growth rates (Singer et al. 2004), suggesting that the benefits of “enemy-free 
space” outweigh costs associated with selective uptake, storage, and deploy-
ment of the sequestered plant toxins (Heckel 2014). To the extent that the ben-
efits provided by sequestration outweigh their costs, plant breeding efforts that 
reduce plant toxin concentrations may result in higher predation and parasitism 
rates in agroecosystems. Yet, little is known about the magnitude of such trade- 
offs (Strauss and Zangerl 2002; Hunter 2003) let alone how these may be shifted 
in agroecosystems compared to natural ecosystems.

 (c) Plant toxins interfere with the caterpillar’s immune response system: Plant sec-
ondary metabolites are known to mediate the expression of caterpillar immune 
responses against parasitoids as well as a variety of protozoan, bacterial, and 
viral pathogens (Klemola et al. 2007). In general, increasing plant toxin concen-
trations suppress immune function of specialist caterpillars against parasitoids 
and pathogens, a phenomenon that has been termed the “immunocompromised 
host hypothesis” (Reudler et  al. 2011) or the “vulnerable host hypothesis” 
(Smilanich et al. 2009a). This pattern contradicts the “nasty host hypothesis” 
(e.g., Gauld et al. 1992), especially in situations involving generalist caterpillars 
that accumulate unmetabolized toxins in their hemolymph or specialist species 
that sequester plant toxins as defense against natural enemies (see previous sec-
tion). Most studies of plant defensive chemistry effects on caterpillar immune 
responses have measured encapsulation and melanization of injected beads or 
nylon microfilaments, a technique that has been widely taken as a proxy for 
defense against parasitoids and pathogens (Smilanich et al. 2009b; Lampert and 
Bowers 2015).

Several studies have shown that host plant species (and, by extension, host 
plant chemistry; Smilanich et  al. 2009a) can affect the level of immunity 
expressed by lepidopteran herbivores against entomoviruses (Wang et al. 2020), 
bacteria, protists, and parasitoids (Lampert and Bowers 2015; Hansen et  al. 
2017). For example, the strength of the immune system of specialist caterpillars 
in the genus Eois (Geometridae) is strongly dependent on the host plant species 
on which they feed. Immune system strength (measured by phenoloxidase 
activity) of both Eois apyraria and E. nympha was greatly weakened when 
these caterpillars fed on Piper cenocladum (Piperaceae), a host plant that pro-
duces a high diversity of secondary metabolites compared to its congener 
P. imperiale (Hansen et al. 2017). Correspondingly, successful parasitism rates 
in the field were significantly higher on P. cenocladum than on P. imperiale 
(Hansen et al. 2017). That plant secondary chemistry is likely involved in sup-
pression of immune responses of these caterpillars has been supported by stud-
ies using experimental diets to which known quantities of Piper defensive 
compounds (several amides) were added (Richards et al. 2010). Furthermore, 
while both the specialist Eois caterpillars and the generalist Spodoptera frugi-
perda (an important crop pest native throughout the Americas and a recent 
invader in much of the rest of the world) were negatively affected by Piper 
amides, the mechanisms were different (Richards et al. 2010). Eois caterpillars 
experienced increased parasitism, likely because their immune system was 
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compromised by investing in metabolically expensive sequestration. Spodoptera 
frugiperda experienced increased larval mortality when fed a diet high in these 
Piper amides. Yet, not all studies have shown that increasing plant toxin con-
centrations result in decreased immune effectiveness in herbivores. For instance, 
the polyphagous beet armyworm Spodoptera exigua experiences high viral 
loads and low rates of melanization (with low expression of genes responsible 
for three key enzymes involved in the melanization process) when feeding on 
soybean Glycine max, intermediate viral loads and melanization rates when 
feeding on collards Brassica oleracea, and low viral loads and high melaniza-
tion capabilities when feeding on Ipomoea aquatica (Wang et  al. 2020). 
Ipomoea aquatica, followed by B. oleracea, have higher levels of foliar total 
phenolics than G. max (Wan et al. 2018). Foliar phenolics have been shown to 
inhibit the infectivity of entomoviruses (Ali et al. 2002; Felton et al. 1987).

Very few studies have compared the effects of plant defense chemistry varia-
tion in wild vs. cultivated plants on the ability of caterpillars to mount a success-
ful encapsulation response. In one such study, Bukovinszky et al. (2009) showed 
that small cabbage white (Pieris rapae) caterpillars grew larger on cultivated 
cabbage (Brussels sprouts; Brassica oleracea gemmifera cv. Cyrus) than on 
wild populations and that encapsulation rates against the parasitoid Cotesia 
glomerata were higher in larger caterpillars. Pieris rapae caterpillars that fed 
on wild cabbage plants were smaller and had weaker immune responses against 
parasitism by C. glomerata (Bukovinszky et al. 2009). That caterpillars were 
smaller when developing on wild cabbage likely reflects a cost of being able to 
efficiently metabolize and detoxify glucosinolates. Cabbage plants from wild 
populations produced significantly higher glucosinolate levels, both constitu-
tive and herbivore-induced, in their leaves (Harvey et al. 2007; Gols et al. 2008a, 
b; Bukovinszky et al. 2009; Ode et al. 2016). Pieris rapae is highly adapted to 
feeding on glucosinolate-containing plants because it possesses a nitrile- 
specifier protein that results in the production of less toxic nitriles, which are 
excreted, instead of the production of the more toxic isothiocyanates (Wittstock 
et al. 2004). Neither P. rapae nor the closely related P. brassicae sequester glu-
cosinolates (Müller et al. 2003). Because of this, C. glomerata larvae do not 
encounter significant quantities of glucosinolates or their breakdown products 
when developing inside P. rapae larvae.

As many of the examples presented above suggest, changes in secondary plant 
chemistry may have variable effects on parasitoids depending on the mechanism 
involved. While chemical defense via sequestered or otherwise accumulated plant 
toxins may directly harm predators and parasitoids (see section b, above), these 
same toxins may suppress the immune system of the caterpillar resulting in an 
increased likelihood of successful parasitism or pathogen infection (see section c, 
above). Studies supporting the “vulnerable host” hypothesis stand in contrast to the 
large number of studies showing that parasitoid success is lower when attacking 
caterpillars that feed on toxic plants (Campbell and Duffey 1979; Barbosa et  al. 
1991; Singer and Stireman III 2003; Ode 2006, 2013; Kaplan et  al. 2016). This 
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includes several studies documenting self-medication by herbivores to “cure” them-
selves of parasitoids/parasites (pharmacophagy, feeding on toxic diets to rid oneself 
of parasites and pathogens; Singer and Stireman III 2003; de Roode et al. 2013).

In general, use of chemical defense by caterpillars against predators and para-
sites in the form of sequestration appears to come at the cost of compromised cel-
lular immunity (encapsulation responses, melanization, and phagocytosis) against 
parasitoids and pathogens. Therefore, trade-offs likely exist between the ability to 
sequester and the maintenance of an effective immune system (Smilanich et  al. 
2009a; Quintero et al. 2014; Slinn et al. 2018). That such trade-offs occur is sug-
gested in a study of two closely related sphingid caterpillars, one of which seques-
ters the iridoid glycoside catalpol (Ceratomia catalpae), while the other does not 
(C. undulosa) (Lampert and Bowers 2015). The melanization response (to injected 
beads) of only C. catalpae was negatively correlated with the amount of catalpol 
sequestered. The authors suggest that while sequestration of catalpol may enhance 
protection against predators, it likely comes at the cost of high rates of parasitism 
(Lampert and Bowers 2015). Indeed, field populations of C. catalpae are often 
heavily attacked by the endoparasitoid Cotesia congregata (Lampert et  al. 2010, 
2011b), supporting the hypothesis that sequestering caterpillars may be “safe 
havens” for endoparasitoids that develop in hosts whose immune systems have been 
compromised (Dyer 1995). In caterpillar species that sequester, it is unclear whether 
chemical defense or immune responses provide more effective control against para-
sitoids. Both detoxification and mounting an immune response are metabolically 
costly, strongly suggesting trade-offs between these two activities. That immune 
responses are energetically costly to maintain has been shown in a study correlating 
encapsulation response with increased standard metabolic rate in the large cabbage 
white butterfly Pieris brassicae (Freitak et al. 2003). The magnitude of this trade-off 
is expected to be exacerbated in wild cabbage plants compared to domesticated 
varieties.

Of course, which type of defense is effective also depends on the degree of adap-
tion of different parasitoid populations to the immune response of their hosts in 
terms of resisting encapsulation and melanization, a phenomenon that has been doc-
umented in the parasitoid Asobara tabida that attacks drosophilid flies (Kraaijeveld 
and van Alphen 1995; Kraaijeveld and Godfray 2001). Differential adaptation across 
parasitoid populations highlights one of the challenges of using beads and monofila-
ments as proxies for parasitoids. Many parasitoids, particularly those in the super-
family Ichneumonoidea, have effective mechanisms to counter encapsulation and 
melanization responses of their host caterpillars including the injection of venoms 
(Poirié et al. 2014) and polydnaviruses (both ichnoviruses and bracoviruses; Drezen 
et  al. 2014). This parasitoid superfamily, comprising the Ichneumonidae and 
Braconidae, includes many species that attack caterpillars in both natural and agro-
ecosystems and are widely used as biocontrol agents. The ichneumonid wasp Pimpla 
hypochondriaca injects a venom at oviposition that inhibits hemocytes from forming 
capsules in its host caterpillar, the bright-line brown eye (Lacanobia oleracea; a.k.a. 
tomato moth) (Richards and Edwards 1999; Richards and Parkinson 2000). The 
braconid wasp Microplitis demolitor injects a bracovirus (MdBV) at oviposition into 
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its hosts, the soybean looper Pseudoplusia (=Chrysodeixis) includens and several 
other agronomically important noctuids. The MdBV inhibits the cellular immune 
response of these caterpillars by preventing the hemocytes, granulocytes, and plas-
matocytes from adhering to parasitoid eggs, thereby preventing encapsulation as 
well as phagocytosis by the caterpillars (Strand et al. 2006). Assessment of whether 
chemical defense or immune response is a more effective defense against parasitoid 
attack depends not only on understanding host immune responses but also parasitoid 
countermeasures. Understanding the mechanism by which plant secondary chemis-
try affects parasitoid success is crucial for predicting how caterpillar – parasitoid 
interactions, especially those involving biocontrol efforts – respond to changes in 
plant defenses that arise from agricultural practices.

 Climate Change, Plant Secondary Metabolites, 
and Phenological Match/Mismatch Between Trophic Levels

Human activities such as burning of fossil fuels, deforestation, and raising ruminant 
livestock result in the production of greenhouse gases (e.g., carbon dioxide, nitrous 
oxide, nitrogen oxides, methane, ozone) that absorb solar radiation and drive anthro-
pogenic climate change (IPCC 2014; Blunden and Arndt 2015). Agricultural prac-
tices themselves are estimated to contribute about 15% of all greenhouse gas 
emissions and land conversion to agriculture contributes an additional, similar 
amount (Godfray and Garnett 2014).

Increased production of greenhouse gases can alter the structure of trophic inter-
actions in two broad ways (Ode 2013). First, increased levels of greenhouse gases 
increase global temperatures and result in increasingly variable weather patterns. 
Herbivores can respond to increasing temperatures by expanding their ranges, alter-
ing the timing of life history events including the increasing the number of genera-
tions per year, displaying increased fluctuations in year-to-year population sizes, 
and experiencing changes to trophic interactions (Lehmann et  al. 2020). Altered 
temperature and precipitation patterns result in changes in the life histories and 
developmental rates of plants, insect herbivores, and their natural enemies creating 
phenological mismatches among trophic levels (Parmesan 2006; Parmesan and 
Yohe 2003). Such trophic matches and mismatches have consequences for recipro-
cal selection between trophic levels and the resulting expression of plant secondary 
metabolites. Second, greenhouse gases themselves (in particular, CO2 and O3) can 
modify the expression of plant defense signaling pathways, notably the jasmonic 
acid and salicylic acid pathways, which are implicated in defenses against chewing 
herbivores (e.g., caterpillars) and microbial pathogens/piercing-sucking insect her-
bivores, respectively (Ode et al. 2014). While a case can be made that agroecosys-
tems generate more greenhouse gases than natural systems, it is not clear that 
trophic interactions in these two ecosystems are differentially affected by cli-
mate change.
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Temperature and phenological matches/mismatches: As ectothermic organisms, 
the timing of key life history events of plants and their insect associates is strongly 
dependent on temperature (Bale et al. 2002; van der Putten et al. 2010). Many tro-
phic interactions have narrow temporal windows in which the phenologies of plants, 
herbivores, and natural enemies must be aligned if they are to persist (van Nouhuys 
and Lei 2004; van Asch and Visser 2007; Chidawanyika et  al. 2019; Yang and 
Cenzer 2020). Where different trophic members differentially respond to changes in 
temperature, old trophic associations can be broken and new ones formed under 
changing temperature regimes. There are numerous examples of plants and insects 
that have undergone range expansions in response to rising temperatures, becoming 
pests as they leave their natural enemies behind (Menéndez et  al. 2008, van der 
Putten et al. 2010, Battisti and Larsson 2015; Lindström and Lehmann 2015). Even 
in the classic example of the importance of synchrony between ovipositing winter 
moth Operophtera brumata and budburst in the oak Quercus robur (van Dongen 
et al. 1997), warming climate can disrupt the phenological match between herbivore 
and plant (Visser and Holleman 2001; Hagen et al. 2007). Of 17 herbivore- parasitoid 
pairs, in 11 cases the critical thermal limits and optimal development temperatures 
of the hosts were higher than the parasitoids (Hance et al. 2007; Furlong and Zalucki 
2017), suggesting that climate warming may likely result in many herbivores escap-
ing control by their natural enemies.

Warming climates can differentially affect the population dynamics of herbi-
vores and their parasitoids. For instance, the invasive larch casebearer Coleophora 
laricella experienced population outbreaks every 2–6 years in the 20 years before 
two introduced parasitoids (Agathis pumila and Chrysocharis laricinellae) began to 
control larch casebearer populations at low, stable densities (Ward et  al. 2020). 
Since the 1990s, however, warmer temperatures have disrupted control by these two 
parasitoids, leading to resumed casebearer outbreaks (Ward et al. 2020). Warmer 
temperatures may alter host immune responses in caterpillars, particularly when 
mounting a successful immune response trades off with other life history traits (Karl 
et al. 2011; Laughton et al. 2017). While rarely explicitly studied, such changes in 
phenological matches and mismatches between trophic levels almost certainly drive 
changes in the underlying plant secondary chemistry and their effects on herbivores 
and their natural enemies. Little is known about how temperature- driven phenologi-
cal mismatches will play out in natural vs. agroecosystems. Within agricultural sys-
tems, phenological matches underlying trophic relationships in longer-term systems 
such as orchards or agroforestry systems may be more susceptible to changing cli-
mates (e.g., Castex et al. 2018; Hamann et al. 2021).

Greenhouse gases and plant secondary metabolites: As a key substrate for pho-
tosynthesis, elevated CO2 levels generally result in increased net primary productiv-
ity (Ainsworth and Long 2005). Elevated CO2 may alter plant nutritive quality for 
herbivores, particularly by increasing C:N ratios. In addition to driving increasing 
global temperatures and the potential for phenological mismatches as well as the 
formation of novel associations, anthropogenic changes in the concentrations of 
atmospheric gases, especially carbon dioxide (CO2) and ozone (O3), are recognized 
to directly influence the production of plant secondary metabolites (Ode et al. 2014). 
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Increasing levels of CO2 are known to suppress the jasmonic acid signaling pathway 
(largely responsible for induced defenses against chewing herbivores such as cater-
pillars) (e.g., Hall et al. 2020) and increase activity of the salicylic acid pathway 
(associated with defense against plant pathogens) via crosstalk between these two 
pathways (Zavala et al. 2013). These patterns notwithstanding, the effects of ele-
vated CO2 on the expression of specific plant volatiles and toxins are highly idiosyn-
cratic, depending strongly on the plant species and the specific plant compound in 
question (Karowe et al. 1997; DeLucia et al. 2012; Ode et al. 2014).

Ozone induces the production of reactive oxygen species that upregulate the sali-
cylic acid pathway. On the one hand, ozone has been shown to increase the produc-
tion of several terpenoids involved in the attraction of herbivore natural enemies, but 
ozone may also interact with other plant volatiles disrupting their roles in indirect 
plant defense (Ode et al. 2014). It is tempting to predict that increasing atmospheric 
CO2 levels will suppress jasmonic acid-based defenses against caterpillars, but how 
general this proves to be will depend on much more research in a broader range of 
plant-herbivore-natural enemy systems than has been conducted to date.

 Conclusions/Future Directions

This chapter has focused on how crop domestication alters plant secondary chemis-
try and the consequences for herbivore-natural enemy interactions. Our understand-
ing of the effects of domestication, breeding, and agricultural practices on the 
interactions between plant chemical defenses (both direct and indirect), caterpillar 
herbivores, and their parasitoid and predator natural enemies is based largely on a 
few well-studied systems: Brassica species, tomatoes, maize, rice, Phaseolus 
beans,and Helianthus sunflowers, among others. In some of these systems, notably 
Brassicaceae and Solanaceae, there are excellent genomic resources via Arabidopsis, 
Lycopersicon, and Nicotiana allowing for detailed, mechanistic understandings of 
how selection for agronomically desirable traits may affect plant chemical defenses. 
Yet, these systems represent a fraction of all crop plants, and understanding how 
caterpillars (and other insect herbivores) and their natural enemies respond to 
domestication will undoubtedly be enhanced by further studies. In other systems, 
we must make reasonable, semi-informed guesses about how domestication has 
altered trophic relationships, but undoubtedly other novel changes remain to be dis-
covered. Such an understanding is even more pressing given the relentless onslaught 
of climate change. If agriculture is to adapt to changing climate in all its facets, we 
must have a clearer understanding of the complex relationships between increasing 
temperatures and changes in precipitation patterns and what this means for trophic 
matches and mismatches and whether caterpillar species will likely increase the 
number of generations per year.

We also need a better understanding of how greenhouse gases interact with plant 
signaling pathways in order to understand and predict how plant relationships with 
their herbivores will be altered, both in terms of direct defenses and indirect 
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defenses. Further studies are needed that incorporate more complex trophic interac-
tions allowing for emergent phenomena such as apparent competition, apparent pre-
dation, and other more complex indirect effects that cannot be studied with more 
unidimensional trophic relationships. Finally, this chapter has focused on how crop 
domestication alters plant secondary chemistry and the consequences for herbivore- 
natural enemy interactions. Many of the studies covered here have focused on indi-
vidual plants and their interactions with caterpillars and their natural enemies. Yet, 
the importance of scale and landscape characteristics must be taken into consider-
ation if we are to understand how plant-caterpillar-natural enemy interactions differ 
between natural and agroecosystems. Patch size and plant neighborhood character-
istics at different scales can differentially influence the attractiveness of HIPVs to 
parasitoids (Aartsma et al. 2020). Proximity and the size of natural areas to agricul-
tural fields can determine the spillover of both herbivores and natural enemies 
between these two habitat types (Tscharntke et al. 2005; González et al. 2020). Our 
understanding of the effects of domestication on plant secondary chemistry and 
interactions with caterpillars and their natural enemies will be greatly improved as 
we explore these issues at multiple spatial scales.
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 Introduction

The preceding chapters in this book have summarized the large and growing body 
of work focusing on adjacent trophic level interactions (e.g., those between plants 
and caterpillars and between caterpillars and their various natural enemies). The 
chapters in this section consider some of the complex ways that three (or more) 
trophic levels can interact to shape caterpillar ecology and evolution. Beginning in 
the early 1980s, as Price et al. (1980) and Bernays and Graham (1988) began the 
initially contentious task of integrating across multiple trophic levels, and as evi-
dence of terrestrial trophic cascades involving plants, herbivores, and natural ene-
mies began to accumulate (Marquis and Whelan 1994; Schmitz et al. 2000; Mooney 
et  al. 2010; Mooney and Singer 2012; Abdala-Roberts and Mooney 2013), we 
gained new insights into the myriad ways that members of these three trophic levels 
could interact with one another, both directly and indirectly (Abdala-Roberts et al. 
2019). Additionally, the evolutionary implications of these tritrophic interactions 
began to become increasingly apparent. Singer and Stireman (2005) pushed these 
ideas forward with a new conceptual framework, outlining how tritrophic niches are 
both formed and occupied, and empirical studies from a variety of systems are now 
validating these ideas (e.g., Condon et al. 2014).

While it is now widely recognized that both bottom-up and top-down forces 
often interact to shape the phenology, morphology, behavior, physiology, and fitness 
of caterpillars (Hunter and Price 1992; Kaplan et al. 2016), in this chapter we focus 
on describing the accumulated evidence supporting and/or refuting proposed mech-
anisms for host plant mediation of interactions between caterpillars and their natural 
enemies. The evidence that genetically based intraspecific trait variation mediates 
herbivore-natural enemy interactions has been reviewed elsewhere (e.g., Hare 1992) 
and is beyond the scope of this chapter. We instead focus here on the much wider 
trait variation that can be found among host plant species utilized by oligophagous 
or polyphagous caterpillars (e.g., Epargyreus clarus; Plate 1). Interspecific variation 
in plant traits can alter the risk of mortality from natural enemies directly or can 
function indirectly, via effects on caterpillar behavioral and/or physiological 
responses to their host plants, which in turn affect larval risk of mortality from natu-
ral enemies (Agrawal 2000). Because many traits can influence both the 2nd and the 
3rd trophic levels simultaneously, we have organized our discussion around the 
major themes of plant traits implicated in tritrophic interactions (rather than by 
interaction pathway) and indicate the relevant interaction pathway(s) within each 
section (Plate 2).

While many of these traits and their hypothesized effects on herbivore-natural 
enemy interactions were initially described in Price et  al. (1980), a considerable 
amount of empirical evidence has accumulated in the ensuing 40 years, and addi-
tional interaction pathways have emerged that require further exploration. For 
example, there is now widespread appreciation for the rapid and sometimes incred-
ibly specific ways in which plant damage by caterpillars can elicit the release of 
herbivore-induced plant volatiles (HIPVs; Turlings and Erb 2018) that have 
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important impacts on herbivore mortality. The myriad ways in which plants directly 
or indirectly provision a broad set of natural enemies that engage in mutualistic 
relationships with plants have also become increasingly apparent (Bronstein 1998; 
Stapley 1998; Wäckers et al. 2005). Recent research has also highlighted the impor-
tance of plant architecture and foliar pubescence as two important drivers of cater-
pillar and natural enemy foraging and patch use. Finally, because plant traits and 
their influence on both herbivores and natural enemies have been shown to change 
over ontogeny (Boege and Marquis 2005; Boege et al. 2019), this axis of variation 
must be explicitly considered in designing experimental tests to examine the direct 
and indirect effects of these traits.

We have worked for many years on the ecology and behavior of the silver- spotted 
skipper, Epargyreus clarus (Hesperiidae), a widespread oligophagous butterfly, the 
biology of which provides useful insights into the many ways in which plant traits 
can influence the outcomes of herbivore-natural enemy interactions. We highlight 
some of our most recent findings in pertinent sections below.

Plate 1 Silver-spotted skipper (Epargyreus clarus, Hesperiidae) caterpillars interact with their 
leguminous host plants in several ways that may influence their vulnerability to predators and para-
sitoids: all silver-spotted skipper caterpillars cut and silk their host leaves to produce shelters, a 
time-consuming activity that increases their exposure to natural enemies (a); caterpillars often 
must spend time removing trichomes (i.e., “mowing the lawn”) on densely pubescent leaves prior 
to initiating shelter-building (b); sharp trichomes, like those on the surface of Desmodium leaves, 
can impale a young caterpillar, making it vulnerable to enemies and/or desiccation and impeding 
its forward motion, resulting in a thick white crescent of silk on leaves with impaled caterpillars 
(c); and dense trichomes found on the edges and surfaces of young kudzu leaves slow the forward 
progress of an early instar larva (d) (all photos by M. Weiss)
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 Chemical Defenses

We begin by briefly discussing plant chemical defenses, which can indirectly affect 
natural enemies by altering caterpillar behavioral and physiological responses. 
While we follow the traditional division of plant secondary metabolites into lethal 
vs. sublethal “defensive” compounds, we note that this narrative has been recently 
challenged (Smilanich et  al. 2016). As such, we encourage future researchers to 
assess multitrophic interactions without presumption and focus on elucidating the 
specific modes of action of these compounds within their natural ecological contexts.

Lethal Compounds Host plants that defend their tissues with toxins (e.g., furano-
coumarins, cardenolides, glucosinolates, pyrrolizidine alkaloids, cyanogenic and 
iridoid glycosides, and aristolochic acids) are typically attacked by highly special-
ized caterpillar taxa that have evolved physiological and/or behavioral detoxifica-
tion mechanisms that enable larval feeding (Berenbaum 1983; Boppré 1990; 

Plate 2 Examples of ways in which plant traits can mediate caterpillar-natural enemy interac-
tions. Caterpillars like this monarch larva feeding on lactiferous plants often spend considerable 
time trenching prior to feeding, which can increase exposure to natural enemies (a; photo by 
A. Agrawal); host plant variation in provisioning, including the extrafloral nectaries of peonies that 
strongly recruit ants, can pose differential threats to caterpillars (b; photo by M. Weiss); host plant 
variation in concentrations of plant secondary chemicals like catalpol in Catalpa spp. can influence 
levels of sequestration by specialist herbivores like these catalpa sphinx caterpillars, which in turn 
can impact larval defenses against parasitoids and predators (c; photo by J. Lill); plant architectural 
traits like the growth form and branching pattern of Menzie’s goldenbush have been shown to 
influence access to these plants by insectivorous birds, which in turn impacts the strength of tro-
phic cascades in the California chaparral (d; Nell and Mooney 2019; photo by D. Valov); foliar 
water content of alternative host plants can influence caterpillar defensive behaviors, as in this 
silver-spotted skipper caterpillar (e; photo by C. Block); and the chemical composition of floral 
nectar can influence parasitoid foraging, potentially increasing encounters with host caterpillars (f; 
photo by A. Zemenick)
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Nishida 2002; Wittstock et  al. 2004; Dobler et  al. 2011; Agrawal et  al. 2012). 
Because these toxins often deter or kill most herbivores that attempt to feed on 
them, their role in modulating caterpillar-natural enemy interactions is somewhat 
limited, as noted by Price et  al. (1980). However, the various host plant species 
imbued with these chemicals can vary considerably in both toxin concentration and 
composition (e.g., Agrawal et al. 2015). For caterpillars that have evolved to sub-
vert, tolerate, or detoxify these compounds (rather than sequester them), the inter-
specific variation in plant chemical defenses encountered on alternative hosts can 
theoretically translate into variation in caterpillar susceptibility to natural enemies. 
However, beyond demonstrating host plant variation in caterpillar performance 
measures on alternative toxin-containing plants (e.g., non-sequestering milkweed- 
feeding caterpillars assayed in Petschenka and Agrawal 2015), we are unaware of 
any studies that clearly link the toxin concentrations of alternative host plants and 
differential natural enemy attack for non-sequestering specialist caterpillars.

For the subset of specialist caterpillars that has evolved the ability not only to 
tolerate, but to sequester plant toxins (e.g., monarchs, queens, pipevine swallow-
tails, buckeyes, catalpa sphinx, and woolly bears (discussed in detail in Bowers, 
Chapter “Sequestered Caterpillar Chemical Defenses: From “Disgusting Morsels” 
to Model Systems”), reduced caterpillar palatability and/or rates of mortality by a 
variety of natural enemies often result (Järvi et al. 1981; Bowers and Farley 1990; 
Dyer and Floyd 1993; Dyer 1995; Theodoratus and Bowers 1999; Sime 2002). A 
diverse set of caterpillar taxa sequestering different secondary compounds has also 
been found to deposit these compounds in their integuments (reviewed in Sime 
2002), presumably as an honest signal of their unpalatability that may prevent lethal 
injury by naive predators. In systems where sequestration levels reflect dietary toxin 
concentrations, alternative host plant associations could result in differential attack 
and consumption of these variably defended caterpillars by natural enemies (Dyer 
and Bowers 1996; Camara 1997; Theodoratus and Bowers 1999). The natural ene-
mies themselves could respond either positively (e.g., some specialist parasitoids; 
Richards et al. 2012) or negatively (e.g., many generalist predators) to sequestered 
toxin concentrations of their hosts and prey, respectively. In their study involving 
specialist caterpillars feeding on two different toxin-containing host plants, Richards 
et al. (2012) found that iridoid glycoside (IG) sequestration levels of buckeye cater-
pillars (Junonia coenia, Nymphalidae) were positively correlated with growth but 
negatively correlated with host immune responses to parasitism, suggesting possi-
ble ecological trade-offs in how these toxins may affect different measures of cater-
pillar fitness.

For predators that use olfaction as the proximate cue in assessing caterpillar prey 
quality/palatability (e.g., many ant species, most small mammals), there may be a 
greater potential for host plant-determined levels of sequestration to modulate prey 
selection behaviors. Moreover, for specialist parasitoids that often use host plant- 
produced volatile organic compounds (VOCs) as coarse-grained host location cues 
(Godfray 1994), such non-toxin cues could be honest signals of potential host 
sequestration levels that result in differential parasitism. As a hypothetical example, 
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parasitoids of catalpa sphinx (Ceratomia catalpae) caterpillars feeding on species 
of Catalpa differing in levels of IGs may prefer VOC signals of the tree species 
hosting caterpillars with the highest IG sequestration levels, which consequently 
have the lowest immune responses (following from Richards et  al. 2012, cited 
above). We propose that additional research on the tritrophic consequences of a 
wider array of specialist caterpillars reared on alternative host plants in natural set-
tings or common gardens could potentially shed light on how different natural 
enemy complexes may be shaping local patterns of host plant preference and use.

Sublethal Compounds A second major category of plant traits hypothesized to 
influence caterpillar-natural enemy interactions includes sublethal plant secondary 
chemicals, which while not typically toxic to most caterpillars have been shown to 
have significant impacts on a variety of caterpillar performance measures. 
Historically referred to as “quantitative” defenses (Feeny 1976), these include a 
wide array of mostly higher molecular weight, nonvolatile secondary compounds 
such as phenolics, lectins, some terpenoids, and proteinase inhibitors as well as 
structural compounds such as lignins, cellulose, etc. (Rosenthal and Berenbaum 
1991). While these “dose-dependent” compounds can theoretically defend plants by 
directly impeding caterpillar feeding and biomass gain (reviewed in Ayres et  al. 
1997), the primary mode of action is thought to be indirect; by slowing down cater-
pillar growth, particularly during highly vulnerable early instars, these plant com-
pounds could potentially increase natural enemy-mediated mortality and decrease 
plant damage (Benrey and Denno 1997). This slow-growth high-mortality hypoth-
esis (hereafter abbreviated as SG-HM hypothesis; Clancy and Price 1987) high-
lights the importance of the third trophic level as a critical component of the arsenal 
of plant defenses. Historically, an additional appeal of the SG-HM hypothesis has 
been that it neatly resolves a paradox of sublethal plant defenses: in the absence of 
natural enemies, compounds that reduce the ability of herbivores to assimilate nutri-
ents from plant food (i.e., that reduce digestibility or limit access to limiting nutri-
ents) increase herbivore consumption and plant damage (Moran and Hamilton 
1980; Price et al. 1980; but see Neuvonen and Haukioja 1984). For example, when 
oxidized, some phenolic compounds found in the foliage of many broad-leaved 
trees produce quinones, which bind to leaf proteins, inhibiting their digestion in 
caterpillar guts (Taranto et al. 2017). Presumably, caterpillars feeding on plants con-
taining these compounds would grow more slowly, thus exposing them to increased 
risk of predation and parasitism.

While the basic tenets of the SG-HM hypothesis – that caterpillars exhibit dif-
ferential growth rates and/or “windows of vulnerability” when reared on host plants 
differing in nutritional quality  – have been demonstrated in multiple laboratory/
greenhouse studies (e.g., Isenhour et  al. 1989; Benrey and Denno 1997; Medina 
et al. 2005; Coley et al. 2006; Kursar et al. 2006; Shikano et al. 2018), evidence 
from field studies has mostly failed to find empirical support for the SG-HM hypoth-
esis in caterpillars (Lill and Marquis 2001; Murphy 2004; Cornelissen and Stiling 
2006; Kursar et al. 2006) or has demonstrated the opposite, i.e., that natural enemy 
pressure was greater for faster-growing caterpillars on higher-quality plants 
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(Damman 1987; Leather and Walsh 1993; Idris and Grafius 1996; Benrey and 
Denno 1997; Medina et al. 2005; Singer et al. 2012). It is worth noting that the only 
manipulative field experiments involving caterpillars that have supported the pre-
dictions of the SG-HM hypothesis have altered caterpillar growth using intraspe-
cific “treatments” (as noted in Farkas and Singer 2013). These have included adding 
fertilizer to produce plants with different levels of foliar nitrogen (Loader and 
Damman 1991), rearing caterpillars on plants with different leaf ages (Parry et al. 
1998), or contrasting caterpillar performance on resistant vs. susceptible cultivars 
(Johnson and Gould 1992). In contrast, we are not aware of any field experiments in 
which caterpillar growth was manipulated by rearing them on alternative host plant 
species that have supported the hypothesis.

Two reviews of the SG-HM hypothesis (Williams 1999; Chen and Chen 2018) 
have pointed out the need for rigorous experiments that track herbivore develop-
ment and survival under natural field conditions where they are exposed to the full 
complement of potential natural enemies, for the duration of larval development. In 
our recent work on the evolutionary ecology of host use in the silver-spotted skip-
pers (E. clarus), we tracked the individual fates of hundreds of bagged and exposed 
caterpillars from egg hatch to the end of larval development on six different legumi-
nous host plants which varied markedly in nutritional content. Despite strong and 
consistent differences in development time on these alternative host plants, we 
found little to no support for the SG-HM hypothesis across 3 years and eight gen-
erations of E. clarus caterpillars, in what we believe is the most comprehensive 
field-based test of the hypothesis to date (Weiss, Lill & Lind, in preparation). Four 
decades after it was first proposed to explain the functioning of sublethal plant 
chemical defenses, the SG-HM hypothesis has been little supported in tritrophic 
systems involving caterpillars.

 Physical Defenses

Physical features of the plant, including trichomes, surface waxes, and leaf tough-
ness, can directly affect the movements and behaviors of herbivores (Kaur et  al. 
Chapter “Surface Warfare: How Plant Structural Defenses Battle Caterpillars”) and 
can also impact those of natural enemies both directly and indirectly (Kennedy 
2003; Cortesero et al. 2000; Peterson et al. 2016). Plant physical defenses are often 
integrated into biological control strategies, but the dynamics can be complicated, 
as plant surface traits that impede herbivores may also help or hinder the abilities of 
natural enemies to attack targeted pests (Eigenbrode et al. 1995; Cortesero et al. 
2000; Peterson et al. 2016).

Trichomes, both nonglandular and glandular, can directly affect caterpillar 
behaviors in ways that impact natural enemies. For example, trichomes can impede 
feeding, movement, and other larval “establishment” activities (shelter-building, 
burrowing into a leaf to produce a mine), slowing them down and thereby increasing 
visibility, exposure time, and/or vulnerability to natural enemies. These impacts can 
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be particularly consequential for first instar larvae, which suffer very high mortality, 
the specific causes of which are difficult to untangle (Zaluki et al. 2002).

In a field investigation of the success of first instar silver-spotted skipper 
(Epargyreus clarus) hatchlings at establishment on six different leguminous host 
plants, Weiss et al. (in preparation) found a consistent sixfold range in larval failure 
to construct a leaf shelter within 24 h, depending on plant species. We note that all 
E. clarus larvae obligately construct leaf shelters on their host plants, starting soon 
after hatching, and making four or five different shelters across their larval lifespan 
(Weiss et  al. 2003); first instar larvae that cannot make a shelter do not survive. 
Trichome densities on the plants ranged from smooth to densely hairy, but this fac-
tor alone was not predictive of hatchling establishment; the host plant with the high-
est trichome density had the lowest hatchling failure rate, and the plant with the 
lowest trichome density had the highest failure rate. The plants also differed in leaf 
toughness and chemistry, traits that are likely to contribute to success at establish-
ment. Although trichome density in the field did not correlate with failure to con-
struct a shelter, follow-up laboratory studies demonstrated that time to complete a 
shelter was in fact correlated with trichome density and that larval behavior varied 
consistently across the three host plants with the densest trichome coverage, adding 
another layer of complexity to the plant-herbivore interface (Weiss et al., in prep). 
As Bernays (2003) demonstrated in her oft-cited paper, “Feeding by lepidopteran 
larvae is dangerous,” caterpillars may face as much a 100-fold higher risk of preda-
tion when feeding than when resting, presumably because head movements (and 
perhaps chewing sounds) attract the attention of predators. Shelter-building by 
E. clarus is even more visually apparent than feeding, and so it is likely that an 
extended shelter-building time exposes larvae to increased predation risk.

Consistent with predictions by Boege and Marquis (2005), plant ontogeny can 
affect the course of plant-herbivore interactions, as can the age or ontogenetic stage 
of the herbivore. On kudzu (Pueraria montana), first instar E. clarus larvae were 
unable to initiate shelter construction on densely haired young leaves and were able 
to do so only after the leaf had expanded to the point that the larvae were able to 
contact the leaf surface. Third and fourth instar larvae, however, were able to initiate 
feeding on younger leaves (Weiss et al., in prep.). Kariyat et al. (2018) reported, 
similarly, that first and second instar Manduca sexta (Sphingidae) larvae were effec-
tively deterred from initiating feeding by the presence of nonglandular trichomes on 
a number of different solanaceous species, while third instar larvae were not simi-
larly inhibited.

In addition to directly impacting feeding, movement, and establishment by cat-
erpillars, leaf surface characteristics can indirectly affect herbivores by impeding or, 
rarely, facilitating movement by predators or parasitoids. In many cases, trichome 
coverage causes more harm than good to natural enemies (Riddick and Simmons 
2014). The interaction between trichomes and the third trophic level has been par-
ticularly well studied in tomatoes and their relatives (Solanum and Lycopersicon 
spp.), the leaves of which bear many types of glandular and nonglandular trichomes 
(Kennedy 2003, and refs therein). It has been demonstrated, for example, that on 
Lycopersicon spp., nonglandular trichomes can hamper searching behavior of 
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predators and parasitoids, glandular trichomes can entrap small hymenopterous 
parasitoids in sticky exudates and reduce predator mobility, and exudates of glandu-
lar trichomes can be directly toxic to natural enemies of pests. Similarly, on tobacco 
leaves, tiny Trichogramma minutum wasps get trapped in the sticky exudate of glan-
dular trichomes and are unable to parasitize Manduca sexta eggs, though the wasps 
readily parasitize the eggs on other substrates (Keller 1987). Lacewings, predatory 
beetles, parasitoids, and true bugs can die when they get stuck in exudates from 
glandular trichomes or are impaled on sharp nonglandular trichomes, though a con-
sequent negative impact on plant fitness has not been demonstrated (Riddick and 
Simmons 2014). Conversely, some “sticky plants” enjoy higher densities of preda-
tors that are attracted by the accumulated insect carrion found on plants bearing 
glandular trichomes. This easily accessible prey can be particularly important dur-
ing the juvenile stages of these predaceous insects, which in later developmental 
stages shift from feeding on immobile carrion to mobile prey, including caterpillars 
(Krimmel and Pearse 2013). In an interesting twist on the defensive role of tri-
chomes, Weinhold and Baldwin (2011) reported that consumption of glandular tri-
chomes of Nicotiana attenuata by neonate Manduca sexta larvae imparts a 
distinctive volatile profile to both their body and frass and that ground-foraging 
Pogonomyrmex rugosus ants use these distinctive odors to locate their larval prey.

Plant exudates, including latex and resins, are another widespread category of 
defense, with both physical and chemical components. These sticky exudates can 
gum up the mouthparts of chewing herbivores and can also dose them with a range 
of toxic chemicals (Doussord 2017 and refs therein). Caterpillars in many families 
have evolved behavioral counteradaptations to these defenses, including vein cut-
ting, trenching, girdling, and leaf clipping, which drain the latex or resin and allow 
the caterpillar to safely feed distal to the cut (Doussourd and Eisner 1987; Doussord 
2017). While the exudates themselves are a direct plant defense against herbivory, 
the caterpillars’ time-consuming and visible pre-feeding behaviors, like the shelter- 
building behaviors described above for E. clarus, are likely to increase caterpillar 
exposure to natural enemies (Bergelson and Lawton 1988; Greeney et al. 2012) and 
thus could constitute an indirect defense, the effectiveness of which may vary 
among host plants.

Epicuticular waxes, another common leaf surface feature, can positively or nega-
tively affect the movement of herbivores and their enemies, such that the net effect 
of three-dimensional waxy blooms on herbivory will vary from system to system 
(Eigenbrode 2004). Commonly, on surfaces covered with dense 3D waxes, insects 
are able to attach only weakly, and are manifold less able to hold on, relative to non- 
waxy surfaces (Gorb and Gorb 2017 and refs. therein). Eigenbrode and Espelie 
(1995) reported that three different generalist predators were more effective at cap-
turing Plutella xylostella larvae on wax-deficient glossy-leaved than on normal-wax 
cabbage plants, due to the improved mobility of the walking predators on glossy 
leaf surfaces. They also reported reduced mining by P. xylostella on glossy leaves, 
potentially increasing larval exposure to predation.

The protective nature of leaf toughness is generally considered in a bitrophic 
context, with recent work exploring the role of various leaf structural traits in 
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defense against different kinds of herbivores and with attention to ontogenetic 
changes in both insect feeding behavior and plant structural defenses (Hanley et al. 
2007; Malishev and Sanson 2015; Caldwell et al. 2016). Such ontogenetic changes 
in both plant and insect may interact in ways that are affected by the third trophic 
level. For example, Damman (1987) described an interesting situation in which 
Omphalocera munroei (Pyralidae) larvae collectively built leaf ties on older, tougher 
leaves, which, though nutritionally inferior to tender young leaves, were more resis-
tant to predator attack. The toughness of the older leaves necessitated that larvae 
feed in groups of at least 20 individuals, which together were able to manipulate the 
relatively inflexible leaf. Given the ubiquity of shelter-building and use by lepi-
dopteran larvae (Marquis et  al. Chapter “The Impact of Construct- Building by 
Caterpillars on Arthropod Colonists in a World of Climate Change”), additional 
studies relating leaf toughness to the defensive properties of their shelters against 
natural enemies, particularly for caterpillars that feed on multiple host plant taxa, 
are needed.

 Plant Architecture

It is now widely recognized that plant architecture, which is also referred to as plant 
structural complexity (McCoy and Bell 1991), is an important plant trait that can 
mediate predator-prey dynamics broadly (Grof-Tisza et  al. 2017) and herbivore- 
natural enemy interactions specifically (reviewed in Marquis and Whelan 1996). 
Here we treat plant architecture as a trait that acts directly on the third trophic level, 
by facilitating or impeding natural enemy foraging activities and/or access to cater-
pillar prey. While several studies have found that leaf shape, size, arrangement, and 
surface features can influence arthropod predator and parasitoid foraging success 
(e.g., Kauffman and Kennedy 1989; Grevstad and Kleptetka 1992; Clark and 
Messina 1998; Reynolds and Cuddington 2012), most of these studies have not 
involved caterpillars. There is some evidence that plant architecture can influence 
the dynamics of caterpillar-vespid wasp (e.g., Geizenauer and Bernays 1996) and 
caterpillar-parasitoid (e.g., Pimentel 1961) interactions, but the overwhelming 
majority of studies involving caterpillars have focused on caterpillar-insectivorous 
bird interactions on woody plants with variable architectures. The physical size, 
arrangement, and density of structural elements (leaves and stems) on woody plants 
have been shown to affect multiple aspects of avian foraging, including host plant 
preference, searching time, and energy expenditures (Holmes and Robinson 1981; 
Robinson and Homes 1984; Whelan 1989, 2001), with resulting impacts on cater-
pillar densities, folivory, and plant biomass (e.g., Marquis and Whelan 1994; Van 
Bael et al. 2008; Whelan et al. 2008; Mäntylä et al. 2011). More recent work has 
focused on how woody plant architecture, specifically the density and heterogeneity 
of structural elements, can serve as a size-selective filter that could limit the access 
to potential predators (Grof-Tisza et al. 2017). A recent study found a strong nega-
tive relationship between the structural complexity of shrubs in the California 
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coastal sage scrub ecosystem and the ability of resident birds to reduce insect herbi-
vore abundance on those plants (Nell and Mooney 2019); plants with more open, 
less dense branching patterns offered birds greater access to the interior of these 
shrubs, thus enhancing their ability to glean herbivores from their foliage. Moreover, 
because avian-mediated indirect defenses traded off with direct, anti-herbivore 
plant defenses in this set of co-occurring shrubs, the earlier suggestion by Marquis 
and Whelan (1996) that natural enemies can exert selective pressures on plant archi-
tectural traits was strongly supported (Nell and Mooney 2019). We expect that 
advances in three-dimensional imaging technologies may facilitate the speedy and 
precise quantification of plant architectural traits (e.g., the fractal index and plant 
complexity index described in Halley et al. 2004 and Grof-Tisza et al. 2017, respec-
tively), spurring additional research in this fruitful area.

 Resources

We briefly discuss two categories of plant resources that are used by the third tro-
phic level: plant provisioning of tangible resources (e.g., food and shelter) and plant 
provisioning of information (i.e., volatiles that can indicate location and in some 
cases identity of the caterpillar).

Tangible Resources In a botanical illustration of the adage, “the enemy of my 
enemy is my friend,” plants from a broad taxonomic range provide physical 
resources, including food, water, and shelter, to natural enemies of their herbivores, 
potentially resulting in a reduction of herbivore damage (Koptur et al. 2015; Heil 
2015; Wackers et al. 2005). Such relationships can be obligate or facultative.

The most common category of obligate relationship occurs between ants and 
their partner “ant plants,” or myrmecophytes. These relationships, which are often 
very specialized, involve tropical angiosperms in at least 20 families (Davidson and 
McKey 1993) and ants in 5 subfamilies of Formicidae (Davidson 1997; Bronstein 
et al. 2006). The plants commonly provide nourishment to the ants in the form of 
carbohydrate from extrafloral nectaries and protein from specialized food bodies 
(pearl bodies, Beltian bodies, etc.), as well as specialized structures in which the 
ants can make a nest. The ants, for their part, patrol the plant and chase off or kill 
potential herbivores (e.g., Rico-Gray and Oliveira 2007). Exclusion of ants from 
myrmecophytes results in increased levels of herbivory (Heil and McKey 2003; 
Heil 2008). Several relatively recent reviews document these fascinating relation-
ships (Bronstein et al. 2006; Rico-Gray and Oliveira 2007; Heil 2015).

More taxonomically and geographically widespread than obligate ant-plant rela-
tionships, many plants have facultative relationships in which they provide food 
resources to natural enemies, including ants as well as mites, spiders, parasitic 
hymenopterans, and predatory hymenopterans, hemipterans, and beetles (Wäckers 
et al. 2005; Koptur et al. 2015). Plants in over 108 plant families (Weber and Keeler 
2013) secrete extrafloral nectar (EFN) from specialized secretory cells that can be 
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located on many different plant tissues (e.g., leaf bases and blades, flower buds, 
petioles, and developing fruits). The number, distribution, and nectar production 
rate of EFNs can be induced by herbivory, either directly or through exposure of 
undamaged plants to herbivore-induced volatiles (Heil 2015 and references therein, 
Yamawo and Suzuki 2018).

In a number of experimental trials in which ants were excluded from EFNs, her-
bivory levels on the test plants were increased over those on unmanipulated con-
trols; some studies explicitly note attacks on or removal of lepidopteran herbivores 
(Koptur et al. 2015; Yamawo et al. 2012; Yamawo and Suzuki 2018). Hymenopteran 
parasitoids were reported to remain longer and attack more larvae of Helicoverpa 
zea, in the presence of extrafloral nectar (Stapel et al. 1997). Patrolling ants may or 
may not reduce oviposition by butterflies (Koptur et al. 2015), and their effective-
ness varies depending on the growing conditions of the plant with nectaries (Jones 
et al. 2017). Rudgers and Strauss (2004), in one of the few studies that integrates 
trait expression, plant fitness, and genetic variation, demonstrated that reduction of 
nectar production by EFNs on wild cotton resulted in reduced ant recruitment, 
increased herbivory, and decreased plant fitness.

While EFNs provide resources for predators and parasitoids, and flowers often 
provide nectar for pollinators, natural enemies can also benefit from access to floral 
nectar (Heimpel and Jervis 2005; Zemenick et al. 2019; Patt et al. 1997; Tooker 
et  al. 2006). A range of hymenopteran and dipteran predators and parasitoids 
(including syrphids, tachinids, and eulophids) have been recorded nectaring on a 
diversity of flowering plants, particularly on flowers with either exposed or partially 
exposed nectaries, such as many plants in the Apiaceae (Patt et al. 1997). As with 
extrafloral nectar, acquisition of carbohydrates from floral nectar can contribute to 
the longevity, fecundity, and, potentially, prey encounter rate of natural enemies 
(Russell 2015 and references therein).

Guttation droplets are also a potentially important plant resource that may play a 
role in multi-trophic interactions. Though droplets released from the margins of 
leaves through guttation have long been considered a water source for insects, 
Urbaneja-Bernat et al. (2020) recently reported that the liquid in fact contains pro-
teins and carbohydrates and is a reliable source of nutrients for herbivores, parasit-
oids, and predators throughout the growing season. Insects fed on guttation droplets 
had higher fecundity and longevity relative to insects fed on water, and furthermore, 
in field trials, the presence of guttation droplets increased the number of predators 
and parasitic wasps visiting the plants. Further studies should investigate the gener-
ality of this finding and the potential impacts of guttation droplets on multi-trophic 
plant-insect interactions.

Leaves of many plants bear domatia, very small invaginations in the leaf epider-
mis, or dense tufts of hair at vein junctions that provide refuge for small predatory 
arthropods, most commonly predatory or fungivorous mites (Walter and O’Dowd 
1992; Norton et  al. 2001; Romero and Benson 2005) but also predatory minute 
pirate bugs (Agrawal et al. 2000). This mutualistic association between arthropods 
and plants, which is particularly common in temperate deciduous forest trees (as 
well as a range of agricultural crops), has been shown to decrease herbivore damage 
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to leaves, particularly through reduction of herbivorous mites by predatory mites 
(Romero and Benson 2005). Although predatory mites rarely attack caterpillars, 
small predaceous arthropods such as the minute pirate bug do, so it is likely that the 
presence of leaf domatia may indirectly impact lepidopteran herbivores.

Information Resources Over the last several decades an explosion of research in 
the field of chemical ecology has revolutionized our understanding of how the com-
plex blends of herbivore-induced plant volatiles (HIPVs) produced by plants in 
response to herbivore interactions with plants convey information to at least four 
trophic levels: plants, caterpillars (and adult moths and butterflies), a variety of nat-
ural enemies, and even hyperparasitoids (Kessler and Heil 2011; Peterson et  al. 
2016; Turlings and Erb 2018; Cusumano et al. 2019). The HIPVs of a wide array of 
plants, including some well-studied model systems (e.g., Arabidopsis thaliana, 
Nicotiana tabacum, Zea mays, Solanum lycopersicum, various Brassica spp.), have 
been characterized using gas chromatography/mass spectroscopy (GC/MS) 
approaches. By capturing and analyzing the headspace around plants exposed to 
lepidopterans, researchers have detected HIPV-based responses to caterpillar feed-
ing (Karban and Baldwin 1997; Howe and Jander 2008; Body et al. 2019), oviposi-
tion (e.g., Cusumano et al. 2015; Hilker and Fatouros 2015), and even arthropod 
movement on leaf surfaces (e.g., Hilker and Meiners 2010; Tooker et  al. 2010). 
Three major types of HIPVs that respond to caterpillar activities, green leaf volatiles 
(GLVs), terpenoids, and the sulfur- and nitrogen-containing volatiles associated 
with the myrosinase/glucosinolate defenses of brassicaceous plants (Wittstock et al. 
2003; Muller and Wittstock 2005; Mumm and Dicke 2010; Turlings and Erb 2018) 
have each been shown to be the most responsive to actual caterpillar feeding, with 
caterpillar oral secretions playing a pivotal role (Alborn et al. 1997). In addition, 
both GLV and terpenoid blends have been shown to convey specific information 
about the species of caterpillar causing the induced response (Allmann and Baldwin 
2010), likely due to differences in the elicitors found in caterpillar oral secretions 
(Turlings and Erb 2018). Moreover, the HIPV signature for a given plant species can 
vary with the amount and type of damage (Delphia et al. 2007; Peterson et al. 2016), 
ontogenetic stage (Takabayashi et  al. 1995), and even parasitization status (e.g., 
Poelman et al. 2011; Zhu et al. 2015; Cusumano et al. 2019) of the lepidopteran, 
providing a wealth of ecological and taxonomic information to “receivers” from any 
of the four trophic levels mentioned above.

While initial studies of caterpillar-based HIPVs considered parasitoid wasps to 
be the primary receivers of this chemically communicated information (Turlings 
and Erb 2018), the taxonomic makeup of documented receivers (and responders) 
has broadened considerably (Mumm and Dicke 2010) to include social wasps 
(Vespidae; McPheron and Mills 2012, Saraiva et al. 2017), ladybird beetles (James 
2005), predatory bugs (e.g., Geocoris sp. and Orius tristicolor; James 2005; 
Allmann and Baldwin 2010), entomopathogenic nematodes (Ali et al. 2012), mul-
tiple fly families (Tachinidae, Chloropidae, Sarcophagidae, Syrphidae, and 
Agromyzidae; James 2005), and even insectivorous birds (Amo et al. 2013; Mäntylä 
et al. 2008; Mrazova and Sam 2017, 2019). Both innate and learned responses to 
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HIPVs have been documented in a variety of predators and parasitoids (Vet et al. 
1995; Steidle and van Loon 2003; De Boer and Dicke 2006; Glinwood et al. 2011), 
and natural enemy abilities to detect subtle differences in HIPV blends appear to 
exceed that of available instrumentation (Mumm and Dicke 2010).

Acknowledging that the use of chemical information by the natural enemies of 
caterpillars is now well established, its functioning as a “defense trait” in plants is 
much less certain (Peñuelas and Llusiá 2004; Kessler and Heil 2011). Plant de novo 
synthesis of novel volatiles in response to herbivory appears likely to have evolved 
primarily as a means of rapid intraplant communication and/or a means of deterring 
additional herbivores, raising the possibility that most natural enemy responses to 
HIPVs can be attributed to “eavesdropping” rather than plant-derived “SOS” sig-
nals (Dicke 2009; Dicke and Baldwin 2010). Because the koinobiont strategy used 
by many caterpillar parasitoids (Godfray 1994) allows their hosts to continue feed-
ing and developing, functional responses of parasitoids to this information (i.e., 
increased parasitism rates) are unlikely to decrease plant damage in the short term 
(but see van Loon et al. 2000); however, for long-lived plants, numerical declines in 
herbivore populations resulting from increased parasitism may hold greater promise 
for reducing damage. By contrast, when plant signaling attracts generalist predators 
that effectively remove caterpillars, thus preventing further damage, these signaling 
traits have a greater likelihood of serving as indirect plant defenses. Agricultural 
field tests with lures containing synthetic HIPVs to augment biocontrol efforts of 
lepidopteran pests are likely to provide valuable insights into this debate, although 
there are a number of mitigating factors that may limit its effectiveness (reviewed in 
Kaplan 2012).

 Future Directions

Complementing the well-studied mechanisms detailed above, additional types of 
plant trait-mediated caterpillar-natural enemy interactions warrant further study 
based on some intriguing initial findings. These include investigations of how host 
plant affiliations affect the expression and/or effectiveness of antipredator behaviors 
such as regurgitation (a common caterpillar response to natural enemy attack) and 
caterpillar dropping behaviors (reviewed in Greeney et al. 2012). Because the foli-
age of alternative host plant species can differ in water content and allelochemical 
composition, both the amount of regurgitant produced (Peiffer and Felton 2009; 
Block et al. in review) and the effectiveness of the regurgitant in deterring predators 
(Theodoratus and Bowers 1999) may vary among host plants. Additional experi-
ments testing the expression and effectiveness of regurgitation as an antipredator 
behavior in a wider range of oligophagous and polyphagous caterpillar taxa, and 
against a wider range of natural enemies (both arthropod predators and parasitoids), 
are needed. A second common caterpillar antipredator behavior that is likely to be 
impacted by host plant identity is their dropping/escape behavior. A variety of cat-
erpillars respond to perceived predation threats by vigorously wriggling and/or 
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simply dropping off of their host plant (Gross 1993; Greeney et al. 2012) to avoid 
predation. When these behaviors are elicited by substrate-borne vibrations produced 
by natural enemies, as was demonstrated for the geometrid Macaria aemulataria 
(Castellanos and Barbosa 2006), physical and structural features of their host plant 
(e.g., wood density, leaf stiffness) could facilitate or impede signal transmission 
(McNett and Cocroft 2008; Hill 2009), potentially altering the effectiveness of these 
escape strategies.

Lastly, because some important natural enemies of caterpillars are themselves 
spatially restricted (e.g., many ant species), traits that determine a plant’s micro-
habitat preferences (e.g., physiological tolerances for light, moisture, and various 
edaphic features) are likely to affect the abundance and/or community composition 
of natural enemies patrolling particular host plant species. In one of the most con-
vincing demonstrations to date of how host plant shifts can be promoted and/or 
maintained by enemy-free space, Murphy (2004) found that the novel host plants 
(Asteraceae) used by the Alaskan swallowtail butterfly (Papilio machaon aliaska) 
grew at higher elevations than their ancestral host plants (Apiaceae); as a conse-
quence, caterpillars feeding on the novel host plants were not exposed to their most 
important predator (Formica podzolica), which co-occurs only with the ancestral 
host plant. Plant species restricted to serpentine soils, many of which also hyperac-
cumulate metals that can be toxic to a variety of herbivores (Brady et al. 2005), 
might also expose their caterpillars to different natural enemy pressures than their 
close relatives growing on non-serpentine soils (Robinson 2017). In short, by 
expanding the suite of “plant traits” hypothesized to influence caterpillar-natural 
enemy interactions to include interspecific differences in plant physiological toler-
ances for environmental variables, we can begin to assess their hypothesized role in 
environmental filtering (e.g., Bazzaz 1991; Swenson et al. 2012). Alternative host 
plants may also differ in their biotic associations (e.g., mycorrhizal fungi, nitrogen- 
fixing bacteria, and foliar endophytes), all of which have been shown to affect the 
expression of antiherbivore chemical defenses in their plant hosts (Kempel et al. 
2009; Saikkonen et  al. 2010; Jung et  al. 2012), which in turn can modulate 
caterpillar- natural enemy interactions by any of the mechanisms described above. 
By extending the concept of plant phenotypes to include both their microhabitat 
associations and their many symbionts, a greater array of ecologically relevant 
modes of interaction can be investigated.
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Host Plant Effects on the Caterpillar 
Immune Response
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 Introduction

In this chapter, we review the literature on host plant-derived effects on lepidopteran 
immunity to natural enemies. Much of the work reviewed here falls under the 
umbrella of ecological immunology or ecoimmunology, a growing area of research 
aimed at understanding the ecological basis of variation in the immune response of 
animals (Sheldon and Verhulst 1996; Schulenburg et al. 2009; Brock et al. 2014). 

 Tarchon felderi (Apatelodidae) in Costa Rica. (Photo by Angela Smilanich)
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Given the topic of this book, we focus exclusively on studies with Lepidoptera, 
which are many since they are a prime subject for ecological studies (Price et al. 
2011). The majority of Lepidoptera are herbivorous in the larval stage; thus there 
are ample opportunities for consequential interactions between host plants and the 
caterpillar immune response. Plants primarily affect lepidopteran immune responses 
through nutrient content and secondary metabolite composition (Fig. 1; Singer et al. 
2014), and here we summarize the work and results that have been discovered to 
date. We also highlight studies that include outcomes of caterpillar immune varia-
tion for the third trophic level (i.e., parasites, parasitoids, and pathogens) since these 
consequences are most important for understanding the evolution of the immune 
response (Schmid-Hempel and Ebert 2003), as well as life history traits such as diet 
breadth (Smilanich et al. 2009a). We end the chapter with a look at areas of the lit-
erature that would benefit from more investigation and suggest avenues for future 
research.

host plant
Primary and secondary

metabolites affect caterpillar
immunity and mediate the

interactions with natural enemies

natural enemies
future

directions

plant metabolites

immune response

microbiome

adult fitness

diet breadth

specialist generalist

caterpillars

Fig. 1 Overview of the information that we cover in this chapter. Host plant chemistry can have a 
variety of effects on the immune response of caterpillars, which we review in this chapter. We also 
consider and highlight research that links host plant chemistry to natural enemy performance via 
the immune response. We end the chapter with future directions that are beginning to be explored 
and would benefit from increased research attention

A. M. Smilanich and N. D. Muchoney
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 Insect Immunity

Since many excellent reviews, chapters, and books have been written describing 
insect immunity (Gillespie et  al. 1997; Lavine and Strand 2002; Cerenius and 
Söderhäll 2004; Kanost et al. 2004; Siva-Jothy et al. 2005; Beckage 2008; Carton 
et al. 2008; Strand 2008; Rolff and Reynolds 2009; Jiang et al. 2010; González- 
Santoyo and Córdoba-Aguilar 2012), we provide a brief overview covering infor-
mation and details needed for effectively reading this chapter.

Insects have an innate immune response capable of responding to foreign invad-
ers that breech the primary (e.g., shelter-building, warning coloration) and second-
ary (thrashing/biting, spines, regurgitating) lines of defense (Gross 1993; Smilanich 
et al. 2009b). Parasitoids may be deterred by the first two lines of defense, but bac-
teria, fungi, protozoans, and viruses will mostly be targeted by the immune response 
alone. Once inside the hemocoel, the invader will be attacked by both cellular and 
humoral components of the immune system. These two branches do not operate in 
isolation but work in concert to suppress infection. The cellular response encom-
passes encapsulation, nodule formation, clotting, and phagocytosis. Large eukary-
otic enemies such as parasitoids or protozoans are likely to be attacked by 
encapsulation, wherein hemocytes such as plasmatocytes and granulocytes adhere 
to the surface of the parasitoid egg or parasite and build layers of cells around the 
invader, isolating and asphyxiating it (Nappi and Christensen 2005). As noted, the 
humoral response accompanies the cellular response and in this example would be 
followed by melanogenesis initiated by the phenoloxidase (PO) cascade in the 
hemolymph. Once activated, the PO cascade produces melanin, which is deposited 
on the encapsulated invader. The process of melanogenesis creates free radicals that 
are locally cytotoxic and contribute to suppressing the invader (Kanost et al. 2004; 
Nappi and Christensen 2005; Nakhleh et al. 2017). The humoral response is also 
characterized by antimicrobial peptides (AMPs) and pattern recognition receptors 
(PRRs) that bind to molecular components on the surface of microbial pathogens, 
including lipopolysaccharide, peptidoglycan, and β-1,3-glucan. These immune 
components have been well characterized from model systems including lepidop-
terans (i.e., Manduca sexta, Sphingidae) (Kanost et al. 2004; Beckage 2008; Ragan 
et al. 2009).

While not as complex as the vertebrate immune system, the insect immune sys-
tem is still sophisticated. Accurate measures of immunocompetence remain chal-
lenging (Adamo 2004b). Immune assays take many forms, but common measures 
include encapsulation and melanization of foreign objects inserted into the caterpil-
lar’s hemocoel (Fig. 2; Lavine and Beckage 1996; Rantala and Roff 2007; Smilanich 
et al. 2009a) and counting and differentiating immune cells from samples of hemo-
lymph (Ribeiro and Brehélin 2006; Strand 2008; Triggs and Knell 2012b). In addi-
tion, measurement of humoral responses like PO enzyme activity and bacterial-killing 
assays are common and relatively simple (Siva-Jothy et al. 2001; Adamo 2004a; 
Freitak et al. 2007). As discussed by Adamo (2004b), immune assays are meant to 
act as a metric of immune strength, which should then translate into disease 
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resistance. However, the line between immune assay and disease outcome is not 
straightforward, and, in many instances, investigators find that the immune strength 
does not predict disease outcome (further discussed in “Linking Immunity to Fitness 
via Enemy Attack,” below). Adamo (2004b) points out that immune assays may be 
specific to certain enemies (e.g., encapsulation assays targeting parasitoid enemies). 
Furthermore, it may also be that immune assays do not always reflect disease resis-
tance as there could be threshold barriers of detection for the assay or the fact that a 
statistically significant assay result does not mean a significant biological outcome 
(Adamo 2004b). To help remedy these discrepancies, Adamo (2004b) suggests 
measuring multiple immune parameters (e.g., PO activity, encapsulation, hemocyte 
counts, antibacterial activity), as well as including a measure of disease resistance 
(e.g., pathogen load). Measures of multiple immune parameters have largely been 
adopted in the lepidopteran literature (Barthel et al. 2014; see Tables 1 and 2), while 
including measures of disease resistance and host fitness is less common (Graham 
et al. 2011). The specificity and memory of the insect immune response are cer-
tainly greater than once thought, and although it does not have antibodies like the 
vertebrate immune system, studies show that antimicrobial peptides can be specific 
to parasite isolates (Riddell et al. 2009), and memory in the form of immune prim-
ing can arm insects for a second attack (Rodrigues et al. 2010). Thus, in some situ-
ations, it is imperative that the correct immune parameters are measured since 
immune specificity to natural enemies is an important consideration.

Transcript and transcriptomic analyses represent a relatively new tool for mea-
suring the immune response of insects (Freitak et al. 2007; Vogel et al. 2011; Pascual 
et al. 2012; Gunaratna and Jiang 2013; Cotter et al. 2019; Tan et al. 2019). These 
studies have produced rich and detailed datasets that comprise the expression of 
immune genes in a variety of insects and lepidopterans, in particular (e.g., Galleria 

Fig. 2 Filament encapsulation assay used to measure the strength of the encapsulation and mela-
nization responses in caterpillars. (a) Nylon monofilament implanted into a sixth instar Baltimore 
checkerspot (Euphydryas phaeton) caterpillar. Filament was knotted at one end to facilitate 
implantation and removal; knot is visible resting outside of the abdominal cuticle (circled in 
white). (b) Examples of extracted filaments (length: 2 mm) after 24 h within the E. phaeton hemo-
coel, showing varying degrees of melanization and cellular encapsulation

A. M. Smilanich and N. D. Muchoney
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Table 1 Effects of dietary macronutrients on caterpillar functional immune responses and 
interactions with natural enemies (as measured by survival following pathogen challenge). Positive 
associations between nutritional variables and immune parameters or survival are indicated by 
“(+)”; nonsignificant associations are indicated by “(N.S.)”

Nutritional 
parameter Species Diet type Immune effect(s) Survival effect Reference

Protein-to- 
carbohydrate 
ratio

Spodoptera 
littoralis

Artificial Antibacterial 
activity (+)
Implant 
encapsulation (+)
Hemocyte density 
(N.S.)
Phenoloxidase 
activity (+a)

Survival of S. littoralis 
nucleopolyhedrovirus 
infection (+)

Lee et al. 
(2006)

Protein-to- 
carbohydrate 
ratio

Spodoptera 
exempta

Artificial Antibacterial 
activity (+)
Phenoloxidase 
activity (+)

Survival of Bacillus 
subtilis infection (+)

Povey 
et al. 
(2009)

Protein-to- 
carbohydrate 
ratio

Spodoptera 
exempta

Artificial Antibacterial 
activity (+)
Hemocyte density 
(+)
Phenoloxidase 
activity (+)

Survival of S. exempta 
nucleopolyhedrovirus 
infection (+)

Povey 
et al. 
(2013)

Protein-to- 
carbohydrate 
ratio

Manduca 
sexta

Artificial Hemocyte density 
(N.S.)
Implant 
encapsulation (+a)
Phenoloxidase 
activity (+)
Prophenoloxidase 
activity (N.S.)

Wilson 
et al. 
(2019)c

Protein 
content

Spodoptera 
littoralis

Semi- 
artificial

Antibacterial 
activity (+)
Phenoloxidase 
activity (+)
Prophenoloxidase 
activity (+)

Survival of 
Xenorhabdus 
nematophila infection 
(+)

Cotter 
et al. 
(2019)

Protein 
content

Lycaeides 
melissa

Plant Implant 
encapsulation 
(N.S.)
Phenoloxidase 
activity (+b)

Yoon 
et al. 
(2019)

Protein 
quality

Spodoptera 
littoralis

Semi- 
artificial

Antibacterial 
activity (+)
Phenoloxidase 
activity (N.S.)

Lee et al. 
(2008)

(continued)
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mellonella, Trichoplusia ni, Bombyx mori, Manduca sexta). While patterns are still 
being explored, several studies have documented increased expression of extracel-
lular immune-related proteins in response to bacterial infection (Freitak et al. 2007; 
Bel et al. 2013; Gunaratna and Jiang 2013; Cotter et al. 2019). Lysozyme activity 
increased in Trichoplusia ni (Noctuidae) larvae reared on diets laced with nonpatho-
genic bacteria, while PO activity decreased (Freitak et al. 2007). Accordingly, tran-
script expression of hemolymph antimicrobial peptides (including lysozymes) and 
a PO inhibiting enzyme increased on bacterial diets, showing congruence between 
the functional assays and RNA transcripts. Cotter et al. (2019) found that functional 
immune assays (PO and lysozyme activity) were increased in bacterially challenged 
Spodoptera littoralis (Noctuidae) larvae, and associated transcripts were also upreg-
ulated; however, the congruence was dependent upon the amount of protein that was 
consumed in the diet. In studies with transcriptome data, upregulation of immune 
genes in response to infection appears to produce mixed results, where some 
immune genes are upregulated, but some are downregulated (Liu et al. 2014; Tan 
et al. 2019; Lin et al. 2020). These kinds of studies are rarely paired with functional 
assays, such as measuring encapsulation of an artificial implant (Fig. 2) or quantify-
ing PO or antibacterial activity in the hemolymph. Interestingly, Tan et al. (2019) 
found that no immune genes were differentially expressed between monarch larvae 
(Danaus plexippus, Nymphalidae) infected with a protozoan pathogen and unin-
fected larvae; however, they did find differences in immune gene expression accord-
ing to host plant diet, echoing results from Cotter et  al. (2019). With such an 
enormous amount of genetic data generated by this type of analysis, it is perhaps not 
too surprising that results would be complex and not straightforward, especially in 
non-model species (Peterson et al. 2019). Overall, transcript and transcriptome data 

Table 1 (continued)

Nutritional 
parameter Species Diet type Immune effect(s) Survival effect Reference

Protein 
consumption

Spodoptera 
littoralis

Artificial Antibacterial 
activity (+)
Phenoloxidase 
activity (N.S.)

Cotter 
et al. 
(2011)c

Carbohydrate 
consumption

Spodoptera 
littoralis

Artificial Antibacterial 
activity (+)
Phenoloxidase 
activity (N.S.)

Cotter 
et al. 
(2011)c

Protein 
consumption

Grammia 
incorrupta

Artificial Implant 
encapsulation (+a)

Mason 
et al. 
(2014)

Carbohydrate 
consumption

Grammia 
incorrupta

Artificial Implant 
encapsulation (+)

Mason 
et al. 
(2014)

aReported as marginally significant (P = 0.05–0.08)
bIndirect effect mediated by weight gain on host plant Medicago sativa
cEffects summarized; see paper for detailed response surfaces
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appear to be useful for understanding immune regulation but should be paired with 
functional assays and pathogen loads to better understand the outcome for infection 
(Cotter et al. 2019). A final cautionary note for immune assays in the lab concerns 
the possibility that organisms may already be infected with a parasite/pathogen, in 
which case any manipulation that is applied will have a background infection that 
can add noise to the data. In some cases, it is impossible to assess background infec-
tions, but in cases where an infection is applied, then control groups should always 
be checked to ensure they are infection-free.

 Effects of Nutritional Content

 Nutritional Content and the Caterpillar Immune Response

As immune responses are costly to maintain and activate (Moret and Schmid- 
Hempel 2000; Freitak et al. 2003; Ardia et al. 2012), the quantity and quality of 
nutritional resources available to insects are expected to impact immunocompe-
tence. In this section, we use diet “quantity” to refer to the availability of energy, 
which can be manipulated through food limitation treatments or diets varying in 
caloric density. Diet “quality” may refer to the relative ability of a certain diet to 
support herbivore development, as indicated by metrics such as growth rate or body 
mass, or more specifically to variation in the composition of the diet, including 
macronutrient, micronutrient, or secondary metabolite content. We begin with an 
overview of the effects of diet quantity and intrinsic quality on caterpillar immunity, 
followed by a review of studies that examine the impacts of specific nutrients or 
nutrient blends on immune responses.

Nutritional Quantity and Quality A number of studies have demonstrated that 
quantitative resource limitation, in the form of food restriction or starvation, can be 
detrimental to insect immune responses (Suwanchaichinda and Paskewitz 1998; 
Siva-Jothy and Thompson 2002; Rantala et al. 2003; Ayres and Schneider 2009), 
while others have documented positive effects (e.g., Becker et al. 2010). In caterpil-
lars, immunological responses to food restriction have been mixed, indicating that 
varying degrees of resource limitation may trigger reconfiguration, rather than 
wholesale downregulation, of immune processes (see Adamo et al. 2016). Periodic 
food restriction reduced both PO activity and hemocyte concentrations in monarch 
caterpillars (Danaus plexippus), an effect which appeared to be mediated by reduced 
body size, but did not affect the probability of infection by a protozoan parasite, 
Ophyrocystis elektroscirrha, following inoculation (McKay et al. 2016). Similarly, 
food limitation reduced PO activity in the western tent caterpillar, Malacosoma 
californicum pluviale (Lasiocampidae), but did not impact hemocyte density or sus-
ceptibility to nucleopolyhedrovirus infection (Myers et al. 2011). In another out-
breaking herbivore, the autumnal moth Epirrita autumnata (Geometridae), however, 
gradual starvation impaired the encapsulation response but increased PO activity 
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(Yang et al. 2007). This enhancement of PO activity was mirrored in severely food- 
limited Manduca sexta, possibly due to a reduced threshold for enzyme activation, 
while lysozyme-like antimicrobial activity was unaffected by resource limitation 
(Adamo et al. 2016). Notably, food-deprived M. sexta also exhibited higher consti-
tutive expression of several immune genes, compared to better-fed controls, but did 
not upregulate expression of these genes following immune challenge. These results 
suggest that when resources are limited, caterpillars may prioritize constitutive 
defenses, which are maintained in the absence of infection and available to act 
immediately upon challenge, over inducible defenses that are activated in response 
to infection.

Consumption of host plants or artificial diets that support high herbivore perfor-
mance, often referred to as “high-quality,” has been associated with immune 
enhancement in caterpillars (e.g., Klemola et  al. 2008; Diamond and Kingsolver 
2011; Triggs and Knell 2012a, b; but see Krams et al. 2015). In studies comparing 
the effects of high- and low-quality host plants, it is important to note that intrinsic 
quality may be influenced by nutritional composition (see below), secondary chem-
istry (see section on “Effects of Plant Secondary Chemistry”), or traits such as leaf 
toughness and water content (Klemola et al. 2008). Though it may not be possible 
to identify a single plant trait that is responsible for differences in herbivore perfor-
mance and immunity in these cases, these studies provide valuable insight into the 
relationship between developmental performance (i.e., growth rate, body condition) 
and immune performance. For example, Manduca sexta reared on a high-quality 
host plant species (Nicotiana tabacum) exhibited stronger melanization and encap-
sulation responses than those reared on a low-quality host plant (Proboscidea loui-
sianica) (Diamond and Kingsolver 2011). Using structural equation models, the 
authors revealed that the indirect effect of host plant quality, mediated by body 
condition, was substantial for encapsulation but negligible for melanization. Such 
effects may also arise due to intraspecific variation in host plant quality: wild 
Epirrita autumnata confined to high-quality mountain birch (Betula pubescens ssp. 
czerepanovii) trees (defined by relative growth rate and pupal masses on trees in 
previous years) demonstrated stronger encapsulation responses during the pupal 
stage than those reared on low-quality trees (Klemola et al. 2008; but see Klemola 
et  al. 2007 for contrasting results under laboratory conditions). However, this 
increased ability to encapsulate an artificial antigen did not appear to correspond to 
improved defense against wild hymenopteran parasitoids, as parasitism levels did 
not differ on high- and low-quality trees. Importantly, variation in larval diet quality 
may also give rise to trans-generational effects on the immune responses of off-
spring. Indian meal moths, Plodia interpunctella (Pyralidae), which were reared on 
poor-quality artificial diets (lower in protein, lipid, and micronutrients) not only 
exhibited reduced PO activity and hemocyte densities but also produced offspring 
that exhibited 11–26% reductions in PO activity, depending on whether the mother, 
father, or both parents experienced a poor diet (Triggs and Knell 2012b). The 
authors hypothesized that these trans-generational effects may be the result of 
imprinting mechanisms (e.g., epigenetic markers that affect offspring immune gene 
expression) rather than differential parental resource allocation.
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Macronutritional Composition Substantial progress in understanding the roles of 
specific dietary nutrients in regulating caterpillar immunocompetence has been 
gleaned through experiments that manipulate the composition of macronutritional 
resources (typically protein and carbohydrate), rather than overall diet quality or 
caloric density. In particular, positive effects of dietary protein on immune responses 
have been documented in numerous studies with Lepidoptera (summarized in 
Table 1). In Spodoptera littoralis, consumption of artificial diets with high protein- 
to- carbohydrate ratios (i.e., protein-skewed diets) increased antibacterial activity of 
the hemolymph and encapsulation of an artificial implant, compared to more 
carbohydrate- skewed diets (Lee et al. 2006). A similar pattern was documented for 
Spodoptera exempta: consumption of protein-biased diets resulted in elevated anti-
bacterial activity and PO activity, though caterpillars challenged with bacteria- 
derived immune elicitors invested relatively more in antibacterial activity and less 
in PO activity than control larvae (Povey et  al. 2009). In S. exempta caterpillars 
infected with a low dose of nucleopolyhedrovirus, multiple immune parameters 
were enhanced on diets with high protein-to-carbohydrate ratios, although certain 
relationships were nonlinear (e.g., antibacterial activity peaked on a marginally 
protein-skewed diet) (Povey et al. 2013).

Few studies have investigated whether the benefits of protein extend to caterpil-
lars consuming plant-based diets; however, Yoon et al. (2019) found that foliar pro-
tein content of the host plant Medicago sativa had an indirect positive effect on PO 
activity in Melissa blue butterfly caterpillars (Lycaeides melissa, Lycaenidae), 
which was mediated by weight gain. Importantly, consumption of high-protein diets 
is often associated with increased levels of protein in the hemolymph (Lee et al. 
2006; Povey et al. 2009, 2013), which were shown by Povey et al. (2009) to be posi-
tively correlated with antibacterial activity and PO activity in S. exempta. These 
results provide strong evidence that constitutive immune responses of caterpillars 
are protein-intensive and may be constrained on low-protein diets due to depletion 
of the “hemolymph protein pool.” By extension, experiments manipulating protein- 
to- carbohydrate ratios have also demonstrated that carbohydrate may be less impor-
tant than protein in regulating immunity; however, Mason et al. (2014) found that 
the encapsulation response of the woolly bear Grammia incorrupta (Erebidae) was 
positively correlated with carbohydrate intake but not protein intake, suggesting that 
the relative importance of carbohydrate consumption may vary across species.

Geometric Framework for Nutrition Further insight into the macronutritional 
requirements of caterpillar immune processes has been provided by studies employ-
ing the Geometric Framework for Nutrition (Simpson and Raubenheimer 1995), 
which have focused on determining nutritional optima or “intake targets” for differ-
ent performance parameters within multidimensional nutritional space (Behmer 
2009; Ponton et al. 2011). This approach addresses the “qualitative resource con-
straints hypothesis,” which proposes that variation in the specific blend of nutrients 
ingested, rather than their overall quantity, will determine the relative performance 
of physiological traits (including immune responses) that may differ in their nutri-
tional requirements (Cotter et al. 2011). Cotter et al. (2011) manipulated both the 

A. M. Smilanich and N. D. Muchoney



461

macronutritional composition and caloric density of artificial diets consumed by 
Spodoptera littoralis, demonstrating that different immune parameters peaked in 
distinct regions of nutritional space and were more responsive to variation in nutri-
ent composition than quantity. In particular, hemolymph protein levels and 
lysozyme- like activity exhibited strong positive responses to increased protein con-
sumption, with peaks indicating optimal ranges of protein intake. In contrast, PO 
activity was not significantly influenced by diet variables and peaked in a more 
carbohydrate-rich region of nutrient space than the other immune-related parame-
ters. In a specialist herbivore, Manduca sexta, immune parameters again varied in 
their responses to dietary macronutrients, with protein generally exerting a stronger 
effect on immune performance than carbohydrate, though patterns were complex 
(Wilson et al. 2019). In a second study with S. littoralis, Cotter et al. (2019) found 
that while functional immune responses were negatively impacted by low-protein 
diets (Table  1), the expression of immune genes exhibited variable patterns. 
Interestingly, the relationship between immune gene expression and its functional 
outcomes (enzyme activity) was dependent upon the protein content of the diet; for 
example, both pro-PO activity and PPO gene expression were low on protein-poor 
diets but showed an increasingly linear relationship as dietary protein increased, 
indicating that low-protein diets may limit the translation of immune genes.

Together, these experiments have provided a wealth of data demonstrating that 
while no single diet can optimize all components of the caterpillar immune response, 
protein consumption is often an important determinant of immunocompetence. As 
the immunological effects of macronutrients likely vary across caterpillar species 
differing in their dietary preferences and nutritional requirements (e.g., specialists 
compared to generalists; Wilson et al. 2019), research investigating the influence of 
protein and carbohydrate intake in a wider variety of caterpillar species will be most 
fruitful for seeking general patterns. In addition, while experiments utilizing artifi-
cial diets have facilitated the precise manipulation of macronutrient composition, 
extending this work to understand how natural variation in the protein content of 
host plants affects herbivore immunity (see Yoon et al. 2019) represents an impor-
tant next step in this field.

 Nutritional Content and Caterpillar-Natural Enemy Interactions

No-Choice Studies Effects of dietary macronutrients on caterpillar immune 
responses may be expected to produce bottom-up effects on their interactions with 
endoparasites and pathogens, with enhanced immune performance favoring reduced 
enemy fitness and increased host survival. The importance of dietary protein in 
determining host survival following viral and bacterial challenge has been provided 
by multiple studies (Table 1). Lee et al. (2006) and Povey et al. (2013) found that 
consumption of diets with higher protein-to-carbohydrate ratios increased both 
immune responses (see above) and survival following nucleopolyhedrovirus infec-
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tion in Spodoptera littoralis and Spodoptera exempta, respectively. In both cases, 
differences in mortality were quite large, for example, ranging from 77% survival of 
NPV-infected S. littoralis on the most protein-biased diet to just 25% survival on the 
most carbohydrate-biased diet, while uninfected caterpillars exhibited high survival 
on all diets (Lee et al. 2006). A similar pattern was reported for interactions between 
S. exempta and a bacterial pathogen: caterpillars that consumed protein-rich diets 
exhibited strengthened immune responses (antibacterial activity and PO activity) 
and increased survival following infection with Gram-positive Bacillus subtilis 
(Povey et  al. 2009). In S. littoralis injected with a live LD50 dose of the Gram- 
negative bacterium Xenorhabdus nematophila, the amount of protein consumed by 
caterpillars increased immune responses and strongly influenced time to death, with 
low-protein diets resulting in rapid mortality and high-protein diets facilitating lon-
ger survival (Cotter et al. 2019). Notably, Cotter et al. (2019) also found that expres-
sion of a gene that produces an antimicrobial peptide, Moricin, was both upregulated 
in response to infection and highly correlated with survival; however, infected lar-
vae with especially high expression of Moricin were less likely to survive than those 
with low expression. This pattern was noted by the authors as an indication that high 
Moricin expression may be a signature of high bacterial loads, rather than an indica-
tor of immunocompetence. Overall, the high consistency between measured 
immune parameters and survival documented in these studies indicates that protein- 
mediated immune enhancement likely plays a role in determining the outcomes of 
pathogen infection, possibly by augmenting hemolymph protein reserves required 
to mount an immune response.

Self-Selection Studies While the examples above utilized “no-choice” diet treat-
ments, these experiments have often been paired with dietary “self-selection” 
experiments, in which pathogen- or parasitoid-challenged caterpillars are able to 
compose their own diets. Such experiments provide an important source of insight 
into the impacts of macronutritional composition on caterpillar resistance to natural 
enemies, revealing that some caterpillars can modify their feeding behavior to pref-
erentially ingest nutrients that are required to fight off infection. This behavior can 
constitute a form of “self-medication,” provided that the behavioral change induced 
by infection improves the fitness of infected hosts but reduces host fitness in the 
absence of infection (Singer et al. 2009). While self-medication has been the focus 
of several studies involving the antiparasitic effects of plant secondary compounds 
(see “Self-Medication with Secondary Chemicals,” below), insects may also self- 
medicate by altering their intake of nutritive substances, including protein and car-
bohydrate (de Roode and Hunter 2019).

The majority of examples of macronutrient self-selection in infected caterpillars 
have documented an increased preference for consuming protein. For example, 
NPV-challenged S. littoralis that went on to survive infection selected diets that 
were more protein-biased than those chosen by caterpillars that eventually suc-
cumbed to infection and uninfected controls from day three post-infection onward 
(Lee et al. 2006). In S. exempta, which typically prefer a more carbohydrate-biased 
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diet, caterpillars selected a higher protein diet than controls when injected with 
bacteria (Povey et al. 2009) and when challenged with either a lethal (LD50) or sub-
lethal (LD10) dose of NPV (Povey et al. 2013). Caterpillars infected with a high dose 
of NPV that went on to survive infection also demonstrated an earlier shift toward a 
high protein-to-carbohydrate ratio (on day one post-inoculation) and an overall 
decrease in food consumption over time (indicative of illness-induced anorexia; 
Adamo et al. 2007) than those that later died from infection. This behavior provides 
a clear example of self-medication with macronutrients, as high levels of protein 
intake enhanced survival of infected caterpillars but reduced performance of unin-
fected caterpillars (Povey et  al. 2013). In contrast, Cotter et  al. (2011) found no 
change in the amount of protein or carbohydrate consumed by S. littoralis chal-
lenged with lyophilized bacteria; however, lysozyme activity on the chosen diet was 
higher in challenged larvae than in controls, suggesting an increased allocation of 
available nutrients to this immune response.

Changes in caterpillar feeding behavior in response to attack by different types 
of natural enemies (e.g., parasitoids, entomopathogenic fungi) have received less 
attention; however, Mason et al. (2014) found that Grammia incorrupta caterpillars 
parasitized by tachinid fly parasitoids (Chetogena spp.) reduced their consumption 
of high-protein food, compared to unparasitized controls. Importantly, parasitoid 
development is closely linked to host physiology, and parasitized hosts may alter 
their feeding behavior in ways that positively affect the fitness of the parasitoid, as 
has been shown in Manduca sexta parasitized by Cotesia congregata wasps 
(Thompson et al. 2005). Thus, while the survival benefits of increased protein selec-
tion in Spodoptera caterpillars challenged with bacteria or baculoviruses have been 
well documented, additional research will be necessary to determine how common 
this behavior is in response to different types of natural enemy attack (e.g., parasit-
oids versus pathogens with an oral route of infection). In addition, future studies 
that quantify pathogen loads of infected caterpillars reared on diets varying in mac-
ronutrient composition will be very constructive for elucidating the extent to which 
protein consumption facilitates survival through suppression of pathogen replica-
tion (i.e., resistance), as opposed to increasing survival at a given pathogen burden 
(i.e., tolerance).

 Effects of Plant Secondary Chemistry

 Plant Secondary Chemistry and the Caterpillar 
Immune Response

Plant secondary metabolites are highly diverse and can serve a variety of functions 
in plants, including defense against herbivores, protection from pathogen infection 
and abiotic stressors, and mediation of interactions with competitors and mutualists 
(Iason et  al. 2012). Secondary metabolite profiles can vary substantially in both 
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concentration and composition across plant species, populations, and individuals, 
potentially giving rise to differential impacts on the physiology and fitness of the 
herbivores that consume these plants (Rosenthal and Berenbaum 1991) and shaping 
the overall composition and diversity of herbivore communities (Richards et  al. 
2015; Glassmire et  al. 2016). Investigations of the impacts of plant secondary 
metabolites on lepidopteran immune responses have employed a variety of experi-
mental approaches, documenting effects that range from negative to neutral to posi-
tive (summarized in Table 2; Lampert 2012), and have focused relatively more on 
assays of the melanization and encapsulation response (e.g., PO activity and implant 
encapsulation; Fig.  2) than have studies focusing on macronutritional effects 
(Table 1).

A particular area of interest has been determining the immunological conse-
quences of phytochemical sequestration, the process by which certain herbivores 
co-opt plant defensive compounds and employ them in their own defense (Nishida 
2002). While this adaptation may increase herbivore resistance to parasitism in 
cases where endoparasites are unable to cope with toxins ingested by their hosts 
(i.e., the “nasty host hypothesis”; Gauld et al. 1992), consumption of high levels of 
secondary metabolites may also inflict negative effects on herbivore immune 
responses, rendering hosts immunologically vulnerable to parasitism (the “vulner-
able host hypothesis”; Smilanich et al. 2009a). These hypotheses provide a useful 
framework for considering both the direct and indirect impacts of plant secondary 
chemistry on caterpillar-natural enemy interactions, the consequences of which 
may be challenging to disentangle. In this section, we review examples from the 
literature of phytochemically mediated variation in caterpillar immune responses. 
We particularly highlight examples involving iridoid glycosides and phenolics, as 
compounds within these groups have been the focus of multiple studies (Table 2), 
as well as research evaluating the influences of induced plant defenses, phytochemi-
cal mixtures, and overall phytochemical diversity, which illustrate the complexity 
and context dependence of interactions between plant secondary chemistry and cat-
erpillar immunity.

Iridoid Glycosides Evidence supporting the “vulnerable host hypothesis” has pri-
marily been provided by studies focusing on iridoid glycosides (IGs), a class of 
monoterpenoid secondary metabolites that can be toxic or deterrent to non-adapted 
herbivores (Puttick and Bowers 1988). Certain specialized herbivores can sequester 
these compounds in high concentrations, thereby obtaining chemical defense 
against vertebrate (Bowers 1980) and invertebrate predators (Dyer and Bowers 
1996). In one such specialist, the buckeye (Junonia coenia, Nymphalidae), 
Smilanich et al. (2009a) found that consumption of high concentrations of IGs was 
associated with suppression of the larval encapsulation response against an artificial 
antigen (injected beads). This effect was consistent across experiments: the encap-
sulation response was weaker in J. coenia caterpillars consuming a high-IG host 
plant (Plantago lanceolata) compared to a low-IG host plant (Plantago major) and 
in larvae consuming P. major leaves with high concentrations of IGs added to the 
foliar surface, compared to control leaves. Sequestration of IGs played a role in 
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mediating this response: the encapsulation response of caterpillars reared on artifi-
cial diets supplemented with IGs (aucubin and catalpol) was negatively associated 
with the amount of catalpol that was sequestered from diets. Interestingly, this 
immunological cost of sequestration did not appear to be explained by increased 
metabolic demands of processing IGs, as respiration rates were lower on the diet 
containing high IGs, compared to low IGs (Smilanich et al. 2009a).

This negative effectof IG sequestration on the J. coenia encapsulation response 
has been corroborated by three additional studies (Richards et al. 2012; Lampert 
et al. 2014; Quintero et al. 2014), one of which revealed negative synergistic effects 
of aucubin and catalpol sequestration on encapsulation (Richards et al. 2012; see 
“Synergistic and Combinatorial Phytochemistry,” below). Quintero et  al. (2014) 
examined the impact of host plant ontogeny on this relationship, finding that IG 
concentrations in P. lanceolata increased with age and, consequently, that J. coenia 
caterpillars feeding on older plants exhibited increased sequestration and reduced 
encapsulation compared to larvae consuming younger plants. In addition, Carper 
et  al. (2019) found that while encapsulation tended to decrease with increasing 
sequestration of IGs, this relationship varied considerably across larval instars. 
Together, experiments in the buckeye-IG system have revealed a strong connection 
between sequestration of plant secondary metabolites and the strength of the 
encapsulation- melanization response (but see Smilanich et al. 2018 for an explora-
tion of other immune parameters in J. coenia), indicating that heightened invest-
ment in chemical defense may impair components of herbivore immune defense.

Immunosuppressive effects of iridoid glycoside sequestration have been docu-
mented in two additional caterpillar species, both of which sequester IGs in high 
concentrations. Lampert and Bowers (2015) found that the encapsulation response 
of the catalpa sphinx, Ceratomia catalpae (Sphingidae), was negatively correlated 
with the amount of catalpol sequestered by caterpillars consuming a typical host 
plant, Catalpa bignonioides. Baltimore checkerspots, Euphydryas phaeton 
(Nymphalidae), exhibited reduced hemocyte densities when sequestering high con-
centrations of IGs (aucubin and catalpol) from wild host plants, while PO activity 
and encapsulation were not correlated with sequestration (Muchoney et al. 2021). In 
a third IG-sequestering species, the Glanville fritillary (Melitaea cinxia, 
Nymphalidae), however, the larval encapsulation response was stronger on artifi-
cially selected Plantago lanceolata lines containing high concentrations of catalpol, 
though the quantity of IGs sequestered (measured in adults) was not correlated with 
encapsulation (Laurentz et al. 2012). This result is somewhat surprising in the con-
text of well-documented negative effects of catalpol on encapsulation in other spe-
cialists (e.g., J. coenia). While it is certainly possible that relationships between IG 
sequestration and encapsulation vary across species, the range of IG concentrations 
used in different experiments may also be an important factor to consider. For exam-
ple, Laurentz et al. (2012) utilized five P. lanceolata diets, ranging from 1.62% to 
3.42% IGs by dry weight, whereas Smilanich et  al. (2009a) used artificial diets 
containing either 1% or 5% IGs and P. major diets supplemented with either 2% or 
10% IGs. It is therefore possible that negative immunological effects of sequestered 
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IGs only become apparent in herbivores consuming very high concentrations of 
these compounds.

Complementary studies focusing on species that do not sequester IGs, or seques-
ter IGs in low concentrations, have produced varying results. The encapsulation 
response of the generalist Grammia incorrupta, which can sequester low levels of 
IGs, did not differ when caterpillars were reared on artificial diets or host plants 
containing varying concentrations of IGs (Smilanich et al. 2011b). In white pea-
cocks (Anartia jatrophae, Nymphalidae), which can also sequester IGs at low con-
centrations, one study documented a positive relationship between IG sequestration 
and melanization (Lampert et al. 2014), while another found that hemocyte concen-
trations and implant encapsulation did not differ when caterpillars were reared on a 
plant containing high IGs (Plantago lanceolata) or a plant containing no IGs 
(Bacopa monnieri) (Muchoney et al. 2021). In contrast, the encapsulation response 
of the waved sphinx (Ceratomia undulosa, Sphingidae), which consumes plants 
containing seco-iridoid glycosides but does not appear to sequester IGs in signifi-
cant amounts, was reduced when caterpillars consumed a host plant supplemented 
with catalpol (Lampert and Bowers 2015). These results indicate that the extent to 
which caterpillars sequester secondary metabolites may play an important role in 
mediating interactions between host plants and immunity; however, sequestration 
may not be a prerequisite for immune effects in all cases (see section on “Specialist 
and Generalist Immunity,” below).

Phenolics In addition to iridoid glycosides, multiple studies have investigated the 
impacts of phenolic compounds on caterpillar immune defense, documenting nega-
tive, neutral, or positive effects (Table 2). Phenolics are a large group of secondary 
compounds that can contribute to plant defense against herbivores and may also 
possess antioxidant and antimicrobial properties. Haviola et al. (2007) characterized 
the phenolic composition of mountain birch foliage (Betula pubescens ssp. czerepa-
novii), which can contain over 20% phenolics by dry weight. This study found that 
the encapsulation response of an important defoliator of mountain birch, Epirrita 
autumnata, exhibited variable interactions with different types of phenolic com-
pounds when measured during the pupal stage. Encapsulation was negatively cor-
related with 8 out of 24 hydrolyzable tannins, which exhibited generally positive 
relationships with larval performance, while condensed tannins and flavonoid gly-
cosides tended to be negatively associated with larval survival but uncorrelated with 
encapsulation. In contrast, del Campo et al. (2013) examined the effects of a single, 
widespread phenolic compound, chlorogenic acid (CA), on immune responses of 
Manduca sexta, finding that artificial diets supplemented with CA increased the 
number of hemocytes in the larval hemolymph but did not impact PO activity. 
Phenolic compounds were also investigated by Ojala et al. (2005), who found that 
the encapsulation response of the generalist caterpillar Parasemia plantaginis 
(Erebidae) was highest on host plants containing high levels of antioxidants, con-
sisting of phenolics (flavonoids and condensed tannins) and carotenoids, and lowest 
on an artificial diet containing trace amounts of secondary metabolites. As con-
sumption of high concentrations of foliar phenolics has been shown to correspond 

A. M. Smilanich and N. D. Muchoney



467

to high levels of antioxidant activity in caterpillar hemolymph (Johnson and Felton 
2001), these studies raise the intriguing question of whether the antioxidant proper-
ties of certain phenolics (e.g., flavonoids, CA) may play a role in enhancing or 
stimulating caterpillar immune responses.

Induced Phytochemistry Intraspecific variation in plant secondary chemistry trig-
gered by previous herbivory (induced defenses) may additionally impact the 
strength of lepidopteran immune responses. Bukovinszky et al. (2009) compared 
the effects of wild and cultivated populations of cabbage (Brassica oleracea), which 
differ substantially in both constitutive and inducible levels of defensive glucosino-
lates (Gols et al. 2008), on the encapsulation response of the small cabbage white, 
Pieris rapae (Pieridae). Caterpillars reared on wild host plants, which contain 
higher constitutive levels of glucosinolates, exhibited a decreased ability to encap-
sulate eggs of the parasitoid Cotesia glomerata (Hymenoptera, Braconidae) than 
those reared on a cultivated variety with lower glucosinolate concentrations. 
Furthermore, previous herbivory by congeneric larvae (Pieris brassicae) resulted in 
a reduction of the P. rapae encapsulation response on both cultivated and wild 
plants, indicating that herbivore immunity was indirectly impacted by plant defenses 
induced by previous herbivores, along with constitutive defenses. In a contrasting 
example, caterpillar damage to mountain birch trees (Betula pubescens ssp. czerep-
anovii) was associated with an increase in the encapsulation response of Epirrita 
autumnata pupae in the subsequent year (Kapari et al. 2006). Which aspects of plant 
nutritional or secondary chemistry were responsible for this upregulation is 
unknown; however, certain phenolics in mountain birch have been associated with 
reduced encapsulation in E. autumnata (Haviola et al. 2007), while another pheno-
lic (CA) was associated with increased hemocyte density in Manduca sexta (del 
Campo et al. 2013; see above). Importantly, previous herbivory does not exclusively 
result in increased concentrations of plant secondary metabolites; for example, 
Trowbridge et al. (2016) reported that herbivore-damaged piñon pine (Pinus edulis) 
trees contain approximately 30% lower concentrations of foliar monoterpenes than 
undamaged trees, likely due to volatile emissions that offset increased synthesis. 
These authors conducted an experiment in which Southwestern tiger moth caterpil-
lars (Lophocampa ingens, Erebidae) were reared on artificial diets mimicking the 
monoterpene concentrations of damaged and undamaged needles. The results 
revealed that damaged diets (i.e., lower monoterpene concentrations) were 
 associated with a 40% increase in the encapsulation response relative to undamaged 
diets, which may have been facilitated by increased consumption and energy alloca-
tion toward immunity.

Synergistic and Combinatorial Phytochemistry While most research to date has 
addressed the effects of a small number of individual compounds, an emerging area 
of research focuses on the impacts of phytochemical mixtures, as well as overall 
phytochemical diversity, on herbivore immunity. Examination of biologically rele-
vant mixtures of plant secondary metabolites is key to understanding their effects on 
caterpillar immune responses, as compounds may exhibit additive or synergistic 
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impacts on herbivore physiology (Berenbaum et  al. 1991; Calcagno et  al. 2002; 
Dyer et al. 2003; Richards et al. 2010, 2012, 2016), and all plant species contain 
more than one and sometimes hundreds of secondary compounds. Several experi-
ments have utilized artificial diets supplemented with crude extracts of secondary 
chemicals from host plants (Smilanich et al. 2009a, 2011b; Richards et al. 2012; 
Barthel et al. 2016) or chemical mixtures mimicking those found in wild host plants 
(e.g., Trowbridge et al. 2016) to investigate effects on caterpillar immune parame-
ters. Richards et al. (2012) directly evaluated the synergistic impacts of two iridoid 
glycosides, aucubin and catalpol, on Junonia coenia performance and immunity, 
finding that caterpillars that consumed mixtures of IGs exhibited higher growth 
rates and survival, greater IG sequestration, and weaker encapsulation responses 
than those reared on diets containing single compounds. This result is compatible 
with the “vulnerable host hypothesis” (Smilanich et al. 2009a), as positive synergis-
tic effects of IGs on chemical defense (sequestration) were accompanied by nega-
tive synergistic effects on the encapsulation response. In the non-sequestering 
specialist Lophocampa ingens, diets containing higher concentrations of monoter-
pene mixtures (consisting of four compounds) were associated with reduced encap-
sulation, while diets containing single compounds varied considerably in their 
effects on encapsulation (Trowbridge et al. 2016). Such mixture-dependent effects 
of secondary chemicals on herbivore immune responses may provide explanatory 
power in systems in which concentration effects alone fail to explain patterns.

The impacts of total phytochemical diversity on caterpillar immunity have 
received less attention in the literature; however, Slinn et al. (2018) examined the 
effects of interspecific phytochemical diversity of Piper plants on the PO activity of 
five neotropical caterpillar species. This study revealed that phytochemical diversity 
was negatively correlated with PO activity in specialist herbivores in the genus Eois 
(Geometridae) at a sampling site in Costa Rica, while the opposite pattern was doc-
umented at a site in Ecuador. Though an explanation for these contrasting patterns 
is unclear, the authors highlight substantial differences in site elevation (2100 m in 
Ecuador, 35–140  m in Costa Rica) and parasitoid pressure on Eois (three times 
higher in Costa Rica) as potential factors to consider. In addition, there was no cor-
relation between phytochemical diversity and PO activity of the focal generalist 
herbivore in the study, Quadrus cerealis (Hesperiidae). Another study found that 
PO activity of Eois nympha and E. apyraria caterpillars was reduced by 46% when 
consuming a Piper species with high phytochemical diversity (P. cencocladum) 
compared to a congeneric species with lower phytochemical diversity (P. imperiale) 
(Hansen et al. 2017). Yoon et al. (2019) characterized intraspecific phytochemical 
diversity of wild alfalfa plants (Medicago sativa; mean, 33.7 effective compounds 
per sample), finding that phytochemical diversity had a direct negative effect on PO 
activity, but no effect on encapsulation, in Melissa blue caterpillars (Lycaeides 
melissa). In this study, no individual saponin or phenolic compound was signifi-
cantly associated with the strength of the PO response, providing additional evi-
dence of the ability of natural chemical mixtures to inhibit immune responses. 
These results indicate that in some cases, consumption of plants with high levels of 
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phytochemical diversity may suppress the PO enzyme, possibly due to an increased 
potential for negative synergistic effects (Richards et  al. 2012) or the elevated 
resource costs of detoxifying a wide array of defensive chemicals. However, it 
remains to be determined whether this effect is generalizable to other immune com-
ponents and across additional plant-herbivore pairings.

To conclude, recent research has demonstrated that caterpillar immune responses 
can be impacted by both the composition and concentration of secondary metabo-
lites ingested from host plants. Though the diversity of secondary chemicals con-
sumed by lepidopterans is vast and only a small subset of compounds have been 
studied, it is clear that multiple types of metabolites can strongly influence caterpil-
lar immunity, including iridoid glycosides (Table 2), phenolics (Haviola et al. 2007; 
del Campo et al. 2013), glucosinolates (Bukovinszky et al. 2009; but see Sun et al. 
2020), monoterpenes (Trowbridge et  al. 2016), and withanolides (Barthel et  al. 
2016; see below). Extending these findings to understand how these phytochemi-
cally mediated effects cascade to impact natural enemies represents a relatively new 
but exciting avenue of research.

 Plant Secondary Chemistry and Caterpillar-Natural 
Enemy Interactions

A substantial body of literature has demonstrated that variation in host plant second-
ary chemistry can impact interactions between caterpillars and their natural ene-
mies, including parasitoids (e.g., Campbell and Duffey 1979; Barbosa et al. 1991; 
Ode et al. 2004; Ode 2006 and references therein; Lampert et al. 2008; Singer et al. 
2009; Richards et al. 2010, Slinn et al. 2018) and pathogens (Cory and Hoover 2006 
and references therein; De Roode et al. 2008; del Campo et al. 2013; Barthel et al. 
2016; Smilanich et al. 2018; Muchoney et al. 2021). In many examples, the fitness 
of internal parasites and pathogens is negatively impacted by host consumption of 
secondary metabolites, which may or may not be accompanied by sequestration. It 
is important to note that in many cases, effects of plant secondary metabolites on 
natural enemies may be mediated through non-immunological routes including 
direct toxicity (e.g., α-tomatine and parasitoids; Campbell and Duffey 1981), inter-
ference with pathogen infection via the caterpillar midgut (e.g., phenolics and bacu-
loviruses; Felton and Duffey 1990), or indirect effects mediated by negative impacts 
on caterpillar development (e.g., Bloem and Duffey 1990). As the impacts of plant 
chemistry on herbivore-parasitoid (Ode 2006) and herbivore-pathogen (Cory and 
Hoover 2006) interactions have been reviewed elsewhere, here we focus on research 
that explicitly includes the immune response in investigations of plant- caterpillar- 
natural enemy interactions, asking whether phytochemically mediated variation in 
caterpillar immunity produces tangible effects on the outcomes of infection. We 
also highlight the special case of caterpillars that self-medicate with toxic plant 

Host Plant Effects on the Caterpillar Immune Response



470

compounds against parasite infection, exploring the repercussions of this behavior 
for the caterpillar immune response.

Studies that explicitly link phytochemically mediated changes in caterpillar 
immunity to interactions with natural enemies are relatively rare and have produced 
complex results (Table 2). However, a number of examples have been provided in 
which positive effects of plant secondary metabolites on caterpillar immunity are 
accompanied by increased survival following pathogen infection. For example, 
Manduca sexta caterpillars reared on diets supplemented with chlorogenic acid 
(CA) exhibited increased hemocyte densities and greater survival following infec-
tion by the Gram-positive bacterium Enterococcus faecalis (del Campo et al. 2013). 
This survival benefit did not appear to be mediated by improved attenuation of bac-
terial proliferation, as infection loads did not differ between diet treatments at 24 h 
postinfection; however, it is possible that hemocyte-mediated defenses played a role 
in controlling E. faecalis at a later stage in the infection. Notably, CA supplementa-
tion did not increase M. sexta’s survival of a more virulent, Gram-negative bacte-
rium (Pseudomonas aeruginosa), indicating that the defensive benefits of CA may 
be pathogen-specific (del Campo et  al. 2013). In Heliothis subflexa (Noctuidae), 
which specializes on host plants containing herbivore-deterrent withanolides 
(Physalis spp.), artificial diets supplemented with withanolides had a positive effect 
on PO activity, accompanied by upregulation of certain immune genes, and corre-
sponded to increased survival following infection by the Gram-positive bacterium 
Bacillus thuringiensis (Bt) (Barthel et  al. 2016). As withanolides were found to 
exhibit potent antibacterial activity, it is possible that Bt-infected H. subflexa bene-
fitted from both the direct antibacterial action of withanolides and from their immu-
nostimulatory effects. In contrast, withanolides did not impact PO activity or 
survival of Bt infection in the generalist congener Heliothis virescens, suggesting 
that the immunostimulatory role of withanolides may be confined to species that are 
adapted to ingesting these compounds. Laurentz et al. (2012) found that diets high 
in an IG, catalpol, enhanced the encapsulation response of Melitaea cinxia but that 
dietary IG content was not correlated with survival following infection by the Gram- 
negative bacterium Serratia marcescens. However, the strength of the encapsulation 
response was positively correlated with survival time following infection, providing 
support for the functional relevance of this assay in evaluating M. cinxia resistance 
to S. marcescens. These examples demonstrate that positive effects of phytochemi-
cals on immune responses may be associated with increased survival of infection in 
some cases; however, determining the role of assayed immune parameters in medi-
ating resistance to specific natural enemies (e.g., through suppression of pathogen 
replication) remains an important goal.

Case Study: Iridoid Glycosides and JcDV Plant secondary metabolites that sup-
press, rather than enhance, components of the caterpillar immune response are 
predicted to have indirect positive effects on natural enemy fitness (i.e., the “vul-
nerable host hypothesis”). However, recent examples involving iridoid glycosides, 
which have exhibited suppressive effects on immunity in specialist caterpillars 
(Table 2), illustrate that this may not be the case for all types of enemies. This 
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research focuses on elucidating the role of IGs in mediating interactions between 
nymphalid butterflies and a viral pathogen, Junonia coenia densovirus (JcDV). 
Smilanich et al. (2018) evaluated variation in immune responses and resistance to 
JcDV infection in buckeyes (Junonia coenia) feeding on a plant high in IGs 
(Plantago lanceolata) or low in IGs (P. major). Virus-infected caterpillars consum-
ing the high-IG host plant were more likely to exhibit an activated (nonzero) PO 
response and were also more likely to survive to the adult stage, though PO activity 
and hemocyte density did not differ based on host plant species. A similar effect 
was documented in white peacocks (Anartia jatrophae): consumption of the same 
high-IG host plant (P. lanceolata) increased survival of JcDV infection compared 
to a host plant containing no IGs, but this survival benefit was not accompanied by 
enhancement of the encapsulation response or hemocyte densities (Muchoney 
et  al. 2021). However, increased survival on P. lanceolata was associated with 
significantly lower postmortem viral loads, highlighting the possibility that the 
high-IG plant conferred greater resistance to JcDV infection through processes 
external to measured immune responses, including direct interference with virus 
infectivity or replication in host tissues. Evidence supporting this hypothesis was 
documented in wild-collected individuals of a third host species, the Baltimore 
checkerspot (Euphydryas phaeton). In this species, naturally JcDV-infected indi-
viduals that sequestered higher IG concentrations harbored lower in situ viral 
loads, once again suggesting IG-mediated suppression of infection, but also exhib-
ited reduced hemocyte densities (Muchoney et  al. 2021). In this case, larval 
immune parameters did appear to interact with infection: in particular, granulocyte 
concentrations were negatively correlated with JcDV loads, but this effect was 
inhibited at high levels of IG sequestration. This example illustrates that even phy-
tochemicals that typically reduce herbivore immune responses may positively 
impact resistance against natural enemies through alternative pathways, providing 
a cautionary tale against the assumption that reduced immunocompetence neces-
sarily correlates with reduced fitness of infected individuals (see “Linking 
Immunity to Fitness via Enemy Attack,” below).

Self-Medication with Secondary Chemicals Woolly bears (Grammia incorrupta) 
and monarchs (Danaus plexippus) are notable examples of caterpillars that “self- 
medicate” through preferential consumption of toxic plant secondary metabolites 
when parasitized (Singer et  al. 2009; Lefèvre et  al. 2010). While this behavioral 
change effectively increases herbivore resistance to key parasites (De Roode et al. 
2008; Singer et  al. 2009), putatively through direct toxicity of sequestered 
 compounds, its compatibility with caterpillar immune defenses is important to con-
sider (Smilanich et al. 2009a). Grammia incorrupta caterpillars increase their con-
sumption of pyrrolizidine alkaloids (PAs) when parasitized, which increases survival 
following parasitoid attack but reduces caterpillar fitness in the absence of parasit-
ism (Singer et al. 2009). Smilanich et al. (2011a) examined the effects of PAs on the 
G. incorrupta immune response, finding that the strength of the melanization 
response did not differ across caterpillars reared on high-PA, low-PA, or control 
diets. In this example, consumption of PAs was not detrimental to the melanization 

Host Plant Effects on the Caterpillar Immune Response



472

response, indicating that plant-derived antiparasitic compounds and certain immune 
defenses may act in concert against parasitoid infection.

In D. plexippus, consumption of host plant species containing high concentra-
tions of toxic cardenolides suppresses infection by a protozoan parasite, Ophryocystis 
elektroscirrha (OE) (De Roode et al. 2008; Gowler et al. 2015). In an example of 
trans-generational self-medication, female monarchs infected with OE preferen-
tially oviposit on a milkweed species containing high levels of cardenolides, effec-
tively reducing the parasite loads of their infected offspring (Lefèvre et al. 2010). 
Recently, Decker et al. (2020) found that consumption of the high-cardenolide spe-
cies, Asclepias curassavica, reduced caterpillar melanization by 13%, compared to 
a low-cardenolide species (A. incarnata). This finding mirrored the results of a tran-
scriptomic study by Tan et al. (2019), which documented downregulation of five 
canonical immune genes in D. plexippus caterpillars consuming the more toxic, 
medicinal milkweed species, accompanied by upregulation of several detoxification 
genes. These studies provide a contrasting example of potential incompatibility 
between exogenous sources of antiparasitic defense (i.e., sequestered toxins) and 
immune defenses, raising the compelling questions of whether selection may favor 
investment in effective forms of chemical defense, at the expense of the immune 
response, in certain species (Tan et al. 2019; see also Muchoney et al. 2021) and 
whether such investment may increase host vulnerability to other types of pathogens.

While evidence for indirect effects of plant secondary metabolites on caterpillar- 
natural enemy interactions, mediated by the immune response, has been provided in 
a handful of systems, there is still much to learn about these relationships. Secondary 
metabolites that improve host survival or resistance to infection (as indicated by 
reduced pathogen loads) have often been associated with enhancement of at least 
one immune parameter (but see Muchoney et al. 2021), but typically not all mea-
sured immune parameters (Table  2). In contrast, evidence for indirect positive 
effects of secondary chemistry on natural enemy performance, explicitly mediated 
by suppression of host immune responses, has been elusive (Table 2). Moving for-
ward, research addressing the relationship between plant secondary chemistry, cat-
erpillar immunity, and natural enemy performance (directly assessed via pathogen 
load or parasite development) in a greater variety of tritrophic systems will be 
essential for evaluating hypotheses regarding patterns of immunocompetence and 
putative fitness outcomes in caterpillars varying in their dietary preferences (e.g., 
the “Vulnerable Host Hypothesis”; Smilanich et al. 2009a).

 Knowledge Gaps and Avenues of Future Research

In this section, we elaborate on interactions between host plants and caterpillar 
immunity that are just beginning to be discovered and would benefit from more 
research attention. We enumerate these areas below and suggest ways in which 
future research can address these knowledge gaps.
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 Linking Immunity to Fitness via Enemy Attack

A first area where persistent knowledge gaps remain is linking the measured immune 
parameter to fitness of the studied organism. As mentioned previously, immune 
parameters do not always respond in the same direction or with the same magnitude, 
thus measuring multiple parameters is ideal (Adamo 2004b). Beyond this method-
ological issue, how can researchers be certain that the strength of the immune 
response actually reflects the fitness outcome for an organism? The obvious answer 
is to measure the fitness of the parasite/pathogen challenged organisms after immune 
parameters have been measured and compared to the control group. Graham et al. 
(2011) called upon ecoimmunologists to include measures of fitness (i.e., reproduc-
tive success) and parasite/pathogen load along with measurements of immune 
parameters. In their paper, they give an especially potent example of potential pit-
falls from ignoring fitness. The authors found that genotypes of the freshwater crus-
tacean, Daphnia magna, which were resistant to the bacterial pathogen, Pasteuria 
ramosa, had lower plasmatocyte counts compared to the susceptible genotypes, 
which showed higher plasmatocyte counts. Since P. ramosa renders its host sterile, 
the high plasmatocyte count did not translate into improved reproductive success 
for D. magna. Without knowing the susceptibility of the differing genotypes and 
measuring parasite load, one might conclude that higher plasmatocyte counts indi-
cate that individuals are better protected and thus have a higher fitness, when in fact 
the opposite was true. Adult reproductive success, parasite/pathogen loads, and 
immune response are rarely recorded concurrently in studies investigating the insect 
immune response (but see for recent examples Parker et  al. 2017; Merrill et  al. 
2019) and even more rarely in lepidopteran studies. Most lepidopteran studies cap-
ture the caterpillar’s immunity in response to an exogenous variable such as diet 
(Muller et al. 2015), and many do include a measure of survival against parasites/
pathogens (see Tables 1 and 2; Adamo et al. 2007; Silva and Elliot 2016), but few 
studies include fecundity (but see Myers et al. 2011), or all three metrics (immunity, 
reproductive success, and parasite or pathogen load).

There is nothing inherently wrong with studies that focus on the effect of exog-
enous variables on the immune response. In fact, they have helped immensely to 
establish patterns of what causes variation in the immune response (see sections on 
nutrition and phytochemistry above). However, the obvious next step is to under-
stand the repercussions of immunological variation for lepidopteran study species 
with regard to their interactions with natural enemies; such studies are essential if 
we are to reveal the importance of immunocompetence. As with the D. magna 
example, several studies with lepidopterans show that immunocompetence does not 
always translate into resistance against natural enemies (Karimzadeh and Wright 
2008; Saejeng et  al. 2010; Scholefield et  al. 2019; Tan et  al. 2019; Resnik and 
Smilanich 2020), which is not to conclude that the immune response is unimportant, 
but that understanding its importance requires putting the immune response into 
context. For example, Resnik and Smilanich (2020) found that virus-infected 
painted lady caterpillars (Vanessa cardui) had suppressed PO activity, high viral 
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loads, and low survivorship when reared on an exotic host plant. However, when 
caterpillars fed on a native host plant, PO activity was unchanged by viral infection, 
viral loads were low, and survival was highest in the infected group. Including 
reproductive success can be challenging. Some immune assays require destructive 
sampling (e.g., injected beads, transcripts), and in many cases with lepidopterans it 
can be difficult or impossible to successfully mate adults in captivity. Possible ways 
around these challenges are the use of nondestructive methods when possible and 
proxies for fecundity such as pupal mass.

 Microbiome and the Immune Response

Studies on the insect microbiome are a relatively new area of research, but they have 
already proven to be a fascinating topic unearthing many novel interactions between 
host and microbe (reviewed in Douglas 2015; Kucuk 2020). Many of the elucidated 
functions of resident microbes in the insect gut include facilitation of digestion and 
nutrition (Anand et al. 2010; Scully et al. 2014), detoxification of plant defenses 
(Ceja-Navarro et al. 2015), and also a defense function by inducing immune system 
priming (Broderick et al. 2006; Freitak et al. 2007; Brownlie and Johnson 2009). Of 
all the insect taxa studied to date, Lepidoptera represent the group with perhaps the 
lowest diversity of microbes, with few to no known obligate microbes (Hammer 
et al. 2017, 2019; Voirol et al. 2018). Hammer et al. (2017) showed the depauperate 
gut microbial community of temperate and neotropical caterpillars and pointed to 
the high alkalinity and lack of specialized microbe-harboring structures of the cat-
erpillar gut as possible explanations for the low diversity. In addition, several studies 
have eliminated the gut microbiome of caterpillars and found no detrimental effect 
on growth or survival (Hammer et al. 2017; Phalnikar et al. 2019). Nonetheless, the 
evidence falls short of sweeping generalizations for the lack of importance of the 
lepidopteran microbiome (Voirol et al. 2018; Hammer et al. 2019; Duplouy et al. 
2020). With regard to immune function, midgut bacteria of Spodoptera exigua have 
been directly linked to immune priming that then provides protection against 
Bacillus thuringiensis (Hernández-Martínez et al. 2010). In S. littoralis, the symbi-
ont bacteria, Enterococcus mundtii, secrete antimicrobial peptides in the midgut 
that selectively suppresses pathogenic microbes and maintains healthy gut micro-
biota (Johnston and Rolff 2015; Shao et al. 2017). Similarly, Duplouy et al. (2020) 
showed that the gut microbiome of the specialist caterpillar, Melitaea cinxia, was 
associated with an upregulation of antimicrobial peptides. Since research shows that 
the gut microbiome in caterpillars can be host plant dependent (Hammer et al. 2017; 
Jones et al. 2019; but see Whitaker et al. 2016; Minard et al. 2019), studies explor-
ing the relationship between microbiome and immunity should investigate it within 
the context of host plants. Jones et al. (2019) showed that the host plant is a primary 
factor explaining variation in the microbiome of two caterpillars, Spodoptera frugi-
perda and Helicoverpa zea. Further, Yoon et al. (2019) showed that microbial diver-
sity in the midgut of Melissa blue butterfly larvae (Lycaeides melissa) varied by host 
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plant. This same study also found that phenoloxidase activity increased with micro-
bial diversity. This effect was host plant dependent: there was a positive relationship 
on the native host plant (Astragalus canadensis) and a negative relationship on the 
exotic host plant (Medicago sativa). Aside from these and a handful of other studies 
(Smilanich et al. 2018; Duplouy et al. 2020), there are few that explicitly test for an 
association between the microbiome and immune function in caterpillars, especially 
in non-model systems, making this a worthy pursuit for future studies.

 Specialist and Generalist Immunity

Given the prominent use of caterpillars in studying the evolution of diet breadth 
(Dyer et al. 2007; Forister et al. 2012, 2015; Nylin et al. 2014; Hardy 2017), the 
question arises whether there are differences in immune strength between specialist 
and generalist caterpillars. In a recent review detailing plant-mediated indirect 
effects on parasitoid success, Kaplan et al. (2016) pointed to important differences 
between specialist and generalist herbivores that could lead to a pattern of special-
ists having lower immune responses compared to generalists (Lampert 2012). First, 
specialists are masters of sequestration (Nishida 2002; Opitz and Müller 2009; Erb 
and Robert 2016; Petschenka and Agrawal 2016), which is not to disregard general-
ist sequestration (Hartmann et al. 2004; Smilanich et al. 2011a; Lampert et al. 2014), 
but specialists are very good at concentrating sequestered compounds at high con-
centrations (Bowers and Puttick 1986; Bowers and Collinge 1992). The link between 
sequestration and depressed immunity has been demonstrated with the plant sec-
ondary metabolites, iridoid glycosides (IGs), and three specialist caterpillars, the 
buckeye (Junonia coenia), the Baltimore checkerspot (Euphydryas phaeton), and 
the catalpa sphinx (Ceratomia catalpae). These species are capable of sequestering 
IGs at up to 25% dry weight in their hemolymph (Bowers and Puttick 1986; Bowers 
and Collinge 1992; Lampert and Bowers 2015). Smilanich et al. (2009a) found that 
as sequestration increases in the buckeye caterpillar, the melanization response 
decreases (see also Quintero et al. 2014). Similarly, Muchoney et al. (2021) found 
that increased sequestration of IGs in the Baltimore checkerspot caterpillar led to 
decreased total hemocyte counts. In all cases, it was only at high concentrations that 
the immune response was suppressed (but see Laurentz et al. 2012). In fact, with 
Baltimore checkerspot larvae, low sequestration did not negatively affect total 
hemocyte count, and these individuals were able to keep viral loads low. At least in 
the case of iridoid glycosides, the effect does appear to be sequestration specific and 
not due to simply ingesting IGs from the diet (Smilanich et al. 2011b). The general-
ist caterpillar, Grammia incorrupta, which does not sequester IGs at high concen-
trations, reared on host plants containing IGs and a host plant without IGs had a 
similar melanization response regardless of diet (see also Lampert and Bowers 2015 
for similar results). Thus, for specialists and generalists consuming plants contain-
ing iridoid glycosides, specialists appear to suffer more due to high sequestration 
(Lampert et al. 2014). As previously mentioned, Tan et al. (2019) demonstrated that 
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monarch caterpillars (famous for their sequestration of cardenolides) downregu-
lated immune-related genes when reared on host plants with high cardenolide con-
centrations. However, caterpillars reared on the low cardenolide host plant did not 
downregulate immune genes. Further, they found that there was no difference in 
immune gene regulation in response to infection from the protozoan Ophryocystis 
elektroscirrha (OE). These results with the specialist monarch caterpillars point 
again to sequestration being an important component of immune malaise in special-
ist lepidopterans. Whether this pattern holds in other well-known lepidopteran 
sequestration systems (e.g., cyanogenic glycosides, pyrrolizidine alkaloids) has yet 
to be tested.

A second difference pointed out by Kaplan et al. (2016) is the obvious host range 
difference between specialists and generalists. This difference could be important in 
terms of pathogen exposure. Barthel et al. (2014) found that the generalist caterpil-
lar Heliothis virescens had a more robust immune response compared to the special-
ist, H. subflexa, and point out that the specialist in this system spends most of its 
larval stage enveloped within the flower calyx, possibly exposing it to fewer patho-
gens. This hypothesis of pathogen exposure differences in the context of immunity 
and diet breadth has not been well tested and deserves further study. Another pos-
sible benefit to generalist immunity is the option to use alternative host plants to 
optimize the immune response. Muller et al. (2015) found that this was the case 
with the polyphagous caterpillar Lobesia botrana (Tortricidae), a pest in wine vine-
yards that is capable of feeding on plants from 30 different families. When com-
pared to individuals feeding on Vitus vinifera (grape cultivar), the hemocyte count, 
standing PO activity, and total PO activity of L. botrana were greater on eight alter-
native host plants. When surveyed across geographic locations and host plants, 
Vogelweith et al. (2011) found that these immune parameters varied by location and 
that there was a positive correlation between immunity and parasitism rates, show-
ing that populations with high parasitism were investing in immunity. Overall pat-
terns between generalists’ host plant range and immunocompetence are still in the 
nascent stages of investigation, as some studies have shown no difference in gener-
alist immune response across alternative host plants (Yang et al. 2008; Smilanich 
et al. 2011a), and many generalists are not browsers and are confined to the plant 
species where they were oviposited (Renwick and Chew 1994; Rosenwald 
et al. 2017).

 Conclusion

The caterpillar immune response is strongly influenced by host plant diet. In this 
chapter, we have shown that plant primary and secondary metabolites have a pivotal 
place in determining the strength of the caterpillar immune response. While we have 
gained much knowledge within the last 25 years about the bitrophic relationship 
between host plant and caterpillar immunity, there is still much to be learned about 
how these interactions cascade to the third trophic level. Empirical studies that 
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quantify damage to natural enemies, as well as survival and reproductive success of 
the host, will add much to our knowledge of how the immune response fits into 
plant-caterpillar-enemy interactions. There may be general trends that are beginning 
to form within caterpillar ecoimmunology. Consumption of dietary protein enhances 
a variety of immune parameters, and sequestration of secondary metabolites appears 
to be harmful to the immune response at high concentrations, which may be particu-
larly detrimental for specialist caterpillars. Finally, there are pieces of this interac-
tion that are completely unknown (e.g., latitudinal trends in immune strength) and 
worthy of pursuit for future studies.
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 Introduction

In tropical ecosystems, plant leafing patterns may be relatively constant across the 
year or may vary greatly according to the season. In seasonally tropical ecosystems, 
in particular, plant phenology and food availability for caterpillars can differ greatly 
across the year. The seasonality of rainfall strongly influences, directly and indi-
rectly, plant phenology and herbivorous insect abundance (Essens et al. 2014) and 
consequently affects all trophic interactions. Apparently the pattern of caterpillar 
seasonality in tropical dry forests is driven by the increase in food availability in the 
rainy season (Connahs et al. 2011), since most plants are deciduous during the dry 
season, producing new leaves at the beginning of each rainy season (Janzen 1988a, 
b, 1993).

Although the Cerrado is a seasonally dry ecosystem with deciduous and semi- 
deciduous woody vegetation (Oliveira 2008), as is the tropical dry forest of Santa 
Rosa National Park, Costa Rica, plant and caterpillar phenologies differ greatly 
between these two locations. In Santa Rosa, leaf production occurs at the beginning 
of the rainy season, and most plants lose their leaves in the dry season (Janzen 
1988b, 1993). Caterpillars are extremely abundant only at the beginning of the rainy 
season (Janzen 1993), with highest damage rates on young leaves (Janzen 1988a, b). 
On the other hand, in the Cerrado (Brazilian savanna), some deciduous and semi- 
deciduous plants can retain their mature leaves during the dry season (Morais et al. 
1995). This happens because leaf production and loss are asynchronous events 
(Morais et al. 1999). Leaf production occurs in the dry-rainy season transition, and 
the expansion of leaves occurs just before the peak of the herbivore abundance 
(Marquis et al. 2002; Pinheiro et al. 2002). As a result, in the Cerrado, the seasonal 
pattern of folivorous caterpillars appears to be distinct and unique. Caterpillars peak 
in abundance and species richness at the beginning of the dry season (Morais et al. 
1999), decreasing from the middle to the end of that period.

What makes Cerrado caterpillars (Plate 1) exhibit this unique caterpillar season-
ality? The answer may be due to the high availability of mature leaves throughout 
the dry season and the ability of many caterpillars to feed on this resource (Morais 
et al. 1995), whereas in the dry forest of Santa Rosa, caterpillars apparently do not 
use mature leaves as a resource. Because of that, in Santa Rosa, the density of foli-
vorous caterpillars comes close to zero during the dry season (Janzen 1988a). It can 
also be argued that this seasonality is, probably, also reinforced due to the occur-
rence, during the Cerrado dry season, of enemy-free space (Morais et al. 1999) as 
well as the high incidence of sheltered caterpillars. Shelters seem to protect the 
shelter builder against severe drought conditions of the dry season (Diniz et  al. 
2012; Velasque and Del- Claro 2016). Our data show that the majority of the Cerrado 
caterpillars that occur in the dry season are shelter-builders, while in Costa Rican 
tropical dry forest, the caterpillars recorded in the dry season are those that are inter-
nal feeders, such as seed- and fruit-mining and wood-boring, and therefore are pro-
tected by the host plant (Janzen 1988a).
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Plate 1. Cerrado caterpillars. (a) Eacles sp., Saturniidae; (b) Chlamydastis platyspora, 
Elachistidae; (c) Platynota rostrana, Tortricidae; (d) Phobetron hipparchia, Limacodidae; (e) 
Tolype prop. innocens, Lasiocampidae; (f) Podalia annulipes, Megalopygidae; (g) Dalcerina tiju-
cana, Dalceridae; (h) Chioides catillus catillus, Hesperiidae and (i) Kolana ergina, Lycaenidae. 
(Photographs by Laura Braga, Neuza Silva, and Rosevaldo Pessoa-Queiroz)
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 Ecology of the Cerrado

The Cerrado is a phytogeographic domain, part of the South American “Corridor of 
Savannas” (Schmidt and Inger 1951). It is bordered by the Amazon and the Atlantic 
Forests, the main Brazilian rainforests, and connects the Caatinga and Pantanal 
biomes in the northeast-southwest direction (Fig.  1). A prototypical form of the 
Cerrado already existed in the Cretaceous, before the separation of the American 
and African continents (Ratter and Ribeiro 1996). It is now considered a phytogeo-
graphic unit with a unique evolutionary history, a high degree of endemism, and 
unique adaptations (Marinho-Filho et al. 2010).

The Cerrado currently occupies the central region of Brazil but also occurs in 
disjunct areas within the Caatinga, Amazon, Atlantic Forest, Pantanal, and pine for-
est biomes (Rizzini 1979). The occurrence of these disjunct areas can be explained 

Fig. 1 Location map of the Cerrado and other biomes in Brazil
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by their ancient dynamics in the Quaternary (Ledru 2002), when there were great 
climatic pulses, with long, cold and dry periods of glaciation interspersed with 
short, hot and humid interglacial periods, causing expansions and retractions of 
humid and dry forests in South America (Salgado-Laboriau 1994).

The Cerrado biome (edaphic woodland savanna) represents the largest extent of 
Brazilian savanna, composed of a heterogeneous mosaic of habitats including open 
grassland, savanna, and forest formations (Oliveira-Filho and Ratter 2002). 
Unfortunately, half of the original 1,783,200  km2 of primary vegetation (Myers 
et al. 2000) has been lost to grazing and agriculture (Ministério do Meio Ambiente 
2015; Noojipady et al. 2017). Even though these habitats occur under similar cli-
matic conditions, they differ in structure and floristic composition, due to local fac-
tors, such as edaphic characteristics, topography, drainage, and fire dynamics 
(Werneck et al. 2012). The flora of the Cerrado is extremely rich (Machado et al. 
2008), with around 12,350 angiosperm species (Mendonça et al. 2008).

The climate of the Cerrado displays the marked seasonality typical of savannas 
(Ribeiro and Walter 1998; Cardoso et al. 2014). Based on average monthly pre-
cipitation, the rainy season (103.8–264.5 mm per month) lasts from October to 
April, and the dry season, with only 7% of the annual rainfall (13.8–65.7 mm per 
month), lasts from May to September. However, there is some interannual varia-
tion: in some years, April can be drier, and September can be rainier than usual 
(Costa et al. 2012; Marcuzzo et al. 2012). The average monthly relative humidity 
decreases during the dry season, mainly in August and September. Unlike rainfall, 
relative humidity shows little interannual variation. The average annual tempera-
ture shows more stability, around 22–23  °C (Fig.  2) (Marcuzzo et  al. 2012). 
Therefore, climate conditions in the Cerrado are quite predictable. Because of this 
environmental predictability, plant species employ a variety of phenological strat-
egies, with phenophase selected to take advantage of ideal conditions (particularly 
the rainy season) for the establishment of seedlings (Oliveira 2008; Silva et al. 
2011). While not all species share this pattern, the majority of woody plants in the 
Cerrado are deciduous or semideciduous with peak leaf production between 
September and October, just before the first rain (Morais et  al. 1995; Oliveira 
2008). Therefore, leaf expansion may occur before herbivorous insects reach peak 
numbers in the Cerrado (Marquis et al. 2002; Pinheiro et al. 2002). Among decid-
uous plants, leaves are produced and lost asynchronously, even within the same 
species (Morais et al. 1999). The Cerrado is therefore characterized by a marked 
seasonality. Having a diverse flora, it provides an excellent system to study the 
seasonality of insect-plant interactions.

Seasonal fluctuations in insect abundance are common in the tropics, and many 
insect populations tend to follow rainfall (Wolda 1988; Abarca 2019) and plant 
phenology patterns (Asch and Visser 2007). Insect abundance increases from the 
dry to the rainy season (Wolda 1988; Boinski and Scott 1998; Frith and Frith 
1990; Pinheiro et  al. 2002), with few exceptions, such as adult lepidopterans, 
bees, and Thysanoptera species (Boinski and Scott 1998; Tanaka and Tanaka 
1982). While there is strong evidence for fluctuations in species richness and 
abundance, our knowledge is limited, as it is based on studies of only a few insect 
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species. However, caterpillars are known to be seasonal in environments with a 
well-defined dry season, such as tropical dry forests of America (Janzen 1988a, b, 
1993; Connahs et al. 2011; Essens et al. 2014) and the central Brazilian Cerrado 
(Morais et al. 1999).

 Methods

Studies of interactions of folivorous caterpillars and their host plants and parasitoids 
in savanna formations of central Brazil were initiated in 1991. In the following 
25 years, systematic surveys were conducted in the Cerrado sensu stricto in Distrito 
Federal, especially in Brasília, and in Serra dos Pireneus and Chapada dos Veadeiros 
the state of Goiás, which represent typical Cerrado. Each year, particular plant spe-
cies (20–46 total) were selected for caterpillar surveys, and 15–20 plants per species 
were searched for caterpillars once a week, for at least 1 year, resulting in repeated 
sampling of 700–900 plants per year. The plants examined were 0.50–2.50 m tall. 
Censuses were conducted between 8:00 and 12:00 am. All externally feeding cater-
pillars (regardless of size or instar) found in the field were collected and reared in 
the laboratory of the Zoology Department of the University of Brasília. Caterpillars 
were supplied with leaves of the plant species on which they were found. In the 
laboratory, caterpillars were photographed and their characteristics recorded. These 

Fig. 2 Monthly averages of rainfall, relative humidity, and temperature from historical series 
1991–2016 of climatic data from the Instituto Nacional de Metereologia (INMET) registered in 
Brasília, Distrito Federal, Brazil. Dry season: May to September
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characteristics included the duration of the pupal stage, pupal parasitoid emergence 
(Diptera or Hymenoptera), and other interesting behaviors, such as shelter types, 
change of shelters throughout development, feeding period, morphological differ-
ences between instars, etc. Adult insects were identified by Vitor O. Becker and 
Keith Brown Jr. Vouchers and specimens were deposited in the Entomological 
Collection at the University of Brasília. Two researchers, Ivone Rezende Diniz and 
Helena Castanheira de Morais, and over a hundred University of Brasília students 
contributed to this long-term dataset, which resulted in over 50 publications on the 
ecology and natural history of caterpillars in the Cerrado. The dataset includes over 
9,000 caterpillars collected during the surveys and 8,000 successfully reared in the 
laboratory, belonging to 594 species, 260 genera of 44 families of Lepidoptera 
(some species are listed in Diniz et al. 2001 and Oliveira 2010). The caterpillars 
were recorded on 145 species of woody plants belonging to 91 genera and 51 
families.

Caterpillar abundance (i.e., the proportion of plants with caterpillars) increased 
in the Cerrado in mid-April and remained high until mid-July, the beginning of the 
dry season. However, more parasitoids emerged in the laboratory from caterpillars 
collected in October (Morais et al. 1999). Here we review the current knowledge 
about the seasonality of Cerrado caterpillars and their interactions based on 25 years 
of collecting and rearing caterpillars in the laboratory. Caterpillar abundance in the 
Brazilian Cerrado is known to be seasonal (Morais et al. 1999; Marquis et al. 2002). 
Species richness (Andrade et al. 1999; Bendicho-Lopez et al. 2006) and interactions 
with plants and parasitoids (Bendicho-Lopez et al. 2006; Scherrer et al. 2016) also 
vary according to the season, at least for some cohorts in our data. Therefore, our 
hypothesis is that the abundance, species richness, and the interactions of the cater-
pillars represent a repetitive phenomenon. We review here how the diversity of 
interactions and the specialization of the networks between caterpillars-plants and 
parasitoids-caterpillars vary over the months and seasons in the Cerrado across the 
25-year sampling period. We also infer the potential effects of climate change on 
these interactions in the future.

 The Seasonality of Caterpillar-Plant Interactions 
in the Cerrado

Among the approximately 600 woody plant species that occur in the Cerrado sensu 
stricto (Ratter et al. 2001; Gomes et al. 2020), 145 serve as principal host plants for 
caterpillars in our study areas, because these host plants were common, widely dis-
tributed, and easy to survey. Among these host plants, Roupala montana Aubl. 
(Proteaceae) had the highest richness of associated caterpillars (112 spp.; Table 1).

The peak abundance of caterpillars on plants in the Cerrado showed a consistent 
pattern over 10 years (Morais et al. 1995). Caterpillars occurred at low abundance 
per plant individual, possibly due to low air humidity, low leaf nutritional quality, 
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and pressure from natural enemies in the Cerrado (Marquis et al. 2001, 2002). Five 
Lepidoptera families represented 63% of the abundance and 47.5% of the species 
richness: Elachistidae (with 31% of individuals and 19% of species richness), 
Gelechiidae (10% and 12%), Pyralidae (9% and 8%), Erebidae (Arctiinae: woolly 
bears; 6.5% and 5.5%), and Oecophoridae (6.5% and 3%). Elachistidae was most 
often associated with the host plant family Proteaceae, while Gelechiidae interacted 
mainly with Vochysiaceae, Pyralidae with Rubiaceae, Erebidae (Arctiinae) with 
Proteaceae, and Oecophoridae with Caryocaraceae (Fig. 3).

The shelter-building species with the highest number of records has yet to be 
described, likely belonging to an undescribed genus of Elachistidae (Vitor Becker, 
personal communication). This new species represents 9.5% of the total number of 

Fig. 3 Trophic networks illustrate caterpillars and host plants interactions. Nodes represent fami-
lies within each trophic level, then ranked by node degree. Edge thickness represents relative 
link weights

Table 1 Woody host plant species with high species richness of associated caterpillars in the 
Cerrado of Distrito Federal and Goiás, Brazil

Host plants Species richness

Proteaceae Roupala montana Aubl. 112
Erythroxylaceae Erythroxylum tortuosum Mart. 56

Erythroxylum deciduum A.St.-Hill. 50
Malpighiaceae Byrsonima coccolobifolia Kunth. 53
Vochysiaceae Qualea parviflora Mart. 51

Qualea multiflora Mart. 46
Qualea grandiflora Mart. 40

Caryocaraceae Caryocar brasiliense Cambess. 48
Ochnaceae Ouratea hexasperma (A.St.-Hil.) Baill. 37
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caterpillars sampled (Fig. 4). It was recorded feeding only on mature leaves of R. mon-
tana, building shelters in the form of rigid tunnels, using feces and silk to attach leaves 
to each other (Fig. 4c). About two to five fresh leaves are added to the shelter over the 
time of development (Fig. 4a). These caterpillars grow inside the tunnels and only 
leave these tunnels to feed on the leaf’s epidermis. A thin layer made of silk and feces 
protects the feeding area (Fig. 4b). These caterpillars peak in abundance in May (dry 
season) (z = 157,752; p < 0.05) (Oliveira 2010), and adults emerge in the laboratory 
in October (transition to the rainy season). Below we describe other five most abun-
dant species, together representing 16% of the total abundance. They exhibit a variety 
of behaviors, diet breadths, and patterns of seasonality (Fig. 5).

Fig. 4 Undescribed genus of Elachistidae. (a–b) Shelter made with mature leaves of Roupala 
montana (Proteaceae) connected by silk. (b) The place where the caterpillars are feeding on the 
leaf are protected by feces and silk. (c) Open shelter with tunnels made with silk and feces, where 
the caterpillars hide. (d) Individual of an undescribed genus of Elachistidae
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Stenoma cathosiota Meyrick, 1925, (Elachistidae: Stenomatinae) (Fig. 5a) are 
monophagous caterpillars that feed on mature leaves of Roupala montana. They 
exhibit shelter-building behavior, gathering two to four mature leaves from the host 
plant, and securing them to the stem with silk. The caterpillars remain in these shel-
ters throughout their larval and pupal development. Over a year of sampling, the 
abundance of the species was highest at the beginning of the dry season (z = 4.563; 
p < 0.05) (Oliveira 2010); however, interannual variations in abundance and fre-
quency have been reported by Morais and collaborators (2007). This species is sub-
ject to a high degree of parasitism by four genera of Braconidae (Hymenoptera), 
present in about 30% of caterpillars raised in the laboratory: Apanteles 
(Microgastrinae), Orgilus (Orgilinae), Bracon (Braconinae), and Hyposoter 
(Campopleginae). Parasitism was highest in July–August (late dry season) and 
November (Morais et al. 2007).

Cerconota achatina (Zeller, 1855) (Elachistidae: Stenomatinae) (Fig. 5b) are oli-
gophagous caterpillars that feed on Byrsonima spp., particularly on B. coccolobifo-
lia (78% of occurrences). They are primarily leaf feeders but are also present on the 
flowers and fruits of the same plant species (Diniz and Morais 2002). This species 
also shows a shelter-building behavior, joining leaves of the host plant to each other 
with silk and connecting them by silk tunnels embedded in their feces. The 

Fig. 5 The most abundant caterpillar species in the database. (a) Stenoma cathosiota (Elachistidae), 
(b) Cerconota achatina (Elachistidae), (c) Eurata semiluna (Erebidae), (d) Idalus lineosus 
(Erebidae), and (e) Eustema opaca (Notodontidae)
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abundance of this multivoltine species is higher in the dry season, from May to 
August (Andrade et al. 1995). While the timing of their peak abundance varies from 
year to year (e.g. in June 1994 and in August 2006), it always occurs during the dry 
season. The rate of parasitism is low, around 3% of the total caterpillars reared in 
laboratory, with two recorded genera of Hymenoptera: Meniscomorpha 
(Ichneumonidae: Banchinae) and Goniozus (Bethylidae: Bethylinae).

Eurata semiluna Walker, 1854, (Erebidae: Arctiinae) (Fig.  5c) has the most 
extensive diet breadth among all Cerrado caterpillars, feeding on 41 species of host 
plants belonging to 28 families (Diniz et al. 2000, 2013). The highest numbers of 
records were for Erythroxylum tortuosum, Byrsonima pachyphylla, and Ouratea 
hexasperma St. Hil. (Ochnaceae). The caterpillars are solitary, external folivores 
and occur practically throughout the year, except for August and September, with 
peak abundance from March to June (Diniz et al. 2013). It is an irruptive species, 
apparently taking advantage of recently burned areas (Lepesqueur et al. 2012). They 
are parasitized by Diptera (Tachinidae: Tachininae and Exoristinae), and 
Hymenoptera (Ichneumonidae: Casinaria; Braconidae: Aleiodes); however, the rate 
of parasitism is low, present in about 4% of caterpillars reared in the laboratory.

Idalus lineosus Walker, 1869, (Erebidae: Arctiinae) (Fig.  5d) are solitary, 
monophagous, external folivores, feeding on mature leaves of Roupala montana. 
This caterpillar is active mainly in the dry season (z = 25.88, p < 0.05), with a peak 
abundance in May (Braga et al. 2014). The rate of parasitism is low, present in about 
5% of caterpillars raised in the laboratory. They are parasitized by species of 
Diptera, Tachinidae (Exoristinae), and four genera of Hymenoptera: Apanteles and 
Protapanteles (Braconidae) and Cidaphus and Pristomerus (Ichneumonidae). In 
some cases, multiparasitism occurs with interactions between Apanteles and 
Protapanteles species and between Cidaphus and Protapanteles species (Braga 
et al. 2014).

Eustema opaca Schaus, 1922, (Notodontidae) (Fig. 5e) has only been recorded 
feeding on new leaves of Roupala montana; thus, it is considered locally monopha-
gous. Caterpillars are gregarious and external feeders, with groups of over 60 indi-
viduals (Diniz et  al. 2013). They occur only in November and December, at the 
beginning of the rainy season, during the period of leaf expansion. They can be 
parasitized by Diptera and Tachinidae (Exoristinae and Tachininae), with very high 
rate (~80%) of parasitism in caterpillars raised in laboratory. They also suffer strong 
predation pressure from an unidentified species of Hemiptera of the genus Zelus 
(Reduviidae) (Pessoa-Queiroz 2008).

Caterpillar species exhibit a variety of strategies and behaviors. External foli-
vores can feed on the leaf blade or surrounded by a shelter made of silk, plant parts, 
bristles, or feces (Diniz et al. 2013). The Cerrado caterpillar community is charac-
terized by a high proportion of shelter building, with around 70% of species and 
individuals showing this behavior (Pessoa-Queiroz 2008; Diniz et al. 2012). These 
shelter-builders are mostly microlepidopterans. During the dry season, shelter- 
building caterpillars are significantly more abundant than exposed caterpillars 
(x2 = 46.319, p = 0.0001), indicating that the shelter acts as a protection against 
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desiccation (Diniz et al. 2012), providing a suitable microclimate for the caterpil-
lar’s development (Loeffler 1996; Velasque and Del Claro 2016).

Synchrony with the flushing of new leaves of host plant is crucial for many insect 
herbivores (Asch and Visser 2007). In general, young leaves are more nutritious 
than mature leaves, causing herbivores to synchronize with leaf production (Niemelä 
et al. 1982; Aide and Londoño 1989; Aide 1993; Alonso and Herrera 2000; Marquis 
et al. 2001; Ivashov et al. 2002). Most woody species in the Cerrado are deciduous, 
losing their leaves in the dry season and having the highest production before the 
beginning of the rainfall (Franco 1998). However, in some individuals of the same 
species, leaves can be produced all year round. This characteristic can be found in 
several woody species in the Cerrado (Morais et al. 1995). Therefore, the availabil-
ity of the leaves varies throughout the year and declines at the end of the dry season. 
Consequently, new leaves provide a less predictable resource for caterpillars com-
pared to mature leaves (Morais et al. 1995). As a result, caterpillar peak abundance 
does not coincide with the peak of leaf flush in the dry-rainy transition, and the 
majority of caterpillar species feed on mature leaves (Morais et  al. 1995, 1999; 
Price et al. 1995; Scherrer et al. 2010).

The relative abundance and species richness of caterpillars vary monthly in the 
Cerrado, which are concentrated at the beginning of the dry season (Rayleigh test: 
abundance: z = 945.056; p < 0.001; richness: z = 49.568; p < 0.01) (circular analy-
sis: Fig. 6a–b), confirming our hypothesis based on previous data. This pattern was 
common in most families including Cosmopterigidae, Elachistidae, Erebidae 
(Arctiinae), Gelechiidae, Geometridae, Hesperiidae, Limacodidae, Noctuidae, 
Oecophoridae, Pyralidae, Riodinidae, Sphingidae, and Thyrididae. On the other 
hand, some families, such as Megalopygidae, Mimallonidae, Saturniidae, and 
Tortricidae, showed two abundance peaks throughout the year, while others, such as 

Fig. 6 Circular analysis of monthly (a) abundance and (b) species richness of Cerrado caterpillars 
(the number of individuals and species sampled in the field). 15° corresponds to January, 45° to 
February, etc. and 345° to December (represented by the initials of the months). Arrow indicates 
the mean vector, and the length of the arrow reflects the mean vector length (r) (the strength of the 
clustering among samples).The gray area corresponds to the dry season
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Notodontidae, had only one peak during the rainy season. The seasonality of cater-
pillar occurrence in the central Brazilian Cerrado shows a unique pattern, not 
described in other tropical ecosystems (Janzen 1993; Connahs et al. 2011), i.e., their 
occurrence is highest in the early dry season (Marquis et al. 2002). This pattern may 
be associated with disadvantages that the rainy season brings for some species, like 
increased pressure from natural enemies, such as birds (Macedo 2002) and parasit-
oids (Morais et al. 1999; Pinheiro et al. 2002).

In the dry and rainy seasons, caterpillars have specific species composition and 
biotic interactions. Remarkably, only about 35% of species occur in both seasons. 
These “aseasonal” species are the most abundant species. The dissimilarity in species 
composition between consecutive months was 0.37–0.73 (Bray-Curtis index). Lower 
turnover occurs in May–June (0.37), at the beginning of the dry season, and in 
January–February (0.44), in the middle of the rainy season. The high turnover occurs 
in August–September (0.73) and September–October (0.73), evidencing how much 
the caterpillar community changes during the dry-rainy transition. With regard to the 
other months, dissimilarity was around 0.60, demonstrating a high temporal turnover 
in species composition. These patterns suggest a strong association between caterpil-
lar species and the phenological and climatic variations of the Cerrado.

The Cerrado caterpillar community is characterized by high specialization, with 
monophagous species and oligophagous family specialists (Marquis et  al. 2002; 
Diniz and Morais 2005; Morais et al. 2011; Mitchell et al. 2011), which is typical 
for tropical communities (Dyer et al. 2007). Among the species that occur in the two 
climatic seasons, 56% have restricted diet (monophagous or oligophagous), and 
44% are polyphagous. It is difficult to fully understand the diet breadth of caterpillar 
species that are restricted to one season, since 60% of these species are rare (single-
tons). However, when we exclude singletons, the caterpillar community that occurs 
in a single season is also composed mainly of restricted diet species (78% are 
monophagous or oligophagous). The high-diet specialization of Cerrado caterpillars 
implies a higher similarity in the composition of associated caterpillar species 
among phylogenetically closest plants (Morais et al. 2011). In this context, the phe-
nological availability of leaves of the host plant genus or families will determine the 
composition of the folivorous caterpillar fauna throughout the year.

We observed 8,022 interactions between caterpillar and plant species in the 
25 years of study. During 1 year of observation, around 500 different trophic inter-
actions were recorded between caterpillars and their host plants, with few interac-
tions found in more than one season, considering four seasons (dry, rainy, and the 
two transitions) (Lepesqueur et al. 2018). Diet breadth can vary over time, as the 
number of host plants used by the same caterpillar species can increase, particularly 
during the dry season (Scherrer et al. 2016). This increase is possibly caused by the 
lower availability of leaves from deciduous host plant species (Lenza 2005; Lenza 
and Klink 2006). Thus, the high temporal β-diversity of trophic interactions between 
caterpillars and plants is mainly due to changes in interactions among species that 
co-occur in different seasons (Lepesqueur et al. 2018).

The diversity of trophic interactions between caterpillars and host plants remains 
high during the second half of the rainy season and the beginning of the dry season 
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(network metrics – Shannon’s diversity index: Fig. 7a). This pattern of interaction 
diversity during the rainy-dry transition reflects the higher richness and abundance of 
caterpillars, as well as the higher number of interactions between caterpillars and 
plants (Lepesqueur et al. 2018), which is expected since the diversity of interactions is 
related to the diversity of herbivore species (Dyer et al. 2010). After this, the interac-
tion diversity declines and reaches its lowest in September, at the end of the dry sea-
son, when the entire network is the most specialized during the year (network 
metrics – specialization index H2: Fig. 7b). At the end of the dry season, 53% of cat-
erpillars in the network are singletons, and the most frequent species are monopha-
gous. In this way, the diversity of interactions and the specialization of the network 
reflect the lower availability of resources and lower caterpillar activity characteristic 
of this time of the year. The late dry season has severe climatic conditions for both 
caterpillars and plants, resulting from the low air humidity and higher temperatures 
(Fig. 2), making interaction networks less diverse and more specialized.

The dry season and its effects on plant phenology and leaf quality interfere with 
the larval development of some species that have two generations per year. For 
instance, caterpillars of Cerconota achatina (oligophagous on Byrsonima spp.) and 
Chlamydastis platyspora (monophagous on Roupala montana) develop more 
slowly in the dry season than in the rainy season (Morais et al. 1999; Bendicho- 
Lopez et al. 2006). Thus, the dry season is a critical period for caterpillars, because 
in addition to the lower availability of food resources, the quality of the leaves is 
also inferior compared to the rainy season.

 The Seasonality of Parasitoid-Caterpillar Interactions 
in the Cerrado

Parasitoids and their hosts have complex and multifaceted interactions. Here, we 
only discuss variation in abundance and species richness of parasitoids. We focus on 
two interaction networks between parasitoids and caterpillars over time and 

Fig. 7 Annual variation in the diversity of interactions (Shannon’s index) (a) and degree of spe-
cialization (index H2; Blüthgen et al. 2006) (b) of the networks of interactions between caterpillars- 
plants and parasitoids-caterpillars in the Cerrado. Gray area corresponds to the dry season
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compare the two major taxa: Hymenoptera and Diptera. We have little data to dis-
cuss the factors that affect the relative proportion of parasitoid taxa attacking our 
caterpillar species.

Parasitoids are a main cause of mortality in caterpillars in our system. In our 
dataset, hymenopterans were the principal parasitoids of caterpillars, responsible 
for 80% of the registered parasitism events. They were represented by 250 species 
in 86 genera belonging to 13 families, with Braconidae and Ichneumonidae being 
the most common. Dipteran parasitism occurred less frequently than hymenopteran 
parasitism, with 20% of the registered parasitism events. Most dipterans were 
Tachinidae species, with a few records of Conopidae and Syrphidae species. 
Braconidae interacted most frequently with Elachistidae, while Encyrtidae inter-
acted mainly with Pyralidae, Ichneumonidae with Gelechiidae, Perilampidae with 
Elachistidae, and Tachinidae with Notodontidae (Fig. 8).

Apatelodidae, Dalceridae, Limacodidae, Lymantriidae, Megalopygidae, 
Notodontidae, and Sphingidae were the lepidopteran families most heavily parasit-
ized by Diptera. All of these families have morphological defenses, such as hairs, 
spines, or glands, used as protection against predators (Pessoa-Queiroz 2008). There 
are two possible explanations for the success of Tachinidae is these caterpillar fami-
lies. They could be less susceptible to predators as hypothesized by Stireman and 
Singer (2003) in their “enemy-free space” hypothesis. The other explanation could 
be oviposition of tiny parasitoid eggs on the leaves of host plants that are eaten by 
caterpillars (Belshaw 1994). Our results are in line with the idea that the oviposition 
strategies used by many tachinid flies render morphological defenses useless 
(Gentry and Dyer 2002). However, these possible explanations for 

Fig. 8 Trophic networks illustrating interactions between parasitoids and caterpillars. Nodes rep-
resent families within each trophic level ranked by node degree. Edge thickness represents relative 
link weights

Trophic Interactions of Caterpillars in the Seasonal Brazilian Cerrado



500

parasitoid- caterpillar interactions in the Cerrado need to be tested. The relatively 
low number of caterpillars parasitized by Diptera in our dataset could also be an 
artifact of our collection method. In some studies, researchers generally only col-
lected caterpillars in the final instars. A review of dipteran parasitoid biology shows 
that larval development times vary widely in Diptera: some species delay their 
development and only kill the host at or close to pupation, others enter diapause and 
develop only after a change of seasons, and a third group of species develops after 
oviposition (Feener and Brown 1997). Therefore, the age of caterpillars (i.e., the 
time caterpillars are available for dipterans in the field) may have negatively biased 
our perception of dipteran parasitism.

Some ecological characteristics of caterpillar life history, such as behavior, 
dietary habits, and defense strategies, influence their interactions with the third tro-
phic level (Gentry and Dyer 2002; Greeney et al. 2012). Thus, the incidence of para-
sitism in caterpillars varies according to their morphological and behavioral 
characteristics. Data from parasitoid species richness and the proportion of caterpil-
lars parasitized showed that parasitoids responded to the abundance and life strategy 
(i.e., exposed or sheltered) of the caterpillars that use the host plant Caryocar brasil-
iense (Caryocaraceae) (Rodovalho et  al. 2007). With regard to shelter, we see a 
different pattern in Cerrado caterpillars, as shelter-building behavior seems to be 
protecting them more efficiently from parasitoids compared to other ecosystems 
(Dyer and Gentry 1999; Gentry and Dyer 2002; Connahs et al. 2011). In the Cerrado, 
shelters seem to provide protection from parasitoids, because the rate of parasitism 
is higher in exposed caterpillars than in shelter caterpillars (Chi-square = 13.77; 
p = 0.0002) (Rodovalho et al. 2007; Pessoa-Queiroz 2008; Diniz et al. 2012). Some 
shelter-builder caterpillars in the Cerrado keep adding leaves to the shelter during 
their development, which can make it more difficult for parasitoids to reach the 
caterpillar. In these cases, shelter building can serve as an effective defense strategy 
against parasitoids. Therefore, we hypothesize that the combination of a long dry 
season with low relative humidity and high parasitism pressure can explain the pre-
dominance of shelter-building caterpillars in the Cerrado (Diniz et al. 2012). With 
regard to caterpillar diet breadth in the Cerrado, specialist caterpillars suffer the 
highest levels of parasitism (chi-square = 29.52; p < 0.0001) (Pessoa-Queiroz 2008), 
similar to other natural systems (Dyer and Gentry 1999). This may be related to the 
ability of parasitoids to use morphological and chemical characteristics of the host 
plants as possible cues (Weseloh 1993).

Parasitism of Cerrado caterpillars varies from 6% in May (early dry season) to 
29% in November (early rainy season), being more pronounced in the rainy season 
(Rayleigh test: z = 7.5; p < 0.05) (Fig. 9a). Parasitoid wasps peak in November 
(Rayleigh test: z = 353.684; p < 0.001) (Fig. 9b), while parasitoid flies show two 
abundance peaks, one in December, during the rainy season, and the other in June, 
during the dry season, with uniform temporal distribution (Rayleigh test: z = 2.837; 
p > 0.05). The temporal distribution of parasitoid species richness is more even over 
the months (Rayleigh test: z = 4.131; p = 0.016) (Fig. 9c), with a higher number of 
species in February, May, June, and November and lower in August. Thus, it is pos-
sible that Cerrado caterpillar species use the temporal “enemy-free space” strategy 
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(Morais et al. 1999), as their abundance is higher in the early dry season, escaping 
from the seasonal peak in parasite prevalence in the early rainy season. In the early 
dry season, the abundance of Hymenoptera is low in Cerrado (Pinheiro et al. 2002). 
Nevertheless, the reason why a parasitoid peak does not follow caterpillar abun-
dance is not yet fully understood (Connahs et al. 2011). However, the dry season in 
the Cerrado can be a limiting factor for most parasitoid species, since low humidity 
limits the parasitoid activity given the risk of dehydration (Shapiro and 
Pickering 2000).

The diversity of interactions between caterpillars and their parasitoids is more 
accentuated in the late rainy season and the early dry season, with peaks in February 
and May, respectively, and a less pronounced peak in October at the beginning of 
the rainy season. The diversity of interactions is lowest in August, during the late 
dry season, and in January, in the middle of the rainy season (network metrics – 
Shannon’s diversity index: Fig. 7a). In August and January, the interaction networks 
are composed of very few species at each trophic level with entirely specialized 
interactions. These temporal variations in the diversity of interactions partly reflect 
parasitoid and caterpillar species richness and abundance over the months. The 
highest diversity of interactions between parasitoids and caterpillars occurred in 
February, May, and October, reflecting a higher parasitoid species richness with 
some generalist interactions in these networks (few caterpillar species are attacked 
by few parasitoid species, and few parasitoid species attack a variety of 
caterpillars).

The networks of parasitoid-caterpillar interactions had a higher degree of spe-
cialization than caterpillar-plant networks, as expected. However, in February and 
September, these networks were slightly less specialized (network metrics – spe-
cialization index H2: Fig. 7b). In the parasitoid-caterpillar interaction networks for 
each month, 90–100% of parasitoid species were registered with only one host spe-
cies, while few (up to four) species of caterpillars were parasitized by more than one 

Fig. 9 Circular analysis of (a) the rate of parasitism, (b) abundance, and (c) species richness of 
parasitoids over time (the number of individuals and species sampled in the caterpillars sampled in 
the field). 15° corresponds to January, 45° to February, etc. and 345° to December (represented by 
the initials of the months). An arrow indicates the mean vector, and the length of the arrow reflects 
the mean vector length (r) (the strength of the clustering among samples). The gray area corre-
sponds to the dry season
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species of parasitoid. The dry season acme remains poor in interactions, as observed 
in caterpillar-plant networks, due to the more severe climatic conditions for all three 
trophic levels, especially for parasitoids, which are disadvantaged under dry condi-
tions (Shapiro and Pickering 2000). Nevertheless, we need to understand better the 
climatic requirements and life histories of both hymenopteran and dipteran parasit-
oids in the Cerrado, to better assess the factors that influence the annual variation in 
host-parasitoid interactions.

 The Effects of Climate Change on Caterpillar Interactions 
in the Cerrado

A discussion of the effects of climate change on the caterpillar community and their 
biotic interactions in the Cerrado is somewhat hampered by the lack of consistent 
experimental and other data on the subject. Thus, the discussion remains specula-
tive, with several questions unanswered. However, knowledge about the seasonality 
of interactions between caterpillars-plants and parasitoids-caterpillars in the Cerrado 
in these 25 years allows us to infer the periods of the year when the interactions are 
most vulnerable to climate change.

Based on past climatic fluctuations in the Quaternary, along with current habitat 
loss and fragmentation in the Cerrado, we should expect dramatic changes in the 
near future, especially in species distributions and even extinctions. Models predict 
a 2–6 °C warming for Brazil by 2100 along with severe droughts (Salazar et al. 
2007), which will cause a decrease in soil moisture in most regions of the biome. 
The dry season is expected to last longer in the north and northeast, with less pre-
cipitation and higher temperatures, while the southeastern region is predicted to 
receive higher rainfall and a decrease in the number of consecutive days of drought 
(Marengo et al. 2009a, b). For central Brazil, where the core Cerrado and our study 
areas are located, there is a tendency for increased occurrence of extreme climatic 
events, with both wetter and drier years (Bombardi and Carvalho 2008), higher 
temperatures, and possibly up to 30% reduction in annual precipitation (Marengo 
et  al. 2009a). The duration, regularity, and distribution of rainfall are crucial to 
maintain the biodiversity of the Cerrado (Bombardi and Carvalho 2008). Plant phe-
nology will likely respond to these climatic changes, and prolonged drought may 
alter species dominance and the ratio of different woody plants with different phe-
nological strategies. Low water availability, soil depletion, and intense fires can 
favor herbaceous and annual species (Bustamante et al. 2012), while hydraulic fail-
ure and carbon starvation can increase the mortality of woody plants, tree seedlings, 
and shallow-rooted herbs (Franco et al. 2014). The balance between forest expan-
sion and forest retreat into savanna might also be strongly affected by extreme 
drought events and warming, since forest species are more sensitive to drought than 
savanna species (Franco et al. 2014). Most of the 162 woody species in the Cerrado 
biome are predicted to suffer serious declines, losing over 50% of their potential 
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distribution area. Depending on the scenario, 10–30% of these species may become 
locally extinct (Siqueira and Peterson 2003). This would result in a decrease or local 
extinction of Lepidoptera species, as higher local plant density can account for 
higher caterpillar abundance (Scherrer et al. 2010).

The accumulation of atmospheric CO2 and associated higher temperatures will 
affect the physiological processes, development, reproduction, and phenology of 
plants, changing the nutritional quality and phytochemical defenses that directly 
affect the metabolic rate, growth, feeding rates, fecundity, longevity, and life-history 
traits of herbivorous insects, such as diet breadth and food preference (Jamieson 
et al. 2012; Pincebourde et al. 2017). With global environmental change, generalist 
herbivores would be more adapted to face an increase in quantitative defenses com-
monly present in host plants and lower nutritional quality (Massad and Dyer 2010). 
Generalist herbivores may be more able to change host plants due to phenological 
changes and the decreased availability of food resources (DeLucia et  al. 2012). 
Changes in the development time at different trophic levels can cause phenological 
asynchrony (DeLucia et al. 2012; Dyer et al. 2013). Thus, the Cerrado caterpillar 
community, characterized by its high-diet specialization, may suffer greater selec-
tion pressure for asynchrony and face an even higher risk of local extinction. The 
survival of these caterpillars with extremely restricted diets is limited by the quality 
and availability of the host plant species, placing them in extreme danger of disap-
pearance. The loss of woody plants and other phenological changes in the Cerrado 
flora (Siqueira and Peterson 2003; Bustamante et al. 2012; Franco et al. 2014) will 
determine the composition and temporal distribution of the caterpillar community 
in the future. Better leaf digestibility can explain the higher abundance of caterpil-
lars on certain plant species in the Cerrado (Scherrer et al. 2010), so phenological 
leaf changes can affect the local lepidopteran community. Thus, some caterpillar 
species will be favored, while others will become extinct or decrease in response to 
global changes (Salcido et al. 2020). Furthermore, as the interactions between para-
sitoids and caterpillars in the Cerrado are even more specialized than caterpillar- 
plant interactions, there is an even higher risk of unlinking. The extreme climatic 
events predicted for the central Cerrado will exacerbate these disconnections 
between parasitoids and caterpillars (Stireman et al. 2005). Thus, the differences in 
the physiological responses of plants, herbivores, and parasitoids to varying cli-
matic cues may, positively or negatively, affect their synchrony (Tylianakis et al. 
2008). The variety of phenological responses in relation to climate change at each 
trophic level can increase the number of ecologically mismatched trophic interac-
tions over time.

Due to current climatic conditions in the late dry season in the Cerrado, the diver-
sity of caterpillar-plant and parasitoid-caterpillar interactions is lower than in other 
periods of the year. Future climate scenarios (i.e., more severe drought events) are 
predicted to worsen the conditions for these tritrophic interactions. Thus, the few 
interactions that currently occur during the dry season acme are more likely to 
decline or disappear. As these interaction networks are less diverse, more special-
ized, and without redundant interactions, they form networks with less stability. 
Moreover, the intensification of fires in the Cerrado further threatens these species 
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and their interactions, affecting plant and caterpillar community structure, and con-
sequently parasitoids, particularly in the late dry season, when the effects of fire on 
caterpillars are the strongest (Diniz et al. 2011). Climatic events that alter the distri-
bution and duration of rainfall and droughts may negatively affect parasitoids, 
allowing irruptions of currently rare Cerrado caterpillars. As several species that 
feed on alternative native plants are considered pests, outbreaks of these species 
could affect the agriculture in this biome. Future climatic conditions, such as 
increased temperature and reduced humidity, are expected to cause changes in the 
community structure and interactions of caterpillar species. We hypothesize that 
future conditions will possibly further select for shelter-building caterpillars in the 
Cerrado. Finally, we can infer that the lower diversity of interactions at the late dry 
season indicates that more severe future climatic conditions may lead to a loss of 
interactions in the Cerrado and in that way affect community structure.
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 Introduction

Caterpillars build an enormous array of structures on plants. In building these struc-
tures, they use their host plant as a container, platform, or scaffold, often incorporat-
ing plant parts. Materials used include silk and frass produced by the caterpillar and 
whole or partial leaves, flowers, fruits, stems, twigs, and branches from the plant 
(Packard 1877; Fukui 2001; Lill and Marquis 2007; Cornelissen et  al. 2016; 
Calderón-Cortés 2020; Sane et  al. 2020). In some cases these structures (“con-
structs”) (see Box 1) are camouflaged with fruits, lichens, or sand (Jones and Parks 
1928). The resulting constructs can include silk webs (e.g., Rota and Wagner 2008; 
Baer 2018), silk and frass enclosures (Fitzgerald 1995), silk scaffolds (Rathcke and 
Poole 1975; Cardoso 2008), frass chains (DeVries 1987; Freitas and Oliveira 1996), 
leaf folds (e.g., Ancylis divisana, MacKay 1959) (including leaf “tents”: Lind et al. 
2001), leaf ties (Marquis et al. 2019b), leaf rolls (e.g., Vieira and Romero 2013), 
hollowed herbaceous (e.g., Sidhu et al. 2013) and woody stems (e.g., Cory 1918; 
Yule and Burns 2017), leaf bags (Davis 1964; Rhainds et al. 2009; Yoshioka et al. 
2019), leaf mines (e.g., Opler 1974; Faeth et al. 1981), galls (Riley 1869; Leiby 
1922), frass and silk tubes (Neunzig 1972), nets (Dyar 1900), and cases (Bucheli 
et al. 2002) (Plates 1 and 2). While construct building is not unique to lepidopteran 
larvae among insects, caterpillars are diverse in the structures they build, producing 
the full gamut of types seen in terrestrial insects outside of the Lepidoptera, with the 
exception of nests built by Hymenoptera (Packard 1877; Sane et al. 2020) and ter-
mites (Korb 2003).

C. S. Baer 
First-year Research Immersion Program, Binghamton University, Binghamton, NY, USA 

J. T. Lill 
Department of Biological Sciences, George Washington University, Washington, DC, USA 

H. G. Wang 
Department of Biological and Environmental Sciences, East Central University,  
Ada, OK, USA

R. J. Marquis et al.



511

Plate 1 Examples of constructs and life cycles of the Lepidoptera larvae who make them. (a) 
Wood-boring Aegeria acerni (now Synanthedon acerni) (Sessidae), the legged maple borer. (b) 
Codling moth (Cydia pomonella, Tortricidae), whose larvae bore fruits of the Rosaceae; the apple- 
leaf crumpler Phycita nebulella (now Acrobasis indigninella group) (Pyralidae), which make frass 
tubes on leaves; and the peach tree borer, Synanthedon exitiosa (Sessidae), also a wood-boring 
species. (c) The bagworm, Thyridopteryx ephemeraeformis, often found on Juniperus, but is 
known from 125 species throughout its range (Moore and Hanks 2004). Drawings by C. V. Riley, 
images from the US National Agricultural Library (https://entomology.k- state.edu/department- 
info/links/national- ag.- library.html)
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Plate 2 Sample showing the range of size, closure, and frass accumulation among different spe-
cies of caterpillar constructs. (Photos by R. J. Marquis, except A. cerasivorana, Whitney Cranshaw, 
Bugwood). (a) Single web of Hyphantria cunea (Erebidae, Arctiinae) on Juglans nigra: open web, 
containing frass, 1.5 m in length. (b) Sheet web of Acleris sp. (Tortricidae) on Quercus macro-
carpa: closed web, no frass (the hole at the bottom of the web allows frass pellets to drop out), 
4 cm in length (River Falls, WI, USA). (c) Leaf pieces/silk construct of an unidentified Gelechiidae 
on Quercus macrocarpa: open, no frass, small (1 cm in length) (River Falls, WI, USA). (d) Ugly 
nest of the ugly nest caterpillar, Archips cerasivorana (Tortridae): partially open, frass, large 
(50–75 cm in length). (e) Multiple H. cunea webs on J. nigra (Union Cemetery, Brazil, Indiana, 
USA). (f) Silk and frass nest of Malacosoma americana on Prunus (University City, MO, USA) 
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Plate 2 (continued) (20 cm in length). (g) Open silk and frass construct on Pastinaca sativa by 
Depressaria radiella (previously D. pastinacella) (Depressariidae) (River Falls, WI, USA). (h) 
Open leaf roll on Quercus imbricaria (Cuivre River State Park, Troy, MO, USA) (8 cm in length). 
(i) Leaf tie on Quercus alba, showing silk strands holding leaves together and frass pellets on the 
leaves (Tyson Research Center, Eureka, MO, USA) (10 cm in length). (j) Sheet web on Q. alba, 
open at both ends, no frass, made by Machimia tentoriferella (Depressariidae) (Cuivre River State 
Park, Troy, MO, USA)  (1.5 cm in length). (k) Bagworm on Quercus stellata, open at one end 
(Plainville, IN, USA) (1.5 cm in length)
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Many constructs built by Lepidoptera are overlooked or ignored because most spe-
cies of caterpillars that build them are small (Microlepidoptera: see Lill and Marquis 
2007) or nondescript, at least to the naked eye. As a result, many construct- building 
caterpillars are omitted from caterpillar field guides (e.g., Wagner 2005; but see Ives 
and Wong 1988; Marquis et al. 2019b). Even less attention has been paid to the 
many other arthropods that colonize caterpillar constructs, either during or after the 
builder inhabits its construct. And yet there is increasing evidence that the presence 
of these constructs increases the diversity of arthropods on plants, encourages the 
initial invasion and abundance of exotic species, and influences the amount of dam-
age inflicted on the plant (e.g., Lill and Marquis 2003; Marquis and Lill 2010; Baer 
and Marquis 2014; Henriques et al. 2019; see meta-analysis: Romero et al. 2015).

In building constructs, caterpillars potentially influence the resources available 
to other arthropods. This physical manipulation of the environment can change 
resource availability via creation of, maintenance of, or change in a new habitat. 
Various arthropods colonize the constructs (Plate 3), migrating from nearby leaves 
of the same plant or from other plants. As a result, both the local and regional abun-
dance of other species can be changed. The term physical ecosystem engineering 
(Jones et  al. 1997; Wright and Jones 2006) is used to describe this process: the 
organism causing the change is the physical engineer, and the portion of the physi-
cal environment that has been changed or built de novo is the construct. We refer 
here to species that use the construct but did not build it (although some may be able 
to do so) as colonists. Colonists of galls are often referred to as inquilines; the name 
is different but the process is similar. Generally, physical ecosystem engineering is 
thought to have a positive impact on diversity at the landscape scale (one that 
includes both engineered and non-engineered habitat) via an increase in habitat het-
erogeneity, an increase in the number of resources, or an increase in overall resource 
abundance. The concept of physical ecosystem engineering is different from that of 

Box 1
We use the term “construct” here (“physical structure” in Jones et al. 1997), 
instead of the more commonly used term “shelter” to avoid conflating termi-
nology with any discussion regarding the adaptive value of these structures. 
Specifically, the world “shelter” has the connotation of providing protection 
against some external threat, but there may be additional or alternative adap-
tive reasons for building the construct and for colonizing the construct. In 
building constructs, caterpillars are acting as physical ecosystem engineers, 
“organisms that directly or indirectly control the availability of resources to 
other organisms by causing physical state changes in abiotic or biotic materi-
als” (Jones et al. 1997). We use the term “colonists” to label the organisms 
using the caterpillar construct. These colonists might be organisms that have 
little impact on the original engineer, but they can also include predators and 
parasitoids that attack the engineering caterpillar itself.
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Plate 3 Construct, construct maker, and sample of colonists found in leaf rolls on Tilia americana 
(Malvaceae), Mound Park, River Falls, WI, USA (all photos are by R. J. Marquis). (a) Construct 
maker, Pantographa limata (Crambidae), with edge of leaf roll containing accumulated frass in the 
upper left corner. (b) Ladybug beetle (Coleoptera: Coccinellidae). (c) Wolf spider (Lycosidae). (d) 
Plant louse (Psocidae). (e) Construct (leaf roll) formed by a cut perpendicular to the axis of the leaf 
and then rolling the distal cut portion to the axis of the leaf. This particular leaf has two such con-
structs. (f) Thrips (Thysanoptera). (g) Assassin bug (Hemiptera: Reduviidae). (H) Lace bug 
(Hempitera: Tingidae)
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mutualism in that there is no required reciprocal benefit between the engineer and 
species affected by the engineering. Negative or positive feedbacks may occur from 
the colonists to the constructor, which if they do occur, would make the relationship 
different from traditional commensalism.

All organisms have some physical influence on their local environment, and the 
same is true for caterpillars that build constructs. The challenge for the ecologist is 
to identify which engineering species have nontrivial impacts on associated species 
(Jones et al. 1997). In turn, the challenge for the caterpillar biologist is to identify 
which engineering caterpillar species have major impacts on associated arthropod 
species found on their shared host plants. We do not expect all engineering caterpil-
lars to have equal impacts, just as we do not expect all species to be equally com-
petitive or equally impactful on community structure as predators or mutualists. 
These impacts will include effects on the abundance and behavior of associated 
species, community attributes such as species richness and diversity, and ecosystem 
processes, such as nutrient cycling. A reasonable hypothesis is that the strength of 
these engineering impacts is a function of characteristics of the construct itself. The 
first step toward testing this hypothesis is to determine which traits of the construct 
are relevant for the arthropods that might colonize the construct.

One place to look to identify these traits is the list of proposed adaptive reasons 
caterpillars build constructs in the first place, as those benefits might also accrue to 
colonists. The main proposed adaptive reasons for building a construct on a plant 
are amelioration of a harsh environment (Connor and Taverner 1997, Fukui 2001), 
including protection against UV radiation (Connor and Taverner 1997; Vieira and 
Romero 2013), improved host plant quality (Sagers 1992), reduced competition 
(Green et al. 1998), and escape from natural enemies (e.g., Ito and Higashi 1991, 
Sendoya and Oliveira 2017; Baer and Marquis 2020) and pathogens (Green et al. 
1998), including easier access to leaves than when hiding off plants to escape preda-
tion (Minno 1994). Each might be relevant to colonists. Benefits specific to the colo-
nists might be that constructs serve as a source of food (e.g., frass, cast skins, prey, 
and hosts) other than plant tissue (Marquis and Lill 2006) or a site for locating 
potential mates (Fukui 2001). Minno (1994) also proposed that leaf tents made by 
nonpigmented skipper caterpillars (Hesperiini) might prevent chlorophyll in their 
guts from reacting with sunlight to form oxygen radicals.

One ultimate goal is to understand how construct building by caterpillars influ-
ences the abundance, diversity, and community structure of arthropods associated 
with the plants on which the constructs occur (Marquis and Lill 2006). We would 
like to know whether functional types of caterpillar constructs exist, allowing us to 
predict their impact by measuring their specific traits. We would also like to learn 
the scale at which these effects occur (local branch, whole plant, or multiple plants). 
These effects may ripple or diffuse out to neighboring plants depending on the engi-
neered structure and the colonizing species (Priest et al. 2021). Historically, compe-
tition and predation have been considered the main structuring forces of arthropod 
communities (Strong et  al. 1984; Price et  al. 2011), and they still dominate the 
conversation (e.g., Bird et  al. 2019). The mounting evidence for the impacts of 
physical ecosystem engineering by insects on plants, however, indicates that 
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competition, predation, and mutualism are not the only biotic forces structuring 
arthropod communities on plants. Lill and Marquis (2007) reviewed the natural his-
tory of insects in general as ecosystem engineers, and Marquis and Lill (2006) dis-
cussed the possible pathways of interactions, both direct and indirect among 
engineers, colonists, and their host plants.

Many, if not all, benefits derived from building constructs or colonizing them are 
likely to be modified by the rising impact of humans on the global ecosystem. For 
example, climate change may influence the ability of caterpillar engineers to colo-
nize the plant initially via changes in plant architecture (e.g., Marquis et al. 2002; 
Pangga et al. 2013) and in plant quality (e.g., DeLucia et al. 2012; Trebicki et al. 
2017; Eisenach 2019). In turn, as climate changes, the value of a construct as shelter 
from desiccating temperatures is expected to increase. Similarly, the value of the 
construct as a source of food is likely to change because of climate impacts on leaf 
nutrient quality and secondary defense (DeLucia et al. 2012). Finally, as the relative 
abundance of natural enemies changes or shifts in seasonality, the value of a con-
struct as refuge from those enemies may also shift. In particular, climate-driven 
changes in ant communities are likely to modify the success of construct-building 
caterpillars versus free-feeders when the plant species has extrafloral nectaries 
(Sendoya and Oliveira 2015, 2017). In sum, the population biology and evolution of 
the host plant, the constructor, and the colonists are all likely to be influenced.

Our goal with this chapter is threefold. First, we describe the results of natural 
history observations and experiments, mostly in Missouri (USA) oak forests, which 
show that constructs impact arthropod composition on host plants and the factors 
that influence that impact. Second, we define the traits of shelters that are likely to 
influence their colonization. To do so, we consider the full range of caterpillar con-
struct builders. Specifically, we include both construct (shelter) builders and con-
cealed feeders (leaf miners and gall makers), as defined by Lill and Marquis (2007). 
Third, we predict how climate change is likely to influence the impact that caterpil-
lars have as ecosystem engineers. Climate change is happening rapidly, and predic-
tions of carbon emissions on future temperature change have become more certain 
(Sherwood et al. 2020). Given that amelioration of the abiotic environment is one 
predicted benefit conferred for both constructors and colonists, climate change is 
directly relevant to our understanding of the impacts of caterpillars as ecosystem 
engineers, and in turn, the impact of climate change on arthropod community 
structure.

 Data Sources: Natural History and Experiments

We begin by describing the two main data sources for clues to answer the questions 
posed above. Natural history provides essential data for determining the range of 
construct-building and construct-using behaviors exhibited by caterpillar engineers 
and colonists that determine the types of constructs they build and use. Natural his-
tory also provides the data needed for correlations between variables that might be 
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relevant for determining underlying processes. Experiments in turn allow the 
researcher to manipulate the relevant variables that appear to be important based on 
observations and correlations.

 Natural History and Correlations

Natural history observations are scattered throughout the literature describing con-
structs (e.g., Minno 1994), sometimes how they are built (Weiss et al. 2003), how 
structures change with caterpillar ontogeny (e.g., Kendall 1965; Minno 1981; Lind 
et al. 2001), and very rarely their colonists (e.g., Fukui 2001; Lill and Marquis 2007; 
Cornelissen et al. 2016). Early attempts have been made for a general classification 
scheme for Hesperiidae (Greeney 2009) and for caterpillars from multiple families 
found at a single location (Baer and Marquis 2020). However, we are still in the 
early stages of accumulating descriptions of construct types and, indeed, learning 
how to best describe them. Ecological studies of caterpillar traits that influence 
predation and parasitism most often lump all construct-builders together but treat 
them as a group separate from leaf miners. As a result, we know little of the indi-
vidual construct traits that determine the success of the caterpillar and colonization 
levels by colonists. A database of construct descriptions, common colonists, host 
plants, and seasonal abundance would be most useful. Community surveys (e.g., 
Diniz et al. 2012), conducted at numerous locations across the globe (e.g., Dyer 
et al. 2007), would allow us to correlate local climate with the proportion of a par-
ticular caterpillar fauna making constructs, the distribution and relative abundance 
of construct types, and the role of host plant traits in structuring the community of 
construct builders.

Even seasonal surveys at local sites seem to be rare. Censuses of leaf ties by Lill 
(2004) on white oak in Missouri showed two peaks, one in June–July and the other 
in August–September, associated with the two generations found in most species of 
leaf-tying caterpillars at the study site. Sigmon and Lill (2013) found that the com-
position of colonists in artificial leaf ties placed on Quercus alba and Fagus grandi-
folia (both Fagaceae) changed seasonally but was also strongly affected by host 
plant species. Ernst et al. (unpublished data) censused all constructs found on all 
woody plants < 3 m in height along three 50-m-long transects, three times, May, 
July, and September 2018 (3302 ± 367 total leaves (mean ± SE) sampled per tran-
sect per census) (Fig. 1). They found that the absolute and relative abundance of leaf 
ties increased across the three censuses, whereas leaf folds, leaf rolls, and silk webs 
stayed approximately constant. The percentage of leaves with constructs was 2.5% 
on average across all censuses and all transects, which is within the range that can 
influence arthropod community composition on oaks (Reinhart and Marquis, in 
review). Colonists were mostly spiders, thrips, and ants, with the greatest abun-
dance in the first census, declining thereafter. These results together suggest that, 
from the colonist’s point of view, constructs are “moving targets” across the season: 
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Fig. 1 Summary of sampling leaf ties, leaf rolls, leaf folds, and silk webs on woody plants at 
Cuivre River State Park, Troy, MO, USA, three times during the growing season of 2018. (a) 
Relative abundance (means ± SD) of each of the three types by census. (b) Percent of constructs 
inhabited by colonists or the original construct maker. (c) Relative abundance by order of construct 
inhabitants
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they vary in number by season (see also Vieira and Romero 2013), host plant spe-
cies, and construct type.

Part of this seasonal variation may be due to an impact of leaf age. Urbanus 
esmeraldus (Hesperiidae) preferentially build constructs on mature rather than 
young leaves, which might lead to their uneven distribution within the canopy of 
their host plants, Urera baccifera (Euphorbiaceae) (Moraes et al. 2012). In Missouri 
Quercus, leaf rolls are more often constructed on developing leaves, while leaf ties 
are overwhelming made on mature leaves (RJM, unpublished data). This seasonal 
variation in construct type is likely to influence the overall engineering impact of the 
community of caterpillar engineers on the community of colonizers. The choice of 
leaf age by Omphalocera (Pyralidae) caterpillars on Asimina (Annonaceae) for con-
structs reflects a tradeoff between the high nutrition of young leaves versus a greater 
protective effect against predators by constructs made of mature leaves 
(Damman 1987).

In designing field surveys of construct colonization, investigators should care-
fully consider both the temporal and spatial scales at which sampling will occur. 
Because constructs will attract arthropods already present on the plant (e.g., Marquis 
and Lill 2010; Romero et al. in review), they can redistribute arthropods within a 
plant without changing the plant-level abundance. For arthropod species that are 
highly mobile or transient, including active wanderers as well as passively dispers-
ing individuals arriving at the plant via ballooning or parachuting, the presence of 
constructs could also serve to retain individuals whose presence would otherwise be 
fleeting. This is a phenomenon that requires further evaluation. Alternatively, con-
structs can actively attract flying gravid females to oviposit directly into the con-
struct (Lill and Marquis 2004). In these latter two cases, arthropod abundance, 
biomass, and species richness and diversity at the whole plant level can all be 
increased due to the presence of the constructs. The clues that ovipositing females 
use to find constructs are currently unknown (Lill and Marquis 2004), but volatiles 
released following leaf damage, odors from frass and construct inhabitants, and 
visual damage are all likely candidates.

Sampling should also consider the influence of various microhabitats on these 
interactions within a particular location, including sun vs. shade (Barber and 
Marquis 2011), high-nutrient vs. low-nutrient soils, riparian vs. upland soils 
(Pugnaire et al. 2019), lower vs. upper canopy (Seifert et al. 2020), and north- vs. 
south-facing slope exposure. There are remarkably few studies of spatial variation 
in construct abundance or how it affects the responses of the associated colonists. In 
a study of the distribution of caterpillars with respect to canopy position in 15 decid-
uous tree species sampled in Virginia, USA, Seifert et  al. (2020) found that the 
density of constructs (leaf ties, leaf rolls, and webs) was 75–100% greater in the 
upper tree canopy versus mid-story and lower canopy leaves, respectively. In a 
study of the effect of slope aspect (north- vs. south-facing slopes) and slope position 
(top, mid, and bottom along a 75 m transect) in an oak-hickory forest Missouri, 
USA, Gamui and Marquis (unpublished data) found that colonization of artificial 
leaf ties was greater on south-facing (drier and warmer) than north-facing slopes 
(65% vs. 40%) and that colonization by slope position varied with colonist identity. 
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Together, these findings suggest that both the production of constructs and their 
occupancy may be maximized on plant parts and plant individuals subject to warm, 
dry conditions that might lead to desiccation.

 Experiments

There are two main types of experiments that can be used to test for the impact of 
the presence of engineering caterpillars on associated arthropods. First, artificial 
(supplementary) constructs can be added to the plants and the response of colonists 
measured. Second, the abundance of the engineer itself can be manipulated. 
Depending on the hypotheses being tested, these experiments can be conducted at 
the level of the construct (e.g., Marquis and Lill 2010; Wang et al. 2012), at the 
branch level (Marquis et al. 2002), at the whole plant level (Lill and Marquis 2003), 
or at the level of multiple plants (e.g., stands). They can also be replicated along 
ecological gradients and across biomes. Shelter occupancy can easily be included as 
a treatment by adding arthropod models made of plasticine (Tvardíková and 
Novotný 2012; Pereira et al. 2020).

In the first type of experiment, artificial constructs (along with appropriate con-
trols), designed to carefully mimic natural constructs, can be added to the host 
plants or sections of host plants (e.g., Martinsen et al. 2000), after first removing 
naturally occurring constructs. Leaves can be rolled or clipped together, and artifi-
cial stem chambers (Powell et al. 2011) or galls (e.g., 3D printed) may all be added 
to plants. Intrinsic properties of the constructs can be modified to further delineate 
the nature of impact, for example, by selecting certain leaf sizes for leaf rolls and 
leaf ties, and by manipulating the size of the entrance hole and cavity in the case of 
artificial stem chambers and galls. The presence (Lill and Marquis 2003) and iden-
tity (Wang et al. 2012; Wang et al., in review) of the occupant in the experimental 
construct can also be manipulated in some cases to determine the independent effect 
of the presence of the engineer. Truly artificial leaf rolls and leaf ties, composed of 
cardboard, can be added to plants to determine the effect of the construct on the 
environment, excluding any effect of the leaf as a food source (Martinsen et al. 2000).

The second type of experiment involves manipulating the abundance of the engi-
neer. Individual eggs, egg clusters, or caterpillars can be moved to plants of an 
“experimental” treatment to control for abundance and individual plant effects. 
Galls can be destroyed early in their development to reduce their impact on plant 
physiology. Constructs made of silk or leaves are readily removed from plants. 
These experimental plants can then be compared with unmanipulated controls, 
including controls for any manipulation, to test for the effects of background levels 
of engineering on colonization. The specific mechanisms by which the construct 
influences colonization, for example, by the production of volatiles, will require 
additional experiments.

The host plant is the starting point for all these interactions. The effect of host 
plant identity can be determined explicitly by including plant identity in the 
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experimental design. Plant species (Wang et al. 2012; Baer and Marquis 2014) or 
plant genotype can be included as a treatment, leaf quality can be manipulated (e.g., 
via fertilization, artificial damage, or exogenous jasmonic acid application) or cho-
sen prior to the experiment to incorporate extremes, and plant architecture can be 
manipulated (Marquis et al. 2002). These plant treatments can reveal the importance 
of plant traits for the establishment of the engineering caterpillar and the relative 
importance of plant traits versus physical manipulation of the host plant for arthro-
pod community structure.

 Experimental Evidence

We summarize here our understanding of the impacts of caterpillars as ecosystem 
engineers based on studies of interactions on Missouri, USA, oaks. We have spent 
the last 25 years studying the impacts of leaf-tying and leaf-rolling caterpillars on 
the associated arthropod fauna of eight Quercus species. The leaf-rolling species 
(17 total) are active in the spring (April–May) before the leaves harden, while the 
leaf-tying species (15 total), which tie two or more leaves together, one surface to 
the other, are active in June–October. There are 30 or so relatively common species 
of construct- building caterpillars at our Missouri study sites (Marquis et al. 2019a). 
Results of pertinent studies from other systems were previously reviewed (see 
Marquis and Lill 2006; Lill and Marquis 2007).

 Colonists of Leaf Constructs on Missouri Quercus

Marquis and Lill (2010) tested the role of five Quercus species (and by proxy, leaf 
quality) on the local abundance of colonists of leaf ties. In that study, they compared 
differences in arthropod composition between artificial leaf ties and neighboring 
control leaves. They found that the addition of experimental leaf ties to saplings of 
these five tree species increased diversity of non-leaf-tying colonists, secondarily 
colonizing leaf-tying caterpillars, and leaf damage. The results also showed that 
interspecific variation in patterns of colonization by leaf-tying caterpillars was 
driven primarily by the leaf tissue quality of the five oak species rather than by plant 
architecture.

Reinhart and Marquis (in review) performed a “press” experiment (an experi-
ment in which the treatments are continued over time) in a second-growth forest of 
Missouri, USA. The goal of this experiment was to determine the impact of leaf ties 
on arthropod composition at the whole plant level. In one treatment, they located 
and pulled apart all leaf ties (and removed the leaf-tying caterpillars) weekly from 
the crowns of 35 Quercus alba (white oak) saplings for an entire season. They com-
pared the species composition of colonists from experimental plants with 35 control 
saplings containing an intact leaf tie assemblage. They then censused all arthropods 
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on each plant 1, 2, and 3 months from the beginning of the experiment. For control 
plants, they opened leaf ties, censused their contents, and then closed them with a 
hair clip, removing the hair clip after a week. Finally, they measured the total N and 
total phenolic content of the foliage of each plant at the beginning of the experi-
ment. They found that arthropod species richness was higher on control plants at 
each census, and community structure was significantly different between control 
and experimental plants combined across all censuses. In their analysis, they cate-
gorized control and experimental treatment plants as either “low quality” (low nitro-
gen and high phenolics) or “high quality” (high nitrogen and low phenolics), with 
approximately half of the plants of each treatment falling into each category. 
Importantly, the impact of the press treatment on species richness was greater for 
high quality plants. The observed differences in community structure and species 
richness occurred despite the fact that only 2–4% of the leaves on control plants 
were in leaf ties.

Lill and Marquis (2003) and Marquis and Lill (in prep.) also looked at the impact 
of leaf ties on community structure at the whole plant level in a “pulse” experiment, 
one in which the experimental treatment is applied for a short time period only. 
They either removed all natural ties (30 plants), removed all natural ties and con-
structed artificial ties on 10% of the leaves (30 plants), or removed all natural ties 
and added caterpillars of Pseudotelphusa quercinigracella (Gelechiidae), a com-
mon tie-making species in this system, into artificial ties, also comprising 10% of 
the leaves (30 plants). There were two goals: first, to determine the impact of the 
leaf ties on arthropod composition at the whole plant level and, second, to determine 
whether the presence of the leaf-tying caterpillars themselves (larvae of P. quercini-
gracella) had an additional impact on community composition, over and above the 
effect of its engineered constructs. They found a significant and lasting impact of a 
pulsed removal of early season leaf ties on herbivore richness, herbivore community 
composition (Lill and Marquis 2003), and overall arthropod community composi-
tion (Marquis and Lill, in prep.). There was no additional influence of the presence 
of the tie maker on any of these measures suggesting that the impact of this ecosys-
tem engineer on associated arthropods is entirely attributable to the presence of its 
constructs. The results of this type of experiment might be dependent on both host 
plant species and the identity of the leaf tie maker (Wang et al. 2012).

There seem to be only two studies that have compared the relative impacts of two 
different construct types. Marquis and Khaja (unpublished data) compared the 
effect of leaf rolls versus leaf ties on colonization by arthropods in a pulse experi-
ment on Quercus alba in Missouri. They found equal effects of the two construct 
types on species richness, but 30% more arthropods, and as a result greater biomass, 
in leaf rolls than in leaf ties. The difference may be due to the greater cavity area 
available in leaf rolls, as the size of the leaves used was similar between treatments. 
Vieira and Romero (2013) found no difference in the colonization of artificial fun-
nel- versus cylinder-shaped leaf rolls in a Brazilian Atlantic rainforest.
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 Interactions with a Colonist: The Asiatic Oak Weevil

The Asiatic oak weevil, Cyrtepistomus castaneus (Coleoptera: Curculionidae), is of 
particular interest as a colonist of leaf constructs on oaks. C. castaneus is native to 
Japan, Korea, eastern Russia, and China. Introduced to the USA in 1957 in Delaware, 
it quickly spread across the eastern half of the USA and is now in Kansas and Texas 
(USDA Forest Service 2019). It is invasive, potentially reducing growth of tree 
seedlings when feeding as a larva (Marquis and Catano, unpublished data). Adults 
congregate in leaf ties and leaf rolls made by caterpillars in Missouri, particularly 
those on Quercus, causing substantial damage to the leaves of the construct and to 
the surrounding leaves.

Baer and Marquis (2014) quantified the impact of leaf ties on the abundance and 
feeding of this insect on six deciduous tree species. They made artificial leaf ties on 
two species of oak and four other common tree species at their study site to test the 
importance of leaf ties on the relative preference of C. castaneus for each of the 
hosts. They found that when increasing the availability of leaf ties, abundances of 
the weevil increased on each host species, damage by the weevils increased on all 
but one tree species, and host preference ranking based on weevil damage changed. 
This study suggests that host preference for a non-engineer can change due to the 
presence of constructs made by the caterpillar engineer(s). This is the first study to 
show that the relative abundance of engineered constructs can influence host plant 
use (and potentially diet breadth) by a colonist.

Why do adult C. castaneus use leaf constructs? Adults readily fly or drop to the 
ground when leaf rolls or ties are opened by human observers (RJM, CSB, pers. 
obs.). This behavior suggests that use of these constructs might be mostly predator- 
driven. This weevil species contributes to a significant portion of the diet of at least 
two bat species (Eptesicus fuscus (Brack and Duffey 2006) and Myotis sodalis 
(Tuttle et  al. 2006)). Improvement in leaf quality (decreased total phenolics and 
higher nitrogen content) as a result of construct formation, at least in leaf ties, may 
also be relevant, but these changes occurred in only two out of eight Missouri oak 
species in which artificial ties were constructed (Wang et al., in review). Although 
not quantified, differences in temperature and humidity between inside and outside 
the leaf rolls and ties are likely to be very small in the warm, humid period of late 
June through August when adults are most active. Competition does not seem to be 
an issue, as adults readily congregate, with up to 17 individuals in one leaf tie (Baer 
and Marquis 2014). Because these weevils are herbivores, their food resources are 
not limited to leaf shelters. They are also parthenogenetic, so they are not attracted 
to leaf constructs to find mates. Their bodies are highly pigmented and sclerotized; 
therefore, any chlorophyll they consume is not likely to be strongly activated by UV 
radiation. Finally, abundances of tie and roll makers are driven in part by climate 
(Marquis et al. 2019a), and abundance in any given year of adult weevils is posi-
tively correlated with the abundance of leaf rolls, but not leaf ties in previous years 
(O’Brien and Marquis, in prep.).
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Together, these results suggest that the climate influences the population dynam-
ics of C. castaneus via the abundance of an assemblage of leaf-rolling caterpillars. 
Our working hypothesis is that leaf rolls and leaf ties both provide protection against 
predation, but leaf rolls have a greater impact on the population dynamics of the 
weevil. Leaf rolls are produced in the spring before adult weevils first emerge from 
the soil in late June, and thus have a greater impact on weevil survival. Leaf ties also 
contribute to weevil population dynamics, but not as much as leaf rolls because the 
caterpillars that make leaf ties are only beginning to do so when adults emerge in 
late June. Plant traits are important in determining whether leaf rolls and leaf ties are 
made at all. Both plant architecture (Baer and Marquis 2014) and leaf quality 
(Marquis and Lill 2010) appear to contribute to colonization by leaf-tying caterpil-
lars in Missouri forests. These findings are summarized in the interaction diagram 
presented in Fig. 2.

 Predictions: Effect of Construct Traits

We have begun documenting the phylogenetic distribution of construct-building 
species within the Lepidoptera (Baer and Marquis 2020), impacts of constructs on 
arthropod community composition at the sub-plant and whole-plant level, and the 
importance of plant traits on initial colonization by engineers (Marquis and Lill 
2010). These initial studies have allowed us to develop a predictive framework for 
determining a priori the characteristics that determine the level of colonization. 
Here we present a set of predictions based on our observations and experiments 
(Fig. 3). It should be emphasized that these traits do not necessarily vary indepen-
dently. Community, regional, and perhaps global surveys, coupled with experi-
ments, will be required to tease apart the utility of each of these traits in predicting 
colonization.

Fig. 2 Processes, indicated by solid arrows, and modifiers of processes, indicated by dashed 
arrows, which influence the impact of shelter-building caterpillars on the abundance and popula-
tion dynamics of the Asiatic oak weevil (Cyrtepistomus castaneus) in the Missouri (USA) Ozark 
region via construction and maintenance of leaf ties and leaf rolls. The population growth for both 
the caterpillars and weevils is represented by a circular arrow
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Construct size is a critical element in two ways. The larger the construct, the 
more volume there is to be colonized (X axis, Fig. 3). Fall webworm (Hyphantria 
cunea) webs (Plate 2), for example, can reach 1 m in length or more and may sup-
port tens of colonizing predatory arthropods (Morris 1972). At the other extreme are 
4-mm-long cases decorated with pappus, enclosing larvae that eat developing seeds 
in the single-seeded fruits of plants in the Asteraceae (Steeves et al. 2008). Besides 
the mere size of the construct, the interior volume available for colonization depends 
on the size of the engineer relative to the interior volume. Leaf tents built by skipper 
caterpillars (Hesperiidae) are often just large enough to contain the body of the 
caterpillar building the tent. Thus we rarely see these leaf tents colonized by other 
arthropods unless they are abandoned (RJM, CSB, pers. obs.).

Whether or not the engineer is present at the time of colonization is also critical. 
The presence of the engineer ensures that the construct will be maintained. 
Continued maintenance would likely increase colonization. Thus, on average, con-
structs with the engineer present will have more colonists than constructs with the 
engineer absent (indicated by downward pointing arrows, Fig.  3). However, 

Fig. 3 Hypothesized effect of construct volume, presence of the engineering caterpillar, openness 
of construct, and presence of frass on colonization by secondary inhabitants, as measured by their 
biomass, numbers, and/or species richness. Arrows show the effect of the loss of the original engi-
neer on colonization of the construct. In open constructs, this loss results in a decrease in coloniza-
tion because the construct is no longer maintained, but in closed constructs, the loss of the engineer 
leads to increased colonization as entrances to the previously closed construct arise. The presence 
of frass increases colonization except when the construct is closed and the caterpillar constructor 
is present. The more durable and long-lasting the construct (leaves to hard galls to cavities in 
wood), the less impact there will be on colonization when the engineer departs from the construct. 
Not all possible combinations of the listed variables are shown

Dashed line: open construct
Solid line: closed construct
Black: frass present
Red: frass absent

: caterpillar present

: caterpillar absent

N
um

be
r/

bi
om

as
s/

sp
ec

ie
s 

ric
hn

es
s 

of
 c

ol
on

iz
er

s

Construct volume

R. J. Marquis et al.



527

antagonistic behaviors of the engineer toward potential colonists will reduce the 
likelihood of colonization (e.g., Green et al. 1998). We suspect these antagonistic 
interactions are more likely to occur between caterpillars (e.g., Sigmon 2015), 
reducing the difference in colonization by other non-caterpillar species between 
constructs with and without the original engineer.

A fourth critical element is the degree to which the interior volume of the con-
struct is accessible to potential colonists (dashed versus solid lines, Fig.  3). 
Constructs, particularly those built with silk and leaves, vary greatly in the degree to 
which they sealed. Some have no openings before the engineer completes its devel-
opment, e.g., galls and leaf mines. Other examples include leaf rolls consisting of 
many leaf layers in the rolls, but with a closed chamber in the interior (e.g., fern 
frond balls made by Herpetogramma theseusalis caterpillars (Crambidae) (Lo Presti 
and Morse 2013) and leaf folds in which the folded over edge of the leaf is tightly 
sealed with silk all along the edges. The ugly nest caterpillar (Archips cerasivorana; 
Plate 2) encloses its “nest” with leaves sewed to form a tube around a branch, add-
ing more leaves as the gregarious caterpillars grow (Powell 1975). Apparently, gaps 
in silk allow both parasitoids and predators to enter (Balduf 1965). In contrast, leaf 
ties and leaf tents often have numerous entrance points to the internal chamber that 
permit colonization. Ito and Higashi (1991) and Sendoya and Oliveira (2017) also 
provide examples of how construct openness increases predation by ants on the 
constructor. Leaf mines tend to be completely closed while the miner is present, but 
the emergence hole of the leaf miner can allow subsequent colonization (Kagata and 
Ohgushi 2004), or the mine will break apart and become colonizable once the miner 
has completed its development (RJM pers. obs.).

A fifth element is the presence/absence of frass. Depending on the identity of the 
receiver, frass can potentially serve as a resource and therefore, an attractant (Weiss 
2003) or, if impregnated with noxious compounds, as a deterrent (Green et al. 1998). 
Caterpillar species vary in their defecation behavior: many let fecal pellets drop 
wherever they happen to be, while others shoot pellets via a specialized structure, 
the anal comb (e.g., Minno 1994; Weiss 2003), or fling the pellets with a shake of 
the head after they have grabbed a pellet with their mandibles. Leaf ties on oaks, in 
particular, tend to have either much frass or none at all, depending on the species of 
tie maker. Leaf ties with much frass have many colonizers, while ties with little or 
no frass have few or no colonizers (Marquis and Lill, unpublished data). Ejection of 
frass pellets reduces predation by ants in Urbanus esmeraldus (Moraes et al. 2012) 
and predation by wasps in Epargyreus clarus (both Hesperiidae) (Weiss 2003). The 
relative importance of frass as a cue versus as a food source is not known. We do 
know that many species of arthropods actively seek out leaf ties in which to ovi-
posit, but we do not know the cues that are used (Lill and Marquis 2004).

Once the engineer has abandoned the construct, its persistence time (not shown 
in Fig. 3) will determine its availability for colonization and thus the builder’s eco-
system engineering effect (Jones et al. 1997). At the short extreme, some caterpil-
lars remove shelters from the plant as soon as they vacate them (e.g., larvae of 
Epargyreus clarus that actively cut the silken strands of their leaf tents when they 
leave to construct a new one; Weiss et al. 2003). At the other extreme, bored holes 
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in twigs or tree trunks will persist as long as the bored portion of the plant persists, 
which can be many years. The persistence of constructs involving leaves will be a 
function of the stability of the silk used in the construct, the developmental stage of 
the leaves used, and the longevity of the leaves (months for most temperate zone 
plants; years for some tropical trees). Developing leaves are more likely to retain 
their construct shape. Thus, leaf rolls on oaks, formed in the spring using develop-
ing leaves, tend to persist, while leaf ties, formed after leaves have completed their 
development, fall apart unless subsequent caterpillars colonize and add silk. 
Colonists themselves, such as spiders and additional caterpillars, often actively con-
tribute to the maintenance of constructs, which greatly extends their persistence and 
increases their engineering impacts. Because leaf constructs in temperate systems 
are often made on deciduous trees, their persistence is generally limited to a single 
growing season, however.

 Climate Change

To be able to predict the role that construct-building caterpillars may have in miti-
gating the impacts of climate change on arthropod communities, we need to know 
both how the frequency of construct building varies with climate and how coloniza-
tion and the use of those constructs varies with climate. The first determines whether 
constructs are available for colonization, and the second how the colonizing arthro-
pod community responds to the availability of those constructs. Both are likely 
affected by current climatic conditions and will be affected by future climates. To 
the extent that similar factors may drive the frequency of construct building and 
their use (see above), these two may be correlated. As of yet, there have been no 
single studies or meta-analyses of how construct building by caterpillars varies by 
geographic location. There is, however, one study of how colonization of artificial 
constructs varies geographically and is modified by climate (Romero et  al., in 
review).

The role of the host plant as the starting point for these interactions cannot be 
forgotten. Without the construct, there can be no colonization, and without the cat-
erpillar, there can be no construct. The suitability of the host plant for the caterpillar 
is the crucial first step for the interaction. That suitability will depend on numerous 
plant traits (physical, chemical, nutritional, and architectural) and the nature of the 
natural enemies of the caterpillar that are associated with the host plant. All of these 
traits are influenced by predicted changing climate and soil factors (Pangga et al. 
2013), as well as plant quality (e.g., DeLucia et  al. 2012; Trebicki et  al. 2017; 
Eisenach 2019; Pugnaire et al. 2019).

Regarding the availability of constructs, our casual observations of many biomes 
suggest that construct abundance, both in number and in type, varies geographi-
cally. For example, within the continental USA, there is a trend of decreasing abun-
dance of leaf-tying caterpillars on deciduous oak species from the south (southern 
Missouri) to the north (the Great Lakes region of Michigan, Wisconsin, and 
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Minnesota). Very wet tropical forest (> 4 m rain annually) appears to harbor many 
fewer construct-building caterpillars than dry tropical forest. These wet forest habi-
tats may be too wet if constructs are inundated in rainwater continuously, drowning 
caterpillars and colonists alike (see Blau 1980). In a Papua New Guinea forest 
(3500 mm annual rainfall), 84% of all caterpillars are leaf-tying, leaf-rolling, or 
web-spinning (Hrcek et  al. 2013), while in Brazilian Cerrado (tropical savanna; 
1400 mm annual rainfall), marked by short wet and very long dry seasons, 60% of 
the caterpillar species and 70% of the caterpillar individuals are construct-builders 
(not including leaf mines and plant galls) (Diniz et al. 2012). These Cerrado cater-
pillars are also more abundant during the dry than wet season, suggesting that desic-
cation is an important factor driving their abundance (consistent with our more local 
comparisons of slope aspect and canopy/understory as mentioned previously). More 
sites need to be sampled to clarify the relationship between annual rainfall and the 
frequency of construct building. 

Construct builders at the highly seasonal Brazilian Cerrado study site are less 
parasitized than free feeders, suggesting a role of natural enemies in addition to 
climate (Diniz et al. 2012) (see also Braga and Diniz, Chapter “Trophic interactions 
of caterpillars in the seasonal environment of the Brazilian Cerrado and their impor-
tance in the face of climate change”). This savanna system may be unusual in this 
regard as construct-building caterpillars (excluding leaf miners and gallers) in wet 
tropical forests are generally more heavily parasitized than free-feeding species 
(Gentry and Dyer 2002; Connahs et  al. 2011; Hrcek et  al. 2013) and different 
construct- building species vary significantly in parasitism loads (Baer and Marquis 
2020). However, we do not have sufficient sample size to know if there is a consis-
tent effect of annual seasonality on parasitism levels. The seasons within a year 
might be also important. Spring leaf-rolling species on Missouri oaks had the high-
est level of parasitism compared to summer leaf-mining and leaf-tying species (Le 
Corff et al. 2000). Immune response to parasitism must also be considered and, in 
some cases, may supersede any differences in feeding guild (Smilanich et al. 2009) 
(see Smilanich and Muchoney, Chapter “Host Plant Effects on the Caterpillar 
Immune Response”).

In the Midwest states of the USA, summer droughts are expected to become 
more frequent with climate change (Jin et al. 2018). Marquis et al. (2019a) docu-
ment an almost complete decline of the leaf-tying caterpillar fauna in the east cen-
tral portion of Missouri following a major drought. Although drought conditions 
were relieved the following year, the fauna did not recover to pre-drought levels for 
a full 5 years. Large-bodied caterpillar species recovered more quickly. Unfortunately, 
the direct and indirect effects (via loss of leaf ties) of the drought on potential colo-
nizers of leaf ties were not followed. These results show, however, that construct 
builders are vulnerable to extreme weather events, and so potentially, are the arthro-
pods that depend on those constructs.

Romero et al. (in review) conducted a global experiment in which equal numbers 
of artificial leaf rolls were made available for colonization by forest arthropods. The 
response by colonists was then correlated with local climate to predict how projec-
tions of future climate might affect the interactions. Five artificial leaf rolls (i.e., 
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leaves rolled and clipped in place) on each of ten trees were paired with ten control 
trees, each with five unrolled, control leaves. The experiment was run for 10 days at 
each of 52 sites, spanning 11,790 km in latitude and 2895 m in elevation. Plant spe-
cies were usually trees of the most common plant species at the site. At the end of 
the 10 days, artificial rolls and control leaves were collected, and the arthropods on 
those leaves were classified to order and trophic level, and their biomass determined 
by known relationships between body length and mass.

The results show that after only 10 days, arthropod biomass, abundance, diver-
sity, and average body size were significantly greater in artificial leaf rolls than on 
unmanipulated, control leaves. Occupancy of leaf rolls by herbivores increased with 
increasing leaf size, decreased with predator abundance, and was higher in wetter 
climates. In contrast, predator diversity and overall biomass (reflecting individual 
body sizes) within shelters increased from sites that were less variable in tempera-
ture and precipitation to sites with increasing variability in local precipitation and 
temperature, regardless of latitude and elevation. These results occurred despite the 
fact that temperature and precipitation were constant during the 10-day time span of 
the experiment. These results suggest that predators are adapted to use shelters 
because of unpredictable climate within a season. Given the projected increase in 
instability of climate, the importance of shelters for predators is expected to increase, 
especially where temperature unpredictability is expected to increase. In turn, her-
bivores are predicted to increase their use of shelters in places on the globe where 
rainfall is expected to increase, and decrease their usage as rainfall declines in others.

In the global experiment by Romero et al. (in review), the researchers did not 
know the origins of the colonists, whether they were arriving from other parts of the 
same plant, from other plants, or via oviposition. If colonists are actively attracted 
to or selectively retained on plants with constructs, then we predict that the impor-
tance of these constructs as plant-level predictors of arthropod community structure 
will only increase in concert with increasing climate stressors.

 Conclusions and Future Directions

We suggest that climate and natural enemies are the two most likely factors that 
drive (1) the local abundance of caterpillar constructs on plants and (2) the abun-
dance and composition of colonists of those constructs. It will be difficult to disen-
tangle these two drivers, as they are likely causally related. Climate, however, may 
have the larger, more encompassing effect on constructors and colonists. Romero 
et al. (in review) showed that herbivores as colonists primarily use leaf rolls as shel-
ters against rainfall and predation, while predators use leaf rolls as shelters against 
variable temperature and rainfall. Thus climate has a direct impact on the use of 
constructs by predators, and an indirect effect on herbivores via its effect on 
predators.

What determines, however, the frequency of construct-building caterpillars at a 
given location in the first place? Only limited data exist at this time to answer this 
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question. Both plant architecture (Marquis et  al. 2002) and plant tissue quality 
(Marquis and Lill 2010) are important starting points. Studies of spatial variation in 
caterpillar abundance in four locations in Brazilian Cerrado show that both the local 
community composition of generalist predatory ants and the presence of extrafloral 
nectaries on plants determine the abundance and frequency of construct-building 
caterpillars on those plants (Sendoya and Oliveira 2015, 2017). Stireman et  al. 
(2005) showed that parasitism of caterpillars by specialist braconid wasps was low-
est in locations where rainfall is more variable from year to year. This result sug-
gests that constructs, if they provide protection against parasitism, should be more 
common in environments with less inter-annual climate variability. But both preda-
tion and parasitism work in concert on caterpillars. Baer and Marquis (2020) found 
that when predation was high, parasitism was low, and vice versa, for a set of 24 leaf 
construct builders in a Costa Rican dry forest. Thus construct-building species may 
be most abundant in climatically predictable environments, where predation and 
parasitism together are high. This then sets the stage for strong impacts of constructs 
on colonists. Very high annual rainfall (> 4 m), however, may set an upper limit 
because caterpillars (and potentially other small colonizing arthropods) can literally 
drown in their constructs (e.g., Blau 1980).

There is much room for testing how strongly climate and natural enemies modu-
late caterpillar impacts on associated arthropod communities. As already men-
tioned, changes in leaf chemistry as a result of leaf manipulation, protection against 
UV radiation, amelioration of competition, sources of food and hosts, and location 
of mates can also be relevant. There is no reason to expect that only one factor is 
important for any given system. There are few quantifications of the internal versus 
external temperatures of caterpillar constructs, and all of them come from mesic 
temperate ecosystems. Humidity is higher in webs of Hyphantria cunea (Morris 
and Fulton 1970), and Joos et al. (1988), Alonso (1997), and Yule and Burns (2017) 
all showed temperatures were higher within than outside the constructs and that 
higher temperatures increased the growth rate of the caterpillars making the tents. 
The results of Romero et al. (in review) suggest that these measurements are needed 
across an entire season because conditions over the short term can be relatively 
even. Instead, temperature variability across the entire activity period is likely to be 
most important.

We presented a series of predictions about how construct architecture may influ-
ence colonization by colonists. We have tested the impact of construct architecture 
on the probability of parasitism and predation for the constructing caterpillar (Baer 
and Marquis 2020). However, there has been only one test of construct architectural 
impacts on colonization. Lo Presti and Morse (2013) show that the colonists, here 
parasitoids of the construct maker, were more likely to parasitize the leaf roller if 
that caterpillar had made rolls on smaller fern fronds. Tests can be made by correlat-
ing construct architecture and colonization of those constructs across caterpillar 
species, or within a caterpillar species if construct size and shape vary by instar 
(e.g., Moraes et al. 2012), or by caterpillar and host plant identity (e.g., Sendoya and 
Oliveira 2017; Lo Presti and Morse 2013). Testing can also be accomplished in 
appropriate cases by experimental manipulation (e.g., modification of 
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caterpillar- made structures, addition of frass, addition or removal of interacting 
individuals (Green et al. 1998), and addition of artificial structures).

We know very little about interactions of species within constructs: What are the 
rules by which these mini-communities are assembled? Interactions may occur 
between construct builders, among construct builders and colonizers (as exempli-
fied by parasitism and predation levels suffered by the builder), and among coloniz-
ers themselves. Studies of interactions between construct builders include those of 
the parsnip webworm on wild parsnip, Pastinaca sativa (Apiaceae) (Green et al. 
1998), four species of leaf-tying caterpillars on Quercus (Sigmon 2015), and sound- 
producing Drepanidae on birch (Betula papyrifera) (Betulaceae) (Yack et al. 2001). 
Only 7.5% of Drepana arcuata intruders into conspecific webs successfully usurped 
the resident builder (Yack et al. 2001). Leaf-tying caterpillars colonizing leaf ties on 
Quercus alba made by another caterpillar displaced the original occupant in 24% of 
the cases (Sigmon 2015). In addition, there was a distinct ranking of competitive 
strengths among the four species of caterpillars tested on Q. alba (Sigmon 2015). 
Shelter traits may also influence the level of parasitism and predation, i.e., the inter-
action between the construct builder and the colonizer. Differences in shelter shape 
influence whether the caterpillars of two species of Urbanus (Hesperiidae) will be 
parasitized (Baer and Marquis  2021) (see also Lo Presti and Morse 2013). 
Interactions among other colonists have not been studied. Other outstanding ques-
tions include the following: What are the characteristics of the constructs that are 
built in a given location? What traits of constructs attract other arthropods to use 
them? How does the persistence of the construct influence interactions among con-
structors and colonists? To what degree are colonists arriving from other parts of the 
host plant versus other plants or via oviposition?

Many of these same considerations can be expanded to include cascading effects 
to the plant. Constructs represent “hotspots” of local damage, and they are not nec-
essarily randomly distributed within plant canopies (e.g., Griffen et al. 2017; Seifert 
et al. 2020). How do interactions among species within constructs influence local 
damage levels to the plant? What are the effects on the amount and distribution of 
damage to plant parts caused by spatially nonrandom colonization of the host plant 
by construct builders? Are frass and silk significant sources of plant nutrients via 
uptake through the leaves? Finally, what are the impacts on ecosystem properties 
via changes in leaf damage, premature leaf fall, plant growth, and nutrient addition 
to the soil? Clever experimentation and even more clever monitoring techniques 
will be required to answer these questions because many of the interactions within 
the construct will not be readily visible to the observer.

Understanding the factors that structure arthropod communities on plants has 
been a major pursuit in community ecology, and yet there has been no synthesis 
since Strong et al. (1984). In that volume, construct-building Lepidoptera were not 
considered. Nor were they discussed in the most recent book on insect ecology 
(Price et al. 2011). Given their high relative abundance, high species richness, and 
their demonstrated impacts on arthropod composition on plants in systems studied 
to date, it seems important to know more about the ecology and natural history of 
construct-building caterpillars. Microlepidopteran species are probably the least 
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known and, therefore, require the most baseline natural history data. Yet they are 
among the most abundant builders in most systems. The experiments to test the 
hypotheses presented in this chapter are straightforward, awaiting the ecologist who 
wishes to further understand factors that structure arthropod communities on plants.
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 Introduction

Caterpillars are an important component of forest ecosystems as both herbivores on 
woody and herbaceous vegetation and as a food resource for higher trophic levels. 
Trends in the abundance, biomass, or phenology of caterpillars may thus have 
impacts that propagate up and down food chains. Region-specific combinations of 
climate and land use change may result in geographically variable responses by 
caterpillar populations, and understanding this geographic variation would help 
identify the most important global change drivers and their mechanisms. 
Geographically widespread data on occurrence has increased tremendously with the 
digitization of museum records (Nelson and Ellis 2018), the establishment of online 
repositories such as the Global Biodiversity Information Facility (GBIF; Telenius 
2011), and the rise of popular citizen science platforms like iNaturalist (Seltzer 
2019), resulting in millions of observations across the globe. Nevertheless, ques-
tions have been raised about the types of inferences that can be made from such data 
when information on the sampling effort underlying those records is biased or 
unknown (Isaac and Pocock 2015; Mair and Ruete 2016; Ries et al. 2019; Di Cecco 
et al. 2021).

Standardized monitoring schemes, on the other hand, are explicit about effort 
and are able to provide more accurate estimates of abundance and phenology, yet 
tend to yield fewer and more sparsely distributed data (Soroye et al. 2018). Given 
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this tradeoff between data collection approaches, it would be useful to know how 
well unstandardized occurrence records can recapitulate patterns of caterpillar 
abundance and phenology observed by more standardized monitoring schemes. If 
patterns are similar, this implies that the large volume of occurrence records can be 
used to infer patterns at greater geographic extents and with greater spatiotemporal 
resolution than would be possible from standardized monitoring data alone. If not, 
then more work will be needed to understand and deal with the various sources of 
bias that hamper opportunistic occurrence records.

Lepidoptera in general, and the caterpillar stage specifically, are well represented 
on iNaturalist. The “Caterpillars of Eastern North America” project on iNaturalist 
(https://www.inaturalist.org/projects/caterpillars- of- eastern- north- america) has 
over 400,000 observations from eastern North America alone at the time of publica-
tion. Unfortunately, while a number of geographically widespread monitoring pro-
grams exist for adult Lepidoptera (e.g. Fourth of July Butterfly Count, state- or 
nationwide butterfly atlases) or for single species (e.g., Monarch Larva Monitoring 
Project; Prysby and Oberhauser 2004), there have historically been no community- 
wide monitoring efforts for caterpillars as a group that have collected data across 
many regions. Community-wide monitoring is especially important when trying to 
understand variation in total resource availability for a higher trophic level like 
foliage- gleaning birds, rather than attempting to understand the dynamics of a par-
ticular taxonomic subset of caterpillars. To address this monitoring gap, the citizen 
science project Caterpillars Count! was created in 2015 to collect data on the phe-
nology and abundance of foliage arthropods on woody vegetation (Hurlbert 
et al. 2019).

Here, we contrast patterns in the taxonomic representation, occurrence, and phe-
nology of caterpillars derived from these two very different citizen science datasets, 
iNaturalist and Caterpillars Count!. We describe broadscale caterpillar patterns 
using each dataset and assess the strengths of each for inferring spatiotemporal 
variation in caterpillar occurrence across North America.

 Datasets

 iNaturalist

Participants of the iNaturalist citizen science project typically submit photo obser-
vations along with a date and georeferenced location of the observation. The 
observer can suggest a taxonomic identification, and then other iNaturalist users can 
agree or suggest alternative identifications. The Caterpillars of Eastern North 
America project is a collation of all larval Lepidoptera records in iNaturalist from 
Mexico, the United States, and Canada east of 100° W longitude. The number of 
records contributed to this iNaturalist project has grown steadily over time, with 
more than 59,000 unique observers contributing >206,000 photos as of June 2020. 
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We used all observations of larval lepidopterans including those not identified more 
finely than order. Taxonomic family was specified for 178,702 observations. iNatu-
ralist records are the result of an unknown observation process that depends both on 
the number of users in space and time as well as their individually variable reporting 
behavior (Di Cecco et al. 2021).

 Caterpillars Count!

Caterpillars Count! is a monitoring program in which participants conduct sets of 
standardized foliage arthropod surveys on woody vegetation by either carrying out 
visual inspection of an area of 50 leaves and their associated petioles and twigs or 
by striking a branch ten times over a beat sheet (Hurlbert et al. 2019). Each partici-
pating site has between 10 and 60 marked survey branches, all of which are ideally 
surveyed once every week or two from after leaf out at least through July. Survey 
branches are selected in a quasi-standardized fashion so as to capture representative 
vegetation within the area deemed of interest by each individual site coordinator 
(Hurlbert et al. 2019).

Participants identify all arthropods found to order and record their abundance 
and length in millimeters. They may optionally take photos of their observations, 
which are then submitted automatically to iNaturalist with the potential to receive 
finer-level taxonomic identifications. Through June 2020, 1,278 unique users have 
conducted 48,384 branch surveys at 116 sites from throughout the United States and 
Canada, mostly east of 100° W. Of the 9,981 total caterpillar observations from 
Caterpillars Count!, 605 were photographed, submitted to iNaturalist, and subse-
quently identified to the family level or below. All Caterpillars Count! observations 
shared with iNaturalist, including those that were not yet identified, were removed 
from the analyses representing iNaturalist patterns.

 Family Composition

While Caterpillars Count! observations are specifically from trees and shrubs, iNat-
uralist observations are unconstrained by substrate and are more likely to capture 
caterpillars in gardens, on herbaceous vegetation, and even on the ground during a 
wandering phase. These differences in “sampling” process result in differential rep-
resentation of Lepidoptera families within the two datasets.

Across both projects, Erebidae was one of the two most commonly represented 
families in eastern North America, but there were clear differences in family repre-
sentation between projects as well (Fig. 1a; χ2 = 320.6, df = 10, p < 2e-16). In the 
iNaturalist dataset, Nymphalidae, Papilionidae, Sphingidae, and Lasiocampidae 
were relatively overrepresented compared to Caterpillars Count!, and caterpillars in 
these families are frequently large, conspicuous, and found in gardens and yards. 
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Conversely, Geometridae, and to a lesser extent, Notodontidae and Noctuidae were 
relatively overrepresented in the Caterpillars Count! dataset which was restricted to 
woody vegetation and which involved people actively searching for caterpillars, 
many of which are cryptic in form and color (Fig. 1a). To the extent that Caterpillars 
Count! participants are more likely to submit photos of showy or conspicuous cat-
erpillars, the true proportion of these less conspicuous groups may be even greater.

Fig. 1 Relative representation of the (a) most common caterpillar families and (b) land cover 
classes represented in the Caterpillars Count! (605 records identified to family, 66 sites) and iNatu-
ralist datasets (178,702 records; 109,939 sites)
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A comparison of the land cover types within a 75 m radius of each Caterpillars 
Count! site and at the latitude and longitude of each iNaturalist observation based 
on data from the 30 m resolution National Land Cover Database from 2016 (Yang 
et al. 2018) highlights some of the differences in habitats represented between the 
two datasets (Fig.  1b). Forest habitats are more sampled by Caterpillars Count!, 
while high-intensity developed areas and open areas including cropland, pasture, 
grassland, and scrub are more sampled by iNaturalist users (although the small sam-
ple size of Caterpillars Count! sites precludes a chi-square test here).

Based on data from Caterpillars Count! as well as a study by Seifert et al. (2020) 
which examined caterpillar density across 15 common eastern North American tree 
species, the most commonly encountered families of caterpillars on woody vegeta-
tion were Geometridae, Erebidae, Noctuidae, Notodontidae, Depressariidae, and 
Tortricidae. Even restricting the comparison to these most commonly observed 
families, Geometridae is still strikingly underrepresented in iNaturalist (8.5% of 
observations compared to 36% in Caterpillars Count!), highlighting the impact of 
potential biases in the observation process in opportunistic versus survey-based citi-
zen science datasets.

 Geographic Patterns

We examined spatial patterns of caterpillar occurrence during June 2019  in both 
datasets using a uniform hexagonal grid (distance between cell centers of 285 km; 
per cell area of approximately 70,000 km2). During this month-long window, there 
were 6,380 caterpillar observations submitted to iNaturalist, and we scaled the num-
ber of observations per hex cell by the total number of insect observations per hex 
cell in order to control for spatial variation in iNaturalist activity. During this period 
there were 3,882 Caterpillars Count! surveys conducted which reported 876 total 
caterpillars, and we calculated the number of caterpillars observed per survey within 
each hex cell. Importantly, this snapshot of caterpillar density or occurrence within 
the month of June may reflect slightly different points in time relative to forest leaf 
out depending on latitude.

Patterns of caterpillar occurrence were spatially heterogeneous. As a fraction of 
the total insect observations, iNaturalist caterpillar occurrence in June was highest 
in the Upper Midwest (Minnesota, Wisconsin, Michigan), as well as in Louisiana 
and Mississippi, typically making up fewer than 10% of all insect observations. 
Caterpillar occurrence was lowest across the Midwest (Missouri, Illinois, Indiana, 
Ohio), the southeastern states east of Mississippi, and easternmost Canada. Within 
the subset of hex cells that had sufficient Caterpillars Count! surveys, Michigan, 
Massachusetts, and North Carolina had the highest caterpillars observed per survey 
branch, and there was a positive correlation between iNaturalist caterpillar occur-
rence and Caterpillars Count! density estimates (Fig. 2c; r = 0.729, p = 0.002, n = 15 
hex cells).
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Because many iNaturalist observations are presumably from gardens, yards, and 
nonwoody substrates, we expected that by filtering those observations to the most 
common families found on woody vegetation that the correlation between the two 
datasets would become stronger. Limiting analysis to the six most common families 
named above actually weakened the correlation between iNaturalist and Caterpillars 
Count! datasets (Fig.  2f; r  =  0.396, p  =  0.144, n  =  15 hex cells). In particular, 
restricting the analysis to these families reduced iNaturalist caterpillar occurrence 
more severely than it did Caterpillar Count! density estimates in the Upper Midwest. 
While still positive, the weakness of this correlation between datasets may be due in 
part to the reduced number of iNaturalist observations within these focal families, 
and also highlights the remaining sources of uncertainty in the iNaturalist observa-
tion process, including geographic variation in the types of taxa, habitats, and sub-
strates which observers sample.

Caterpillar density and diversity are well known to vary by host plant species 
(Futuyma and Gould 1979; Tallamy and Shropshire 2009; Singer et al. 2012; Shutt 
et al. 2019), and so the spatial patterns of caterpillar density in Fig. 2 are necessarily 
impacted by the plant species on which those observations were made. For the 
Caterpillars Count! dataset, unlike iNaturalist, we have information on host plant 
identity, and closer examination of three of the most commonly represented species 
reveals density patterns that appear to be host plant specific (Fig. 3). For example, 
on American beech (Fagus grandifolia), caterpillar density was highest at lower 

Fig. 2 Geographic variation in June 2019 in (a) iNaturalist caterpillar occurrence (proportion of 
all insect observations), (b) Caterpillars Count! caterpillar density (the number of caterpillars 
observed per branch survey), and (c) the relationship between the two at the scale of individual hex 
cells. (d–f) Same as (a–c) but for the subset of caterpillars from families well represented on 
woody vegetation (Erebidae, Geometridae, Notodontidae, Noctuidae, Depressariidae, and 
Tortricidae). The locations of Caterpillars Count! sites with a minimum of 20 surveys conducted in 
June 2019 are shown as open circles in panels (b) and (e)
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latitudes, while on sugar maple (Acer saccharum) and red maple (Acer rubrum), 
density was highest at the northernmost site near Sault Ste. Marie, Ontario. Even 
within regions and on the same host plant, fine-scale gradients in temperature, 
humidity, and landscape context may lead to variation in caterpillar density 
(Kendeigh 1979; Jeffries et al. 2006; Reynolds et al. 2007; Smith et al. 2011; Seress 
et al. 2018), and thus these regional geographic patterns should be interpreted with 
caution pending more thorough characterization via the addition of more sampling 
sites within hex cells.

 Phenology

Almost all of the work on the phenology of Lepidoptera has focused on modeling 
individual species and the variance between species (e.g., Diamond et  al. 2014; 
Thorson et al. 2016; Belitz et al. 2020), but from the perspective of bird food, it is 
caterpillar phenology in aggregate that is of interest, and specifically the phenology 
during the avian nesting season (e.g., Visser et al. 2006; Lany et al. 2016; Shutt et al. 
2019), which varies latitudinally but can broadly be considered to span May through 
July in North America. Thus, despite the often multimodal nature of aggregate cat-
erpillar phenology from shortly after leaf out through the fall (Fig. 4), we estimate 
two phenometrics related to the period of peak caterpillar activity that should be 
most relevant to birds: (1) the peak caterpillar date between May 15 and July 30 and 
(2) the temporal centroid of caterpillar density or occurrence during this period. The 
former measure reflects when food resources for birds were ostensibly at their high-
est point, but may fail to capture shifts in the overall caterpillar distribution if there 
are multiple peaks of similar magnitude (Fig. 4). The latter measure captures varia-
tion in the center of mass of caterpillar observations even when the actual peak date 
does not vary.

Fig. 3 Host-specific patterns of caterpillar density (number per survey branch) from Caterpillars 
Count! surveys on (a) American beech (Fagus grandifolia), (b) sugar maple (Acer saccharum), 
and (c) red maple (Acer rubrum)
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For Caterpillars Count! data in 2019, we used data from all sites that had at least 
20 branch surveys over at least 6 distinct sampling weeks spanning May 15 to July 
30 and calculated the fraction of surveys detecting a caterpillar on any given date. 
When there were multiple Caterpillars Count! sites within one hex cell, we calcu-
lated the peak or centroid date for each site separately, and then averaged values 
across sites within a cell. For each hex cell with at least 100 iNaturalist insect obser-
vations per week, we calculated caterpillar phenology from iNaturalist data over the 
6–10-week time window that matched the period of Caterpillars Count! data collec-
tion in that cell. Observations were binned by week to account for a “weekend 
effect,” whereby users are more likely to contribute observations on Saturdays and 
Sundays (Courter et al. 2013; Di Cecco et al. 2021).

Because caterpillar phenology is tied to leaf out and both are closely related to 
spring temperatures (van Asch and Visser 2007; Uelmen et al. 2016), we also calcu-
lated average spring temperatures in each hex cell from March to June using Daymet 
climate data at 1 km resolution (Thornton et al. 2019) to investigate how standard-
ized and opportunistic citizen science surveys capture relationships between cater-
pillar occurrence, density, and phenology and temperature.

Peak caterpillar date was poorly correlated between the datasets (Fig.  5a–c, 
r = 0.330, p = 0.352, n = 10 hex cells). The correlation was slightly stronger for 
centroid date (Fig. 5d–f, r = 0.472, p = 0.169, n = 10 hex cells), which also exhibited 
smoother variation with latitude (later dates at higher latitudes) than peak date. 
These results suggest that peak date in particular may be an overly sensitive pheno-
metric, at least when estimated from an underlying distribution that is often 

Fig. 4 Caterpillar phenology from Caterpillars Count! surveys at the North Carolina Botanical 
Garden in 2018 and 2019, illustrating the two phenometrics used, centroid date and peak date
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multimodal and from a time series of only 6–10 weekly data points. Peak date is 
also expected to be more sensitive to single species outbreaks which may vary from 
year to year and region to region. Centroid date is a more promising phenometric, 
however, and one for which opportunistic and heterogeneous iNaturalist data may 
actually convey useful information about the geographic signal of forest caterpillar 
phenology.

Although the geographic variation in centroid date with latitude may be due, at 
least in part, to variation in spring temperature, phenometrics might also vary from 
cell to cell due to regional differences in the habitats, host plants, and Lepidoptera 
fauna sampled, and the nature of this cell-to-cell variation may differ in magnitude 
between iNaturalist and Caterpillars Count!. As such, it is perhaps not surprising 
that these two datasets exhibit different relationships between phenometrics, lati-
tude, and spring temperature (e.g., centroid date-temperature relationship: iNatural-
ist, R2 = 0.223, p = 0.168; Caterpillars Count!, R2 = 0.009, p = 0.791, n = 10 hex 
cells). However, a comparison of phenometrics between years within the same hex 
cell is more likely to hold some of these sources of heterogeneity constant, and thus 
we might expect iNaturalist and Caterpillars Count! data to agree on the extent to 
which a year is early or late for a specific hex cell. As such, we identified all of the 
hex cells with sufficient Caterpillars Count! and iNaturalist data for 2 or more years 
from 2015 to 2019. For each dataset-cell-year and for each phenometric (peak date 
and centroid date), we calculated the difference between the phenometric in that 
year and the mean phenometric across years within that cell. All phenometrics 
within each dataset were thus represented as deviations from that cell’s mean. We 

Fig. 5 Geographic variation in caterpillar peak date in 2019 based on data from (a) iNaturalist and 
(b) Caterpillars Count!. (c) The relationship between peak date estimates from the two datasets. 
Geographic variation in caterpillar centroid date in 2019 based on data from (d) iNaturalist and (e) 
Caterpillars Count!. (f) The relationship between centroid date estimates from the two datasets
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were then able to ask whether there was agreement between iNaturalist and 
Caterpillars Count! in which years were early or late relative to that mean, as well 
as how interannual deviations in caterpillar phenology were related to interannual 
deviations in spring temperature.

Unfortunately, there was effectively no relationship between interannual devia-
tions in either phenometric between the systematic monitoring of Caterpillars 
Count! and the opportunistic observations reported to iNaturalist (peak date, Fig. 6a, 
r = −0.217, p = 0.477; centroid date, Fig. 6b, r = −0.354, p = 0.235, n = 13 hex cell 
years). Within the Caterpillars Count! dataset, years with relatively early caterpillar 
phenology were also warmer, while years with later phenology were cooler (peak 
date, Fig. 6c, R2 = 0.367, p = 0.028; centroid date, Fig. 6d, R2 = 0.364, p = 0.029; 
blue lines, n = 13 hex cell years). While similar in variance explained, the parameter 
estimates differed substantially for the two phenometrics. A shift in centroid date by 
~4 days per degree warming indicates the impact of temperature on the caterpillar 
fauna as a whole. In contrast, because peak date may be more sensitive to individual 
species outbreaks, a shift in peak date of ~17 days per degree suggests that a 

Fig. 6 The relationship between interannual deviations in phenology estimates between iNatural-
ist and Caterpillars Count! based on (a) peak date and (b) centroid date. (c) Peak date deviations 
and (d) centroid date deviations in caterpillar density as a function of interannual deviation in 
spring (March through June) temperature for iNaturalist (green) and Caterpillars Count! (blue)
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seasonally distinct caterpillar fauna is achieving higher abundances under warming 
than the fauna present during the peak period in cooler years (e.g., Fig. 4), either 
through direct effects of temperature or indirectly through phenological shifts in 
synchrony with host plants. Conversely, phenometric deviations within the iNatu-
ralist dataset showed no relationship to interannual temperature deviations (peak 
date, Fig. 6c, R2 = 0.003, p = 0.868; centroid date, Fig. 6d, R2 = 0.001, p = 0.902; 
green lines, n = 13 hex cell years).

These results suggest that the observation process by which iNaturalist records 
are obtained has too many sources of variation to reliably characterize interannual 
variation in aggregate caterpillar phenology at the scale of these hex cells. Sources 
of variation include the numbers, spatial distribution, temporal distribution, and 
habitat representation of observations, phenological variation in the component cat-
erpillar species among which there are early, late, and multivoltine species, as well 
as other aspects regarding the intent and behavior of individual iNaturalist users 
(e.g., taxonomic biases, activity of “superusers,” etc., Di Cecco et  al. 2021). 
Analyzing the phenology of individual Lepidoptera species with these types of data 
is more promising (Belitz et al. 2020), and as the iNaturalist dataset continues to 
grow exponentially, joint dynamic species distribution models and related 
approaches may improve the ability to detect signal from noise in multispecies 
assemblages (Thorson et al. 2016). At present, however, modeling caterpillar phe-
nology in aggregate may require more standardized monitoring approaches like that 
used by the Caterpillars Count! project (Hurlbert et al. 2019).

 Climate Change and Phenological Mismatch

Many organisms that depend directly or indirectly on temperature have been 
observed to shift phenology earlier in recent decades (Parmesan and Yohe 2003; 
Hurlbert and Liang 2012; Cook et al. 2012), including adult Lepidoptera (Kharouba 
et al. 2014; Diamond et al. 2014). The dependence of aggregate caterpillar phenol-
ogy (as opposed to the phenology of any one species) on spring temperature (some-
times indirectly via the timing of green-up) has previously been shown at individual 
study sites with just one or two dominant caterpillar species (e.g., Visser et al. 2006; 
Burgess et al. 2018), but we show here that this applies across a much greater geo-
graphical extent spanning a much more diverse lepidopteran fauna. Current global 
climate change scenarios predict continued warming of anywhere from 1.7 to 4.8 °C 
globally by 2100 (Collins et al. 2013), suggesting that caterpillar phenology will 
continue to shift earlier. Such phenological shifts are expected both from the direct 
control of temperature on developmental rates (Knapp and Casey 1986; Gillooly 
et al. 2002) and from selection imposed by the earlier leaf out of vegetation and 
hence the earlier incorporation of secondary compounds that reduce leaf quality for 
herbivores later in the season (Feeny 1970; Martel and Kause 2002). The actual 
strength of selection for earlier phenology may depend on the relative degree of 

Caterpillar Patterns in Space and Time: Insights from Citizen Science



552

plasticity in responses by caterpillars and their host plants to changing 
temperature.

Continued shifts in caterpillar phenology, as well as potentially increased vari-
ability in phenology due to an increased frequency in extreme climatic events 
(Collins et al. 2013), may have negative consequences for organisms from higher 
trophic levels that depend heavily on caterpillars as a food resource. In particular, 
many species of foliage-gleaning birds have been found to rely heavily on caterpil-
lars for raising their young (Holmes et al. 1979; Holmes and Schultz 1988; Sillett 
et al. 2000; Jones et al. 2003) and could face potentially reduced reproductive suc-
cess if the reproductive period of high nestling resource demand does not shift in 
parallel with caterpillars. Negative fitness consequences have been demonstrated as 
a result of such phenological mismatch for resident great tits (Parus major) in the 
Netherlands (Visser et al. 2006; Reed et al. 2013), which have not advanced the tim-
ing of breeding as much as the shift in peak caterpillar date. Phenological mismatch 
is of even greater concern for long-distance migrants which have shown less sensi-
tivity to interannual variation in breeding ground conditions compared to residents 
and short-distance migrants (Saino et al. 2011; Hurlbert and Liang 2012; Youngflesh 
et al. 2021) and which are presumably less able to accurately assess those condi-
tions in distant breeding areas.

Several challenges confront research exploring the consequences of phenologi-
cal mismatch between caterpillars and birds. First, the sensitivity of phenological 
responses appears to vary between species for both Lepidoptera (Kharouba et al. 
2014; Diamond et al. 2014) and birds (Saino et al. 2011; Mayor et al. 2017), and 
also geographically within species (Hurlbert and Liang 2012; Youngflesh et  al. 
2021). This means that caterpillar phenology in aggregate may be difficult to predic-
tively model without taking into account the individual responses of common spe-
cies and species prone to outbreaks, which will vary regionally. Coupled with 
regional variation in avian sensitivity, an accurate understanding of phenological 
mismatch across a bird’s geographic range will require the integration of avian and 
lepidopteran datasets spanning large extents and fine temporal resolution to fully 
unravel.

Examining the consequences of phenological mismatch also requires being able 
to quantify mismatch in a meaningful way. While the majority of studies that have 
compared caterpillar phenology with avian nesting phenology have focused on 
comparing shifts and differences between peak dates (e.g., Visser et al. 2006; Hinks 
et al. 2015), the height and width of caterpillar phenology curves may be equally or 
more important to birds than the timing alone (Shutt et al. 2019). Visser et al. (2015) 
found that an interaction between the height and timing of the caterpillar peak deter-
mined the number of nestlings fledged, with stronger seasonal selection during 
years with lower caterpillar peaks. Integrating the availability of high-value cater-
pillar prey over the entire nestling period may be the most relevant metric for pre-
dicting avian reproductive success, and comparing the integrated value of caterpillar 
availability during that period to the amount of nestlings would have experienced 
had the parents shifted reproduction earlier or later could provide a useful measure 
of phenological match. Both of these measures merit further research, especially 
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with regard to whether and how the large volumes of existing opportunistic data 
might be integrated with information from structured surveys.

 Conclusions

Caterpillars play a central role in forest ecosystems as both herbivores and as a food 
source for consumers, and citizen science datasets present an increasingly useful 
resource for understanding spatial and temporal patterns of caterpillar occurrence, 
abundance, and diversity. Projects like iNaturalist that consist of opportunistic photo 
observations have proven useful for mapping species distributions (Chardon et al. 
2015; Fourcade 2016; Feldman et al. 2020) and for modeling the phenology of indi-
vidual species (Taylor and Guralnick 2019; Barve et al. 2020). Estimates of caterpil-
lar density, however, require knowledge of the total survey effort expended, and 
therefore are best obtained through standardized sampling protocols like those of 
the Caterpillars Count! project that report absences as well as presences. 
Nevertheless, we found that by scaling caterpillar observations by the total number 
of insect observations, iNaturalist was still able to recapitulate some of the geo-
graphic variation in density observed in the Caterpillars Count! dataset. As these 
citizen science data collection efforts continue into the future, they will provide a 
critical means of assessing abundance trends and the impacts of climate and land 
use change.

Finally, estimates of phenological timing of caterpillars in aggregate were less 
well correlated between the datasets across both space and time. Until methods are 
developed to better understand and deal with the sources of uncertainty and bias in 
the sampling process underlying opportunistic datasets like iNaturalist, geographi-
cally broadscale attempts to estimate phenological mismatch between caterpillars, 
and their avian predators will need to rely heavily on more systematic monitoring 
efforts.
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 Introduction

Assessing the effects of climatic variability and meteorological extreme events on 
insect populations has been useful to understand the impacts that climate change 
can have on ecosystem processes and biodiversity conservation. Available evi-
dence suggests that variations in temperature, precipitation, and extreme events 
such as hurricanes or acute droughts can affect nutrient cycling, species abun-
dance and composition of biodiverse insect communities (Forkner et  al. 2008; 
Lister and Garcia 2018; García-Robledo et  al. 2016; Marquis et  al. 2019), the 
strength of species interactions (Harrington et al. 1999), and the resilience of their 
networks (López-Carretero et al. 2014; Luviano et al. 2018). What has been less 
explored is how insects can respond and adapt to such environmental challenges, 
for example, by modifying their feeding habits and diet breadth, and thus their 
degree of specialization. In this chapter, we describe how the most abundant and 
oligotrophic caterpillars of a tropical dry forest show variability in their diet 
breadths, as a function of interannual variation in climatic variables and the inci-
dence of hurricanes, influencing in turn the parameters of plant-herbivore interac-
tion networks.

Given their evolutionary arms race with plants, Lepidopteran immature 
stages are specialized to feed on particular plant groups sharing the same chemi-
cal profiles (Bernays 2001), and this is particularly evident in the tropics due to 
the great number of plant species and phytochemical diversity (Forister et al. 
2012; Forister et al. 2015). Trophic specialization can be advantageous in terms 
of efficiency of host plant choice and discrimination for oviposition decisions 
(Bernays 2001) and shorter times in host plant acceptance (Bernays 1998). 
Hence, specialized individuals can have greater fitness than generalist individu-
als under particular contexts (Egan and Funk 2006). However, broader diets or 
facultative switches to feed on different host plants can allow herbivores to cope 
with environmental variation in the availability and quality of their food plants 
(Rodrigues and Moreira 2004) and different sorts of human perturbation factors 
(Singer et  al. 2008; Singer and Parmesan 2020). Diet breadth has also been 
related to antipredator mechanisms, where specialist caterpillars are better pro-
tected than generalists (Dyer 1995), although they are also more susceptible to 
parasitoids due to compromises in their immune systems (Smilanich et  al. 
2009). Moreover, mixing diets in generalist species has been found to increase 
herbivore fitness (Mody et  al. 2007). This ecological flexibility can partially 
explain the intra- and interspecific variation in herbivore feeding degree of spe-
cialization observed in particular contexts. For example, feeding specialization 
of caterpillars can change through their development (Gaston et al. 1991, Hwang 
et al. 2007, but see Karowe 1989), across seasons (Rodrigues and Moreira 2004; 
López Carretero et al. 2018; Scherrer et al. 2016), among populations (Singer 
et  al. 1989), or biogeographic regions (Dyer et  al. 2007; Scriber et  al. 2010; 
Forister et al. 2015).
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 Climatic Variability

Insect herbivores have been found to be particularly sensitive to climatic variability, 
as their abundance and species diversity can be affected by changes in temperature 
and precipitation. In particular, temperature can directly alter survival rates, devel-
opment time, and reproductive success of caterpillars (Bale et al. 2002; Dewer and 
Watt 1992; Abarca and Lill 2015). Indirectly, both temperature and precipitation 
can also influence the availability and quality of plants as food for their consumers. 
For example, indirect effects of temperature occur through its influence in the syn-
chronization between insect and plant phenologies (van Ash and Visser 2007), and 
hence the availability of food for recently emerged caterpillars (Marquis et al. 2019; 
Renner 2018). Depending on insect herbivore feeding and life cycle strategies, this 
can strongly influence the number of generations that multivoltine species can com-
plete in a growing season (Hodkinson 1997; Bale et al. 2002) and thus alter popula-
tion dynamics and population outbreaks.

Even when tissues of host plants are available, their quality can be strongly mod-
ified by variations in temperature and precipitation. It has been well documented, 
for example, that factors limiting plant growth, such as nutrient availability or water 
stress, can influence the production of plant defenses (Stamp 2003). Hence, varia-
tions in water availability can affect host plant quality and herbivore food prefer-
ences, indirectly influencing plant-herbivore networks (López-Carretero et al. 2014, 
2018). Overall, climatic variability associated with global change can influence the 
evolutionary responses of herbivores and the persistence of their populations (Lister 
and García 2018; Marquis et al. 2019).

 Diet Breadth of Caterpillars and Its Influence 
on Plant-Herbivore Networks

As a result of their evolutionary history, most insect herbivores are mainly special-
ized to feed on few host plant species, genera, or families with particular groups of 
secondary metabolites (Loxdale and Harvey 2016). However, there is a continuous 
gradient in the amount of host species they can feed on, and many herbivores can 
show some degree of plasticity in their feeding habits across environmental gradi-
ents (Forister et al. 2012). Hence, the level of herbivore specialization and ecologi-
cal flexibility are likely to influence how populations are affected by climate 
variability. Herbivore species situated toward the generalist end of the gradient usu-
ally show high phenotypic plasticity and are more likely to adapt to fast climate 
change, although this also depends on the span of their life cycles and the speed of 
their evolutionary responses in a changing environment (Bale et al. 2002).

Whereas the effects of temperature on herbivore insects associated with climate 
change have been predicted to be stronger in polar and temperate regions, altera-
tions of rainfall regimes may become of greater relevance in the tropics (Bale et al. 
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2002). Rainfall seasonality has already been reported as a climatic factor strongly 
influencing plant-herbivore interactions in tropical ecosystems. In particular, in 
tropical semi-deciduous and deciduous forests, herbivores are more specialized dur-
ing the rainy seasons, with greater availability of resources than in the dry season, 
when food plants are either scarcer or of lower quality (López-Carretero et al. 2014, 
2018; Scherrer et al. 2016). In addition, precipitation variability can alter the ability 
of parasitoids to track herbivore populations, and this is likely to influence herbivore 
outbreaks mediated by the absence of top-down forces controlling their populations 
(Stireman et al. 2005). Variation in the number of plant species used by herbivores 
as food can in turn affect plant-herbivore interaction networks. For example, in a 
semi-deciduous tropical forest, increased selectivity by herbivores during the rainy 
season resulted in increased modularity and reduced connectance of the plant- 
herbivore networks, compared to those parameters during the dry season (López- 
Carretero et al. 2014).

Extreme meteorological events can also have important impacts on insect com-
munities and alter their interaction with plants. In particular, hurricanes are a funda-
mental part of tropical ecosystem dynamics and influence local and regional 
biodiversity (Manson and Jardel 2009; Pickett and White 1985; Showalter et  al. 
2017). These events can produce enough physical damage and change plant archi-
tecture, resource availability, and hence availability of niches for insect herbivores 
and predators (Walker and Willig 1999). Most studies, however, have focused on the 
assessment of hurricane effects on plants and vertebrates, and there is less evidence 
on the impacts of these meteorological events on insect herbivores (but see Hunter 
and Forkner 1999; Schowalter et al. 2017) and particularly, on the interactions they 
maintain with their food plants (Hunter and Forkner 1999; Luviano et al. 2018).

Overall, the ability of herbivores to switch hosts as a function of climate-driven 
changes in the availability and quality of their host plants can have a relevant adaptive 
value. A question that remains unexplored is how long-term interannual variation in 
climatic factors and extreme meteorological events may affect both herbivore’s diet 
breadth and as a consequence, plant-herbivore networks. This information could pro-
vide some highlights to predict how this important group of insects may be affected 
by ongoing climate change. In this work, we assessed the influence of variation in 
precipitation and temperature within and across 11 years, and the incidence of two 
hurricanes on diet breadth of the most common generalist caterpillar species across 
three successional stages of the tropical dry forest of Chemela, Jalisco, Mexico.

 Methods

 Study Site

Our study was conducted in western Mexico in the surroundings of the Chamela- 
Cuixmala Biosphere Reserve (CCBR, 19°22′–19°39’ N, 104°56′–105°10’ W) 
between 2007 and 2018. The biosphere reserve consists of 13,142 ha of conserved 
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land, and it is surrounded by a mosaic of secondary forests, induced cattle grazing 
pastures, and agricultural fields (Sánchez-Azofeifa et  al. 2009). The vegetation 
within the reserve primarily consists of tropical dry forests (1149 plant species with 
an average canopy height of 6  m) and semi-deciduous forest established along 
larger streams (average canopy height of 10 m; Lott et al. 1987). The TDF found at 
the Chamela-Cuixmala region is considered one of the most diverse of its kind, with 
1200 plant species and high levels of endemism (Lott et al. 1987; Trejo and Dirzo 
2000). The invertebrate inventory is still very limited; 1877 arthropod species have 
been described in the reserve, 583 of which are lepidopterans (Pescador-Rubio et al. 
2002). The average annual rainfall is 795.3 mm but varies greatly from year to year 
(from 366 to 1329 mm) and is mainly concentrated (87%) within the rainy season 
from June to October (Maass et al. 2018).

 Hurricanes

On October 10, 2011, Hurricane Jova (Category 2, Saffir-Simpson scale) struck the 
coasts of Jalisco and Colima. During the hurricane, maximum wind intensities 
reached 205 km/h and lasted 168 h, providing 187.9 mm of precipitation in 2 days 
at the Chamela Biological Station (Luviano et  al. 2018). Four years afterward, 
Hurricane Patricia (Category 5, Saffir-Simpson scale) also struck the coasts of 
Colima, Jalisco, Michoacán, and Nayarit in Mexico. It was categorized as the most 
intense tropical cyclone, reaching a sustained total wind of 325 km/h and the most 
intense observed in the western hemisphere (872  hPa) (Secretaría de 
Gobernación 2017).

 Sampling Protocol

Between 2007 and 2018, we sampled lepidopteran larvae every year in nine plots 
corresponding to the experimental design of the CIECO-UNAM Tropical Forest 
Management project (MABOTRO). This project features a successional chronose-
quence of abandoned agricultural fields and cattle ranching pastures (Avila- 
Cabadilla et  al. 2009). The plots we used correspond to a chronosequence of 
secondary succession, sampling plots of early secondary forest (6–9 years of aban-
donment at the beginning of the study), late secondary forest (13–16 years of aban-
donment at the beginning of the study), and mature forest, which have not been 
disturbed for more than 60 years. There were three replicates for each successional 
stage. Plot size was at least 1 ha (the mature forest plots are immersed in the bio-
sphere reserve, hence are in fact larger), and the minimum distance between plots of 
the same successional stage was 3  km. Within each plot, in a defined area of 
20 × 50 m, we established four parallel 2 × 20 m transects separated by 10 m. With 
the exception of lianas, all woody plants with stems ≥1 cm in diameter and ≥ 50 cm 
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in height within these transects were labeled. No new tree recruitments of this size 
were observed. During the rainy season of each year, we surveyed caterpillars on all 
leaves and stems of all marked plants up to 3 m in height within transects. For adult 
trees, a subsample of three branches – consisting of approximately 100 leaves – was 
taken for each tree. Caterpillars were recorded and reared in the laboratory to con-
firm the trophic interaction with the host plant in which they were found and for 
subsequent taxonomic and molecular identification (see Villa-Galaviz et al. 2012, 
Boege et al. 2019 for details).

 Caterpillar Diet Breadth

For those caterpillar species with more than 20 individuals recorded along the dura-
tion of the study, diet breadth was calculated as DB = n/N, where n is the number of 
plant species in which a caterpillar species was found and N is the number of plant 
species available in the transects of each plot.

 Plant-Herbivore Interaction Networks

For each plot and year, we constructed a bipartite network and calculated the fol-
lowing network structure descriptors: network size (number of lepidopteran and 
plant species interacting), connectance (fraction of realized interactions from the 
possible total; Dunne et al. 2002), the number of compartments (network subgroups 
not connected with other subgroup, Tylianakis et al. 2007), and network specializa-
tion (H2, measures the deviance between the realized interactions for one species 
and the expected for each species with respect to the total possible interactions in 
the network; Blüthgen, 2006).

 Statistical Analyses

To assess which climatic variables could be related to the variation observed in cat-
erpillar diet breadth and plant-herbivore network parameters, we first performed a 
principal component analysis, considering the following variables for each year: the 
maximum and minimum precipitation during the rainy season (mm), the coefficient 
of variation in total precipitation during the rainy season (mm), the average maxi-
mum and minimum temperatures during the whole year (ºC), the coefficients of 
variation for maximum and minimum temperatures, the duration of the dry season 
(days), and the number of days with more than 10 mm of precipitation during the 
rainy season. The onset of the rainy season was defined by the first rain > than 
10 mm, and its end by the last rain >1 mm. Then, we used the scores of the first two 
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principal components of the PCA to assess the influence of multivariate climatic 
factors on diet breadth and plant herbivore networks, as described next.

Changes in caterpillar diet breadth (log transformed) were evaluated using linear 
mixed effects models (library nlme) with the maximum likelihood method, consid-
ering sampling year as the random variable, successional stage as a covariate, and 
the scores of PC1 and PC2 and their interaction as the explanatory variables. We 
also evaluated changes in caterpillar diet breadth due to the effect of hurricanes in 
the region with a lme model using the maximum likelihood method, considering 
three periods of time as explanatory variables: (1) the period with no hurricane dam-
age (pre-hurricanes), (2) the period after Jova and before Patricia (post-Jova), and 
(3) finally the period after the passage of hurricane Patricia (post-Patricia). The year 
of sampling was considered as the random variable. We simplified the models com-
paring the AIC to decide which model better explained our data.

To evaluate the changes in plant-caterpillar network parameters as a function of 
climatic variability, we also used linear mixed effect models considering the plot as 
a random variable and the successional stage as a covariate, with the maximum 
likelihood method. Explanatory variables were also the scores of PC1 and PC2 and 
their interaction. The parameters considered as response variables were network 
size, H2, the number of core lepidopteran species, the number of core plant species, 
the number of links, connectivity (log transformed), and the number of network 
compartments. We then performed another set of models evaluating the effect of 
hurricane on network parameters using three periods of time: pre-hurricanes, post- 
Jova, and post-Patricia as the explanatory variables. We compared AIC to decide 
which model better explain our data. All analyses were performed in R (R 
Development Core Team 2019).

 Results

 Climatic Variability

A high variability of climate in the Chamela region was registered in our 11-year 
study, as annual precipitation ranged between 655 mm in 2009 and 1289 mm in 
2013. Also, the duration of the dry season lasted from 158 days in 2014 to 197 days 
in 2007. On top of that, two high-impact hurricanes struck the region Jova (Category 
2) in 2011 and Patricia (Category 5) in 2015. When analyzing how environmental 
variables fluctuated and covaried during the span of our study using a principal 
component analysis, we found that the two first principal components explained 
71% of the observed variation (PC1 41% and PC2 29%, respectively, Table 1). The 
first component was related to the average and variation coefficients in maximum 
and minimum daily temperatures, while PC2 was related to variations in rainfall and 
the span of dry periods (maximum annual precipitation, coefficient of variation in 
water precipitation during the rainy season, the duration of the dry season, and the 
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number of days with > pp. than 10 mm; Table 1, Fig. 1). As we describe next, this 
multivariate variation influenced the number of plants caterpillars fed on, their diet 
breadth, and network interactions (Table 2).

 The Most Abundant Caterpillar Species at Chamela Tropical 
Dry Forest and Their Diet Breadth

During the span of the study (2007–2018), we found 13,716 caterpillars from 545 
putative species (from which 216 were identified morphologically and/or with 
molecular markers; for details see Boege et al. 2019). The most abundant families 
were Erebidae, Staurniidae, Hesperiidae, Crambidae, and Nymphalidae (Fig. 2a) 
and only 32 species had more than 25 individuals (Fig. 2b). Diet breadth of these 
abundant species was rather wide, as they fed on 4 to 54 plant species belonging 
to 2 to 21 families (Fig. 3a), with a diet breadth ranging from 0.03 to 0.17 (Fig. 3b). 
However, when analyzed cautiously, the abundance of caterpillars feeding on 
those plant species was quite variable. For example, Orgyia sp. was found on 54 
host species, but only 14 of them had more than 6 caterpillar individuals. The 
second most polyphagous species, Misoria amra, was found feeding on 41 plant 
species, but only 8 hosts had more than 6 individuals. Hence, caterpillar species 
are likely to be less generalist than it appears with most of the individuals within 
a population feeding on a reduced subset of the host species registered.

The number of plant species that caterpillars used as food varied through time 
and as a function of climatic variability. In particular, diet breadth was affected by 

Table 1 Principal component analysis of the average values and coefficient of variation of 
temperature and precipitation variables in the region of Chamela, Mexico, registered between 2007 
and 2018

PC1 PC2 PC3 PC4 PC5 PC6

Eigenvalue 3.7202 2.6806 1.1049 0.9936 0.3641 0.0993
Proportion explained 0.4134 0.2978 0.1228 0.1104 0.0404 0.0110
Cumulative proportion 0.4134 0.7112 0.8340 0.9444 0.9848 0.9959

Loadings
Dry season duration −0.3201 0.4015 −0.26035 0.1288 −0.4682 −0.3900
Max T −0.3994 −0.2625 −0.0159 0.2757 −0.6224 0.2116
Min T 0.4532 −0.0013 −0.3785 0.2209 −0.1546 0.3514
CV T max 0.4816 0.1150 0.0820 0.1969 −0.1414 −0.6960
CV T min −0.4849 0.0183 0.1344 −0.2562 0.2563 −0.2539
CV pp −0.0321 0.5990 0.1172 0.0640 0.0397 0.2645
Min pp −0.2487 −0.1149 −0.4444 0.6478 0.5179 −0.1261
Max pp −0.0394 0.4579 0.4600 0.4317 0.1023 0.1935
# of days >10 mm 0.0325 −0.4178 0.5840 0.3796 −0.0595 −0.0857

PC loadings greater than 0.4 or smaller than −0.4 are highlighted in bold and were considered as 
the threshold to define the relative importance of traits for each PC
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PC1, related to temperature variables (Table 1). The greater the PC1, the greater was 
the diet breadth (t 6,568 = −3.65, P = 0.01; Fig. 4a), which means that during the years 
with an average of cooler days, but increased variation in the maximum daily tem-
perature, caterpillars expanded their diet breadth. In contrast, a negative relationship 
was found between the scores of PC2 and diet breadth (t (6,568) = −2.98, P = 0.2; 
Fig. 4b), suggesting that during the years with high precipitation events but also 
greater variability in precipitation during the rainy season, caterpillars had smaller 
diet breadths. Interestingly, the duration of the preceeding dry season also reduced 
the number of plants used as food by caterpillars, as this variable had a positive and 
high loading in this PC (Table 1). The two hurricanes that hit the area in 2011 and 
2015 significantly increased caterpillar diet breadth (Fig. 5).

Fig. 1 Multivariate covariation in temperature and precipitation variables during 2007–2018 in 
the region of Chamela, Mexico. Tmax = average of maximum temperature, Tmin = average of 
minimum temperature, cvtmax = coefficient of variation in maximum temperature, cvtmin = coef-
ficient of variation in minimum temperature, ppmax = maximum temperature registered during the 
rainy season, ppmin = minimum temperature registered during the rainy season, cvpp_rainysea-
son  =  coefficient of variation in precipitation registered during the rainy season, days with 
10 mm = number of days in which precipitation was greater than 10 mm, dry season = length of 
the dry season (period since the last rains in the previous year until the onset of the rainy season 
with a precipitation event >10 mm)
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 Plant-Caterpillar Interaction Networks

As a result of the variation in the number and identity of host plants used by cater-
pillars, plant-herbivore interaction networks changed through time, and some 
parameters were affected by the two hurricanes. When analyzing the importance of 
environmental variation explaining plant-herbivore network parameters, we found 
that PC1 negatively affected network size, H2, and the number of compartments, 
while it positively affected the number of links per species (Table 3, Fig. 6). Also, 
PC2 affected positively network size and the number of compartments (Fig.  7), 

Table 2 Most abundant caterpillar species of the tropical dry forest in Chamela, Jalisco, surveyed 
between 2007 and 2018

Morphospecies Family Species

O69 Crambidae Diaphania jairusalis

O96 Crambidae Syllepis hortalis

O161 Dalceridae Dalceridae sp.
O287 Depressariidae Ethmia near similatella

O10 Erebidae Hypercompe confusa

O12 Erebidae Anomis editrix

O18 Erebidae Hypercompe sp.
O30 Erebidae Orgyia sp.

O79 Erebidae Deinopa biligula

O114 Erebidae Lophocampa citrina

O347 Erebidae Eudesmia menea

O57 Geometridae Unidentified
O325 Geometridae Melanchroia vazquezae

O44 Hesperiidae Misoria amra

O177 Limacodidae Unidentified
O2 Megalopygidae Unidentified
O55 Notodontidae Dasylophia eminens

O190 Notodontidae Cargida pyrrha

O279 Nymphalidae Chlosyne gloriosa

O27 Pyralidae Epipaschia superatalis

O111 Riodinidae Emesis emesia

O299 Saturniidae Hylesia sp.
O358 Saturniidae Hylesia continua

O24 Urodidae Wockia chewbacca

O56 Unidentified Unidentified
O130 Unidentified Unidentified
O157 Unidentified Unidentified
O246 Unidentified Unidentified
O431 Unidentified Unidentified
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suggesting years with high variation in precipitation during the rainy season with 
precipitation single events promoted larger and more specialized networks.

The impact of the two hurricanes also influenced plant-caterpillar network 
parameters. In particular, its size decreased after Jova and remained low after 
Patricia hurricanes, and the number of compartments and the network specificity 
(H2) was reduced after Jova and were even smaller after Patricia (Table 4, Fig. 8). 
Other parameters such as the number of links per species and network connectivity 

Fig. 2 Abundance of the most common caterpillar (a) families and (b) species found across an 
11-year study in the tropical dry forest of Chamela, Mexico
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increased after the impact of both hurricanes, while the number of core plants and 
core lepidopteran species remained unchanged (Plates 1 and 2).

 Discussion

Tropical dry forests are characterized by a marked seasonality in rainfall, with dry 
periods that can extend from two up to six months (Sánchez-Azofeifa et al. 2014), 
depending on the geographical region. Hence, in this ecosystem plants are under a 
strong selection regime to either avoid, resist, or tolerate drought through different 

Fig. 3 (a) Number of host plant species used by the most abundant caterpillars and (b) their diet 
breadth in the tropical dry forest of Chamela, Mexico
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Fig. 4 Diet breadth (log transformed) related with the PC1(environmental variables related with 
temperature) and PC2 (environmental variables related with rainfall and dry periods). The line 
shown is the model prediction, and the gray areas correspond to the confidence interval

Fig. 5 Diet breadth amplitude (log transformed) before and after the hurricane passage
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Fig. 6 Network parameters affected by PC1 (variables related with temperature). The lines shown 
are the model predictions, and the gray areas are the confidence intervals

Table 3 Results from the mixed effects models evaluating different environmental variables upon 
network parameters

Network parameters Df
PC1 PC2 PC1*PC2
F p F p F p

Network size 1,65 5.12 0.03 8.7 0.004 8.04 0.006
H2 1,65 16.9 0.0001 2.78 0.1 6.16 0.016
Number of core 
lepidopterans

1,65 -- -- -- -- 5.92 0.02

Number of core plants 1,65 -- -- -- -- 5.92 0.02
Number of links (log) 1,65 5.11 0.02 -- -- -- --
Connectivity (log) 1,65 -- -- -- -- -- --
# compartments 1,66 25.5 <0.0001 7.52 0.008 -- --

We used the sampled plot as a random factor and successional stage as a covariate for all models 
with maximum likelihood method. F and p values for each model are shown
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water use strategies (Olivares and Medina 1992). In particular, plants face a trade- 
off between exploiting and using water to grow or store this resource to survive soil 
and tissue desiccation (Pineda García et al. 2015), which can influence the avail-
ability and quality of tissues as food for herbivores. For example, tolerance to 
drought is associated with greater leaf density and hence increased leaf toughness 
and also can promote longer periods of leaf availability before leaves are shed at the 
onset of the dry season (Markesteijn et al. 2011, Méndez-Alonso et al. 2012). In 
addition, resources stored during the previous growing season can influence resource 
allocation to growth, defense, and reproduction in the following growing season 
(Chapin III et al. 1990; Quiroz-Pacheco et al. 2020). However, the mechanistic links 
between plant water use strategies, the intensity of drought stress, and herbivore 
feeding choices in tropical dry forests are still poorly understood. In this study, we 
found that the multivariate covariation among different precipitation and tempera-
ture variables had a significant influence on the number of plant species used as food 
by the most abundant caterpillars. This, in turn, influenced their diet breadth, and as 
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Fig. 7 Network parameters affected by PC2 (variables related with rainfall and dry periods). The 
lines shown are the model predictions, and the gray areas are the confidence intervals

Table 4 Results from the linear mixed effect models evaluating the effect of two hurricanes on 
plant-herbivore network parameters, considering the sampling year and the sampling plot as 
random factors and the successional stage as a covariate

Network parameters F Df p

Network size 10.67 2,66 0.0001
H2 12.9 2,66 <0.0001
Number of core lepidopterans 2.45 2,66 NS
Number of core plants  2.41 2,66 NS
Number of links per species 4.75 2,66 0.01
Number of compartments 26.97 2,66 <0.0001
Connectivity (log) 15.1 2,66 <0.0001
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a consequence, different parameters of the plant-herbivore interaction networks. 
Although these effects were rather modest, next we discuss some plausible explana-
tions that need further experimental approaches to test the causality of the different 
climatic factors on the feeding choices, survival, and performance of caterpillars.

 Influence of Temperature

Temperature has been identified as one of the main environmental factors influencing 
caterpillar survival and performance (Bale et al. 2002; Dewer and Watt 1992; Abarca 
and Lill 2015). However, it has been claimed that this climatic factor is rather stable 
in tropical regions and should affect more temperate and boreal herbivores (Bale et al. 
2002). Nevertheless, available information of long-term data has revealed that an 
increase up to 2 °C in maximum temperatures has reduced arthropod abundances in 
the tropical wet forests in Puerto Rico (Lister and García 2018). Hence tropical insects 
also seem to be susceptible to variation in temperatures (García-Robledo et al. 2016). 
In this study we found that diet breadth was wider in slightly cooler years, with greater 
variation in the maximum daily temperature. Given the narrow thermal limits of tropi-
cal insects (Sunday et al. 2014), we propose that if some individuals indeed fail to 
survive during hot days, they were not registered in particular host plants, reducing 
their diet breadth in years with increased number of warmer days (and hence greater 
within-year variation in temperature). This also could explain the reduced network 

Fig. 8 Plant-herbivore network parameters significantly affected by hurricanes
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Plates 1 and 2 Most abundant caterpillars in Chamela tropical dry forest (Jalisco, México). 
Dasylophia eminens and Sylepis hortalis (Crambidae); Dalceridae sp. (Dalceridae); Ethmia nr. simi-
latella (Depresariidae); Orgyia sp. (Lymantriidae); Eudesmia menea, Anomis editrix, Hypercompe 
sp., Lophocampa cf. Citrina, and Deinopa biligula (Erebidae); Melanchroia vazquezae (Geometridae); 
Misoria amra (Hesperiidae); Dasylophia eminens and Cargida pyrrha (Notodontidae) and Chlosyne 
gloriosa (Nymphalidae); Epipaschia superatalis (Pyralidae); Emesis emesia (Riodinidae); Hylesia 
continua and Hylesia sp. (Saturniidae); Wockia chewbacca (Urodidae)
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Plates 1 and 2 (continued)
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size, the greater specialization of (H2), and an increased compartmentalization of 
plant-caterpillar interaction networks during those years. The influence of tempera-
ture on caterpillar survival in tropical dry forest, however, requires further experimen-
tal work. Detailed experiments controlling the maximum temperature while feeding 
caterpillars with different plant species could help link the effects of maximum tem-
peratures on caterpillar survival as a function of the host plant species in which they 
feed. For example, in a series of controlled experiments on a common oligophagous 
butterfly from temperate forests, Abarca (2019) demonstrated that feeding on a high-
quality host can mitigate detrimental effects of thermal stress such as mortality and 
reduced pupal mass.

 Influence of Precipitation

Different components of the precipitation regime also affected the interaction 
between caterpillars and their food plants. In particular, the coefficient of variation 
in precipitation and the maximum precipitation during a single event registered in 
the rainy season, together with the length of the previous dry season, had a negative 
effect on the caterpillar’s diet breadth. Previous works have reported that summer 
droughts can have significant effects on forest insect populations in temperate 
(Mattson and Haack 1987, Marquis et  al. 2019) and tropical forests (Lister and 
García 2018). In addition, the influence of precipitation on diet breadth and special-
ization of plant-caterpillar networks has been reported for semi-deciduous tropical 
forests, showing that during the rainy season, plants have greater quality (López- 
Carretero et al. 2016) and caterpillars are more selective, reducing their diet breadth 
in contrast with what is observed during dry seasons (Scherrer et al. 2016; López- 
Carretero et al. 2018). Here, we provide further evidence that variation in precipita-
tion within the rainy season can also influence these trophic interactions. The 
climatic variable with the greatest loading for PC2, the coefficient of variation of 
precipitation, is likely to produce prolonged availability of soil humidity for most 
plants across the rainy season. This, in turn, should promote increased plant growth, 
and, according to the carbon/nutrient balance hypothesis (Bryant et  al. 1983), 
reduced concentration of carbon-based defenses in leaf tissues. Under this scenario, 
caterpillars should feed on their preferred host plants, reducing their diet breadth 
and increasing network specialization.

The other interesting pattern we found is the negative relationship between the 
length of the dry season and the caterpillar’s diet breadth. As a consequence, a posi-
tive relationship was found between the span of the dry season and the specializa-
tion of plant-caterpillar networks and also with network size. These patterns suggest 
that leaf availability and/or quality for the caterpillar community in a given year was 
influenced by the length of the preceding dry season, affecting their diet breadth. We 
suggest different alternatives to explain this pattern. First, variation in dry season 
length can trigger host-specific mortality. Because the length of the dry season was 
mostly influenced by its onset during the previous year (between October and 
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December), variation in the timing of the last rain could promote a reduction in foli-
age availability at the end of the growing season for the last generation of caterpil-
lars feeding on certain host plants. Resource acquisitive plant species shed their 
leaves earlier than drought tolerant species, resulting in differences in foliage avail-
ability windows. Thus, individuals feeding on plants with short availability win-
dows would not be able to complete the development or would pupate at a small 
size. Pupal size is an important predictor of survival in temperate lepidopterans (Liu 
et al. 2007) and could also affect the probability of survival of tropical species. Due 
to the interaction between genetic and nongenetic factors in oviposition preferences 
of moths and butterflies for particular hosts promoting intraspecific variation in spe-
cialization (Karowe 1989; Karpinski et al. 2014), those genotypes failing to com-
plete their development in host plant species shedding their leaves early could not 
be represented in the diet breadth registered during the following growing season. 
Hence, diet breadth in a given year preceded by a long dry season would be restricted 
to those plant species in which caterpillars were able to complete their development, 
promoting the observed negative relationship between the span of the dry season 
and the mean diet breadth at a community level. A second and not mutually exclu-
sive alternative is that the timing of the onset of the dry season also affected the 
amount of resources that plants could store for the following reproductive and grow-
ing seasons. In this case, longer periods of drought could have reduced resources 
available for growth during the following growing season. Growth-defense trade-
offs in turn would promote greater defenses in plants with shortage of stored 
resources for growth, influencing herbivore feeding choice for less defended plant 
species. This hypothesis, however, requires further experimental demonstration. 
Finally, the influence of climatic variability on the caterpillar’s diet breadth and 
plant-herbivore networks can also be influenced by biotic factors, such as the pres-
ence of endosymbionts, which have been detected to strongly influence an insect’s 
diet breadth (Wagner et al. 2015) or parasitoids. In particular, the latter have been 
found to reduce their capacity to track host populations with increased climatic vari-
ability and the associated unpredictable and amplified variance in host dynamics 
(Stireman et al. 2005).

 Influence of Hurricanes

We found that the impact of the two hurricanes that hit the study area during the 
span of the study promoted an increase in the caterpillar’s diet breadth. This could 
have been fostered by the massive loss of the entire host trees and/or foliage and 
disturbance in general, particularly during hurricane Patricia, probably forcing her-
bivores to feed not only on their preferred hosts but on what was available after 
these extreme perturbations. If caterpillar diet breadth increased after these extreme 
meteorological events, defoliation on particular plant species and herbivory at the 
community level should have decreased, as found in other tropical dry forest sites 
such as Florida after hurricane Andrew (Koptur et al. 2002) and in Puerto Rico after 
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hurricane George (Angulo-Sandoval et  al. 2004), although Hunter and Forkner 
(1999) found an increase of herbivory for maple and oak species in North 
Carolina  after hurricane Opal. These investigations suggested that a decrease in 
herbivory after hurricanes can be due to a combination of changes in herbivore 
populations, predator populations, and/or leaf chemistry. Here we provide empirical 
evidence that changes in diet breadth could also help to understand those patterns.
Hurricanes also affected plant-herbivore network parameters, decreasing special-
ization (H2), network size, and the number of network compartments. The remain-
ing interacting species after the hurricanes also increased the number of links that 
caterpillars established with host plants, and the general connectivity of the network 
was also larger, providing a more robust network. Therefore, hurricane impacts 
were cumulative and lasting; however, due to landscape heterogeneity and to the 
presence of a large biosphere reserve in the area, lepidopterans could recolonize 
from the surroundings. Other studies looking into network structure after hurricane 
strikes have shown some resilience for hummingbird-plant interactions (Díaz-
Infante et al. 2020), ant-plant interactions (Sánchez-Galván et al. 2012), and also for 
our system of caterpillar-plant interactions after the first hurricane (Luviano et al. 
2018). Nevertheless, the recurrence of these extreme meteorological events seems 
to reduce network resilience. Because hurricanes are predicted to increase in the 
Pacific coast in terms of frequency and severity (Knutson et al. 2015), the plasticity 
of interacting species and caterpillar diet flexibility seem crucial to withstand future 
climatic scenarios.

 Concluding Remarks

The relevance to establish a link between climatic variability and caterpillar diet 
breadth and their interaction networks with plants relies on the fact that herbivore’s 
food choices can affect different components of their fitness, through increased risk 
of predation and disease, the likelihood of mating, thermal balance, and develop-
mental time (Karban and Anurag 2002, Barber and Marquis 2011). This, in turn, can 
influence the evolution of herbivore foraging behavior and phenotypic plasticity in 
plant host use, as a function of climate and land use changes (Singer and 
Parmesan 2020).
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Plant-Caterpillar-Parasitoid Natural 
History Studies Over Decades and Across 
Large Geographic Gradients Provide 
Insight Into Specialization, Interaction 
Diversity, and Global Change
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 Introduction

In 1991, a first-year graduate student on a course in Costa Rica offered through the 
Organization for Tropical Studies (OTS) collected his first caterpillar in the wild – a 
geometrid caterpillar that was feeding on Colubrina spinosa (Rhamnaceae) (Fig. 1). 
It was surprising that none of the course staff nor any of the naturalists at the research 
station knew anything about this very abundant caterpillar. They also did not know 
if it specialized on that plant or what natural enemies might consume this common 
resource. It turns out that the caterpillar was Cyclomia disparilis (Geometridae: 
Ennominae), one of the most common caterpillars at La Selva Biological Station in 
Heredia Province, Costa Rica, with a distribution extending to forests in Guanacaste, 
where D.H. Janzen has been rearing caterpillars for over 40 years. Several insights 
from this experience in the tropics contributed to the start of a large rearing project 
at La Selva (Table 1). These insights included: (1) it seemed that immature stages of 
Lepidoptera in the tropics were mostly unknown, even for well-studied taxa such as 
the Papilionoidea; (2) very little was known about diet breadth of caterpillars of 
tropical moths, despite the importance of understanding specialization for much of 
ecological and evolutionary theory; and (3) considerable insight and inspiration can 
be gained from just discovering and describing caterpillars, their host plants, and 
their natural enemies. The plant-caterpillar-parasitoid rearing project at La Selva 
has continued since the early 1990s, with additional sites being added across the 
Americas in subsequent decades, and those datasets have been used successfully to 
address questions about specialization and interaction networks. Several decades 
later, it is a different experience to search for caterpillars at La Selva because of 
changes in caterpillar networks over time. Costa Rican caterpillars are simply harder 
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to find in 2020 than they were in 1991 (Janzen and Hallwachs 2019; Salcido et al. 
2020; Wagner 2020). The situation could be even worse for the wasps and flies that 
parasitize these caterpillars and appear to be declining rapidly at La Selva (Salcido 
et al. 2020).

Loss of caterpillars and parasitoids in Costa Rica is just one of many accumu-
lating global change consequences for local ecosystems. Globally, the current 
decline of biological diversity is well documented (Biesmeijer 2006; Butchart 
et al. 2010; Keil et al. 2015; Scheele et al. 2019), and plants and insects are likely 
to be a significant component of that decline (Wagner 2020), but specifics of 
declines are far from clear (e.g., Wagner et  al. 2021). For example, the recent 
uptick in the number of studies on insect “population” or abundance declines 
reveals no clear patterns for insects overall; rather there are geographic and taxo-
nomic idiosyncrasies with some taxa or regions exhibiting increases, others show-
ing dramatic declines, and others with no real trends (van Klink et  al. 2020; 
Wagner 2020). For plant-caterpillar- parasitoid interactions, it is also true that we 
are losing plant and insect diversity, but it is difficult to say anything about abun-
dances of very broad taxa, such as all insects or all Lepidoptera (e.g., saying 
“birds are declining” could be good for native species if common starlings 
(Sturnus vulgaris) are declining in North America, while the diversity of native 
species is increasing). Instead of studies focused on abundances of broad taxa or 
on other parameters related to population dynamics that were designed to exam-
ine species’ population dynamics, it may be more fruitful to examine changes 
in  local community parameters, such as diversity in a specific forest, and to 
uncover mechanistic details of diversity declines. Similarly, while it is very likely 
that we are losing genetic and functional diversity, there are many details that 
require more attention, such as which taxa, traits, or functions are declining most 
precipitously in a particular habitat. For example, there are few parameter esti-
mates for the rates of decline of interaction diversity, which is a component of 
functional diversity within an ecosystem (Dyer et al. 2010). The loss of interac-
tion diversity is a tragedy that extends beyond that of extant insect species losses 
(Stork 2018), since the functional roles they fill and the complex structure pro-
vided by diverse interactions maintain ecosystem function and opportunities for 

Fig. 1 Cyclomia 
disparalis (Geometridae, 
Ennominae) feeding on a 
leaf of Colubrina spinosa 
(Rhamnaceae). This is one 
of the most abundant 
caterpillar species at La 
Selva Biological Station 
Costa Rica and was the 
first caterpillar collected by 
the multi-site rearing 
project
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Table 1 Study sites utilizing the rearing methods described in this chapter. While caterpillars.org 
shows a complete list of host genera from which plots can be centered on, at most sites, we sample 
more frequently from the following focal host genera: Juniperus (Cupressaceae), Fouquieria 
(Fouquieriaceae), Quercus (Fagaceae), Ceanothus (Rhamnaceae) and Piper (Piperaceae)

Country State/province Site description
Primary focal 
hosts

Site 
center

Sampling 
monthsa

United 
States

Arizona Chiricahua 
Mountain Range, 
collection centered 
within 25 km of 
Southwest 
Research Station; 
Dataset initiated in 
2001

Juniperus 
(Cupressaceae) 
Fouquieria 
(Fouquieriaceae) 
Quercus 
(Fagaceae)

31.88° N 
109.21° 
W

July–
October

Santa Rita 
Mountain Range, 
collection centered 
within 25 km of 
Santa Rita 
Experimental 
Range; plot 
methods initiated 
in 2005

Juniperus 
(Cupressaceae) 
Fouquieria 
(Fouquieriaceae) 
Quercus 
(Fagaceae)

31.88° N 
110.85°W

California Eastern Sierra 
Nevada, centered 
within 15 km of 
Sagehen Creek 
Research Station; 
plot methods 
initiated in 2009

Ceanothus 
(Rhamnaceae)

39.52° N 
119.81° 
W

June–
October

Nevada Great Basin, 
centered within 
100 km of Reno; 
plot methods 
initiated in 2009

Juniperus 
(Cupressaceae)

39.52° N 
119.81° 
W

June–
October

Louisiana New Orleans; 
initiated in 2000

Quercus 
(Fagaceae)

29.95° N 
90.07° W

Florida Florida Panhandle, 
centered within 
30 km of Eglin 
Airforce Base; 
initiated in 2012

Quercus 
(Fagaceae)

30.62° N 
86.55°W

June–
November

Alabama Southern Alabama, 
centered within 
30 km of Solon 
Dixon Forestry 
Center; initiated in 
2015

Quercus 
(Fagaceae)

31.14° N 
86.7° W

June–
November

(continued)
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evolution (Dyer 2018). In this chapter, we summarize an approach to natural his-
tory that allows for documenting trophic webs of plant-caterpillar-parasitoid 
interactions and, given long enough time series, provides data for testing hypoth-
eses about the effects of specific global change parameters on species and 
interactions.

 Diversity and Networks of Species Interactions

Metrics of diversity have been a staple of community ecology since its inception, 
and almost all metrics, including a variety of species diversity parameters and 
measures of functional and genetic diversity, have been examined in the context 
of the negative effects of global change on biotic communities. On the other hand, 
despite an explosion in ecological network studies, only a few studies have 

Table 1 (continued)

Country State/province Site description
Primary focal 
hosts

Site 
center

Sampling 
monthsa

Mexico Campeche, 
Yucatan, Quintana 
Roo

Yucatan Peninsula 
centered on Nuevo 
Becal; plot 
methods initiated 
in 2016

Piper 
(Piperaceae)

18.50° N 
88.29° W

January–
December

Costa 
Rica

Heredia La Selva Biological 
Research Station; 
rearing initiated 
1991, data for 
large-scale analyses 
initiated in 1998

Piper 
(Piperaceae); 
dozens of 
additional focal 
genera

10.42° N 
88.29° W

January–
December

Ecuador Napo North-Eastern 
Andes, centered on 
Yanayacu 
Biological 
Research Station; 
initiated in 2001

Piper 
(Piperaceae); 
dozens of 
additional focal 
genera

00.36°S 
77.53°W

January–
December

Peru Chanchamayo Fundo La Genova 
Research Station, 
La Merced; 
initiated in 2016

Piper 
(Piperaceae)

11.06° S 
75.33°W

January–
December

Brazil Brasilia Cerrado forests 
within 100 km 
around Brasilia; 
plot methods 
initiated in 2012

Piper 
(Piperaceae); 
dozens of 
additional focal 
genera

15.72° S 
47.95°W

January–
December

aMonths listed represent a general window during which we collect and vary year to year depend-
ing on the onset of the growing season at each site, which depends on conditions like snowmelt or 
monsoons
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utilized time series to examine changes in network parameters over the past 
decades for any biotic communities (Salcido et  al. 2020). Despite the fact that 
collecting and rearing caterpillars have been a staple of natural history for centu-
ries (Wallace 1878; Hespenheide 2011; Greeney et al. 2012), the integration of 
network science to explain ecological phenomena is relatively new. Historically, 
network science within ecology was limited to studies of trophic interactions that 
estimated a small subset of current network parameters (Elton 1927; Pimm 1979; 
Paine 1980; Pimm et  al. 1991). Relatively recent computational advances have 
made it feasible to calculate more sophisticated network metrics and have led to 
interesting observations, such as replicable scale-free patterns among empirically 
estimated networks (Ings et al. 2009). Examples of modern network topologies 
that have been quantified and contribute to ecological theory include mutualistic 
(Olesen and Jordano 2002), antagonistic (Tylianakis et al. 2007), and metabolo-
mic networks (Albert et al. 2000; Kaling et al. 2018; Sedio et al. 2018; Sedio et al. 
2020). Two issues that hinder inferences from most published networks are the 
lack of accurate natural history data and inadequate attention to the appropriate 
scale at which networks should be estimated (Dyer 2018). For example, many 
published pollination networks are actually visitation networks; thus, they include 
parasites and neutral visitors, which limit inferences about network parameters 
for actual mutualists (King et  al. 2013); similar problems exist for caterpillar-
enemy networks when plant-caterpillar affiliations are inferred based on simple 
field observations that are not accompanied by rearing. For the scaling issues, 
networks that are estimated based on published data for a region are essentially 
“metanetworks” that summarize smaller functional networks across the landscape 
(Dyer 2018). Comparisons of mutualistic and food web network topology 
(Thébault and Fontaine 2010) and bacteriophage networks (Flores et al. 2013) at 
different scales indicate that processes driving network structure are variable 
across scales and types of networks.

Why should caterpillar biologists utilize network approaches? In addition to 
providing a functional heuristic summary of caterpillar trophic interactions, the 
network approach allows for mathematical summaries of both species (nodes) 
and interactions (edges), estimates of interaction diversity, and tests of nonran-
dom patterns in network structure (Poisot et  al. 2016). Interaction diversity 
quantifies the number of unique links connecting species within a network (Dyer 
et al. 2012) and has been associated with greater community stability, produc-
tivity, and ecosystem services (Mougi and Kondoh 2012; Poisot et  al. 2016). 
Trophic interactions can provide important functional roles and ecosystem ser-
vices, such as caterpillar population regulation by parasitoids; thus, it is likely 
that parameters from trophic interaction networks are related to ecosystem func-
tion. More generally, through mechanisms such as complementarity (Poisot 
et al. 2013) and redundancy (Peralta et al. 2014), interaction diversity increases 
the opportunity for interaction reorganization and the maintenance of ecosystem 
function during perturbations. Nevertheless, we still lack sufficient empirical 
data on interaction webs to guide conservation of complex ecosystems 
(Tylianakis et al. 2010).
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 Focus of This Chapter

We have answered macroecological and evolutionary questions (Fig. 2) with data 
collected from our rearing program and outline our approach below. We review the 
results from this approach that have contributed to understanding the evolution of 
specialization (Dyer 1995; Gentry and Dyer 2002), biological control (Dyer and 
Gentry 1999), patterns of insect defense (Gentry and Dyer 2002), latitudinal gradi-
ents in diet breadth and parasitism (Stireman et al. 2005; Dyer et al. 2007; Forister 
et  al. 2015), and structure of food webs (Scherrer et  al. 2016; Lepesqueur et  al. 
2018; Dell et  al. 2019). Although the rearing methods were designed to address 
specific basic research questions in ecology and evolution, we also focus on how the 
long-term (albeit still limited) and large-scale nature of the rearing approach has 
allowed for hypothesis tests relevant to the effects of climate change on parasitoids 
(Stireman et  al. 2005), declines in insect diversity (Salcido et  al. 2020; Wagner 
2020), changes in interaction diversity and other network parameters (Dell et al. 
2019; Salcido et al. 2020), and erosion of ecosystem services (Stireman et al. 2005; 
Salcido et  al. 2020). In addition to reviewing the results from this approach, we 
address questions about the changes in network parameters over time by examining 
two representative sites that have used this approach: La Selva Biological Station in 
Costa Rica and the Great Basin and Eastern Sierra Nevada site centered at Reno, 
Nevada (Table 1).

 The Plant-Caterpillar-Parasitoid Network Approach

 Collection of Immature Lepidoptera

Since 1991, we have used standardized methods for general collections of caterpil-
lars and associated parasitoids from host plants, with some additions for standard-
izing caterpillar abundances and levels of parasitism for a site (i.e., plots and 
calculating person hours). The method consists of collecting externally feeding or 
shelter-building Lepidoptera species (excluding leaf miners and gallers), which 
includes over 40 families in the current database (Forister et al. 2016). Successful 
long-term datasets cataloguing ecological networks require a commitment to inclu-
sive and diverse collaborative networks (Hampton and Parker 2011). For example, 
with respect to collection alone, we implement teams of local collaborators, princi-
pal investigators for individual sites, graduate and undergraduate students, 
Earthwatch volunteers, and other community scientists. Collecting is conducted 
throughout the year at tropical sites, while collections at temperate sites are focused 
on the growing season. For Arizona, the collecting season depends on the onsets of 
monsoons, whereas for the Great Basin and Sierra Nevada, sampling depends on 
snow melt (Table 1). To allow for standardized estimates of caterpillar-parasitoid 
abundances and interaction diversity, at all research sites, we collect in temporary 
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5-, 10-, 20-, or 25-m-diameter plots, depending on the density of plants and caterpil-
lars at the site. The plots are chosen using the criteria as follows: each plot must be 
at least 10 m from a trail or road and are centered around 1 of over 100 focal plant 
genera (for the most well-sampled genera, see Table 1; also see Dyer et al. 2007, 
Forister et  al. 2016, and www.caterpillars.org for complete lists of focal plant 

Fig. 2 Heuristic path diagram, summarizing relationships supported by data from the plant- 
caterpillar- parasitoid rearing research across the Americas. The diagram highlights some results 
uncovered using the rearing databases. Positive relationships are represented by pathways with 
arrowheads, negative relationships with bullet heads, and path coefficients correspond to publica-
tions listed in the table. Paths 1 and 15: Different classes (Smilanich et al. 2009a, b) and diverse 
mixtures (Slinn et al. 2018) of phytochemical compounds increase caterpillar mortality by parasit-
oids with consequences for biological control. Paths 6, 7, 8, and 9: The effect of plant chemistry 
on parasitism and network complexity is mediated by diet breadth, which is more constrained at 
lower latitudes; effects are greater for specialists versus generalists. Paths 3, 10, 11, 12, and 14: 
Changes in climate, such as increases in extreme weather events (Stireman et al. 2005; Salcido 
et al. 2020) or mean temperature and CO2 (Dyer et al. 2013), negatively affect parasitism and net-
work complexity, but increases in these parameters can also positively affect network complexity 
when mediated by variation in plant phytochemistry. Paths 2, 4, 5, and 13: Geographic variation in 
phytochemical defenses contribute to genetic structure of specialist herbivores (Glassmire et al. 
2016), yielding geographic mosaics that modify network complexity through effects on plant- 
herbivore- parasitoid diversity. Many of these results also involved combining data with other rear-
ing programs around the world
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genera); these plant genera include herbs, shrubs, and trees that are common in the 
study area and include taxa for which we have the most data. Depending on the 
collection location, focal plants range from shrubs to trees that vary in maturity. 
Typically, the plot is divided into four equal wedges, and two to four investigators 
spend 60 min in each wedge looking for caterpillars on all the plants with foliage 
within reach (on average 2 meters above the ground). Different collection methods 
are used for caterpillar sampling in tropical and temperate sites. At tropical sites 
caterpillars are sampled using visual inspection, while canvas beat sheets are used 
at temperate sites. Once the plot has been searched, leaf abundance for all plants 
present in the plot are estimated via quick counts. Mean leaf sizes are available for 
all species in our focal genera or measured and calculated for species encountered 
without previous records in our dataset. This collecting strategy allows for intensive 
searches of specific hosts while providing basic data on caterpillar loads of indi-
vidual plants (as opposed to biased searches for caterpillars already known to the 
collectors), parasitoid loads on caterpillar species, as well as quantitative data on the 
number of species per leaf area. These data are used to estimate caterpillar densities 
and to estimate a wide range of network parameters. Adjacent plots that are sur-
veyed in the same period of time are joined to increase the scale of networks and to 
address scaling issues for networks and community interactions. All sites also 
include regular “general collecting,” which involves collecting all externally free- 
feeding or shelter-building caterpillar species encountered in forest patches through-
out the sites.

 Rearing

All collected caterpillars are reared employing standardized methods at all sites, 
with slight variations depending on weather conditions, rearing facilities, and the 
number of available rearing days. We rear caterpillars individually in clear plastic 
cups or vials, clear plastic bags, or glass jars in our rearing barns or laboratories at 
ambient temperature and humidity. Every 1–3 days, we dispose of frass (or save it 
for analysis of chemistry or presence of viruses) and replace the foliage in each 
container and add vermiculite, soil, or rotten wood to the containers for caterpillar 
species that require a substrate for pupation. All pupae are checked twice daily to 
collect any adult Lepidoptera or parasitoids that have emerged from the pupae. 
These are allowed to fully harden before being stored in a freezer prior to pinning 
or prior to storage in alcohol. If a caterpillar dies or nothing emerges from a pupa, 
dissections are performed to search for parasitoids. Rearing success from larvae to 
adult varies across sites, taxa, and instar at which the caterpillar was collected. The 
mode for rearing success to adult across sites and families is 33%. To prevent dis-
ease transmission, all plastic bags are used only once, and jars, cups, and vials are 
cleaned with bleach between rearings. All species of caterpillars are photographed 
with a Canon EOS digital camera with macro lens or similar device and described 
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in a thorough, standardized manner (e.g., Fig. 3c–j). Additional photographs and 
descriptions follow for subsequent instars and for pupae if time allows.

 Curation and Taxonomic Identification

Adult lepidopteran specimens are pinned and curated using standard techniques 
(Forister et al. 2015 – supplemental material). Parasitoids are prepared according to 
the preferences of the taxonomists who identify them (pinned or in vials of alcohol), 
and eventually pinned specimens are properly curated and deposited in museums. 
After voucher specimens have been collected for identification and description pur-
poses, a series of additional specimens are preserved in 95% ethanol for future 
molecular systematic work. All curated specimens receive a standard location label 

Fig. 3 A mix of caterpillars (some are still unidentified) from the Great Basin Sierra Nevada site. 
(a) Juniperus osteosperma (Cupressaceae) plot near Gardnerville in the Great Basin of Nevada. (b) 
Ceanothus velutinus (Rhamnaceae) plot in the Sierra Nevada, near Thomas Creek, Reno, Nevada. 
(c) Chionodes sp. (Gelechiidae) on manzanita – Arctostaphylos patula (Ericaceae). (d) Recurvaria 
sp. (Gelechiidae) with its silk shelter on Amelanchier pallida (Rosaceae). (e) Sphinx sequoia 
(Sphingidae) feeding on J. osteosperma. (f) Mesogona sp. (Noctuidae) on A. patula. (g) Strymon 
melinus (Lycaenidae). (h) Apodrepanulatrix sp. (Geometridae) on a flower of C. velutinus. (i) 
Digrammia sp. (Geometridae) camouflaged on a leaf of J. osteosperma. (j) Cosmia sp. (Noctuidae) 
feeding on Amelanchier pallida and parasitized by eulophid ectoparasitoids
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listing the country, province, collection site, elevation of the site, longitude and lati-
tude, month and year of collection, and affiliation of collecting site. In addition, the 
unique voucher code connecting the specimen to its event-based record in the data-
base is added below this, and another label is added when appropriate, identifying 
the specimen to family, genus, and species. Prior to taxonomic identification from 
specialists, species are morphotyped using morphological characters with reference 
to the image library or voucher specimens; for many individuals, when possible, 
morphospecies are confirmed using standard wing traits, dissections of genitalia, 
and in some cases DNA sequences. We typically do not use “barcoding” approaches 
(i.e., generating COI sequences), rather the focus is on full genomics data to address 
population genetics hypotheses or phylogenomics for generating phylogenetic 
hypotheses.

Specimens in liquid media include all the above standard information added to 
the vials. Every collection event (the act of finding a caterpillar) receives a unique 
voucher code. At 1–3 year intervals, specimens that are fully identified and curated 
are deposited to appropriate museums in Costa Rica, Ecuador, Brazil, and the 
United States, including the University of Nevada Museum of Natural History in 
Reno, Nevada. Voucher specimens examined by the various taxonomic authorities 
including newly established types and undescribed species are housed in collections 
of the taxonomists’ preference to facilitate further description and systematic stud-
ies of the material, unless our permits specify otherwise. All Lepidoptera, 
Hymenoptera, and Diptera reared in this project are provisionally identified by the 
rearing and curation crews and then via a network of collaborating taxonomists (see 
www.caterpillars.org).

 Climate Data

All research sites provide a base set of meteorological data consisting of precipita-
tion, temperature, humidity, solar radiation, wind speed and direction, and evapora-
tion dating back 20–100  years. The majority of sites include a central research 
station or nearby urban center that have established meteorological programs, 
including a combination of manually obtained data (e.g., maximum and minimum 
temperatures, precipitation, humidity, evaporation, and wind speed) and electroni-
cally obtained data (e.g., solar radiation, temperature, humidity, wind speed, and 
direction). These databases are managed by the research stations or urban centers 
and are freely available to the research community. To acquire climate data for sam-
pling sites within the United States and outside the range of research station moni-
toring stations, we rely on PRISM data (Parameter-elevation Regressions on 
Independent Slopes Models; PRISM Climate Group, Oregon State University, 
http://prism.oregonstate.edu). PRISM data files are compiled and summarized in R 
using the prism package (v. 0.1.0). PRISM estimates daily, monthly, or annual cli-
mate data for point locations using a regression function that incorporates data from 
a network of monitors. For the purposes of analyses presented in this chapter, we 
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have summarized the monthly means of precipitation, minimum temperature (Tmin), 
and maximum temperature (Tmax). Precipitation and temperature anomalies were 
defined as the frequency of monthly climate values greater than or equal to 2.5 stan-
dard deviations above the mean.

 Data Management and Dissemination

Our data are compiled and organized in a manner compatible with other studies in 
other regions (e.g., see Stireman et al. 2005; Dyer et al. 2007: 200; Forister et al. 
2015). This facilitates the comparison of plant-herbivore-parasitoid associations 
and interaction diversity across a wide range of ecosystems. These combined data-
sets constitute a powerful ecological tool. Our existing long-term database at http://
www.caterpillars.org is updated every 3–5  years and expanded to include new 
approaches. Each caterpillar collected is registered. Collectors record several types 
of data directly into two different databases (on datasheets, field notebooks, or lap-
tops) – rearing and plots databases. All of these data are entered into temporary 
databases at the field site and then are carefully checked and added to the main 
database and then later to a web database. Every individual parasitoid, and its rear-
ing parameters, is linked to the record of its caterpillar host; each individual plant is 
linked to its associated herbivore; and all of these data are linked to the plot data or 
to specific GPS data.

 Quantifying Diversity of Interactions

Using the 5–25-m-diameter circular plot data described above, we assess the rich-
ness of interactions, which will include all two-link (caterpillar-plant and parasitoid- 
caterpillar) and three-link (parasitoid-caterpillar-plant) chains found in a plot. 
Inferences made when analyzing interaction diversity as a response variable in 
models that compare effects between different habitats, elevations, and latitudes, 
depend on certain design-based and model-based assumptions. Generally, observa-
tions of interactions are assumed to be sampled without bias and have unknown 
probability distributions. Assumptions include the following: (1) interactions are 
sampled at random; (2) interactions are homogenously distributed within a plot; (3) 
any probability distribution of interaction abundance is possible (i.e., we do not 
assume log-normal distributions that characterize species abundance); and (4) inter-
actions are equally likely to be encountered at all locations compared. We have used 
or are currently using this method at various Earthwatch-funded sites in Costa Rica, 
Ecuador, Arizona, Louisiana, and California/Nevada, as well as sites funded by 
other sources in Mexico, Peru, and Brazil. A large collaborative network partici-
pates in this approach (Table 1). In addition to local network parameters from plots, 
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a regional network is defined as all species interactions recorded from plot and 
haphazard collection within a region, or a “metaweb.”

 Addressing Basic Questions in Ecology and Evolution

 Caterpillar Defenses and the Evolution of Specialization

The observational approach to trophic interactions is a powerful method for gener-
ating rigorous hypothesis tests, especially when those tests are paired with experi-
mental data (Fig. 2). The initial focus of the rearing dataset in Costa Rica was to pair 
caterpillar specialization data from collecting and rearing to antipredator defense 
experiments (Dyer and Floyd 1993; Dyer 1995, 1997) with broader observational 
data focused on parasitism levels for specialist versus generalist parasitoids and 
anti-parasitoid defenses in caterpillars. Our rearing data suggested that chemical 
defenses are among the most effective defenses of herbivores against natural ene-
mies and that while predation exerts effective selective pressures for more special-
ized diets, high levels of parasitism may select for broader diets (Dyer 1995; Dyer 
and Gentry 1999; Gentry and Dyer 2002; Lampert et al. 2014). The higher parasit-
oid loads on specialists are interesting because most endoparasitoids of caterpillars 
spend all larval stages within host tissues; thus, some have hypothesized that the 
negative effects of sequestered secondary metabolites may be more pronounced for 
parasitoids than for predators (Petschenka and Agrawal 2016). In contrast to this 
prediction, the vulnerable host and safe haven hypotheses, developed from a decade 
of rearing results in Costa Rica (Gentry and Dyer 2002), posit that (1) predators 
avoid specialists that have sequestered toxic secondary metabolites, (2) phytochem-
ically defended plants may host specialist herbivores that are immunocompromised 
due to sequestration, and (3) as a consequence, specialists on toxic hosts are better 
hosts for parasitoids, resulting in higher levels of parasitism (Smilanich et al. 2009a, 
b; Lampert et al. 2010; Slinn et al. 2018).

The large rearing projects have allowed for expanded tests related to insect 
defense theory (reviewed by Greeney et al. 2012), including predictive models for 
biological control based on larval insect defensive traits (Dyer and Gentry 1999). 
Caterpillar feeding is made dangerous by natural enemies, but insects protect them-
selves with a diverse suite of defenses that are employed before, during, or after 
encounters with enemies. Testing hypotheses about how caterpillars repel, escape, 
or avoid detection by predators (and even applying results to guide biological con-
trol) requires experimental data, but rearing projects help put these defenses into 
context and provide data relevant to how these defenses may prevent parasitism. For 
example, observation of anti-parasitoid behaviors such as postattack strategies 
through the removal or destruction of parasitoid eggs or larvae has come from natu-
ral history observational data that can be collected in large rearing projects. Of 
course, focused studies on individual species will provide much more detail on 
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specific defensive mechanisms, but such studies are often one of the beneficial prod-
ucts of the multi-species rearing approach (e.g., Hansen et al. 2017). One conclu-
sion from inferences about caterpillars provided by the rearing studies has not 
changed: the basic natural history of most caterpillars is still unknown, especially in 
the tropics (Hespenheide 2011; Greeney et al. 2012). With global change intensify-
ing, especially habitat loss and climate change, the ever-increasing devaluations of 
descriptive taxonomic and natural history (Futuyma 1986; Futuyma and Moreno 
1988; Greene 1994; Noss 1996; Greeney et al. 2012) have ensured that many aspects 
of caterpillar defenses and countless interesting details of plant-caterpillar-enemy 
interactions will not be discovered. Continuation of large-scale rearing projects 
facilitates the documentation of life history traits relevant to defense against ene-
mies, in addition to answering other questions in evolutionary ecology.

 Interaction Diversity Across Environmental Gradients

At all of the rearing sites, we have documented interaction diversity and tested 
prominent diversity hypotheses as well as hypotheses about specialization (Dyer 
et al. 2007; Martén-Rodríguez et al. 2010; Forister et al. 2012). Most notably, this 
approach allows accurate measures of consumer specialization via ensuring con-
sumption with the rearing experiments and sampling at relatively large spatial and 
temporal scales (Forister et al. 2015). A major challenge in community ecology and 
evolutionary biogeography is to explain the latitudinal gradient in diversity, and for 
herbivorous insects, specialization may be one mechanism that allows for greater 
species richness at a given locale. We tested this hypothesis by combining our data 
with collaborators’ rearing datasets and comparing host specialization by caterpil-
lars for eight different New World Forest sites ranging in latitude from 15°S to 45°N 
(Dyer et al. 2007; four of the sites in this comparison are described in this chapter; 
Table 1). We found that larval diets of tropical Lepidoptera are more specialized 
than their temperate forest counterparts: tropical species on average feed on fewer 
plant taxa than temperate species (Fig. 2). As a result of this latitudinal gradient in 
specialization, there is greater turnover in caterpillar species composition (greater β 
diversity) between tree species in tropical faunas than in temperate faunas (Fig. 2). 
Hypothesized associations between diet breadth and other variables correlated with 
latitude, such as temperature and plant diversity, were confirmed with studies of 
specific taxa across elevational (e.g., geometrid caterpillars, Rodriguez-Saona et al. 
2010) or disturbance gradients (macrolepidoptera in Louisiana; G.L. Gentry, unpub-
lished manuscript; Dell et al. 2019). Greater effect sizes of consumers on resources 
in the tropics can contribute to higher specialization in tropical faunas in a variety 
of ways. For example, there may be higher beta-diversity of plant defensive com-
pounds in tropical versus temperate forests, and there are more diverse and chronic 
pressures from natural enemy communities – both conditions make feeding on trop-
ical plants more difficult (Coley and Barone 1996; Connahs et al. 2009; Salazar and 
Marquis 2012; War et  al. 2012; Martin et  al. 2013). If this is true, then similar 
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patterns could be apparent for higher trophic levels (e.g., parasitoids; see Hawkins 
1994 for a literature-based test), due to well-defended caterpillars and high levels of 
predation on most insects, which will influence patterns of interaction diversity. 
Overall, tropical plant-herbivore-parasitoid webs should be characterized by higher 
degrees of specialization, higher node diversity, and greater evenness among edges.

 Global Change and Trophic Interaction Networks

 Climate Change and Parasitism

When examining interaction webs across gradients, as discussed in the previous 
section, some important gradients to examine in the Anthropocene are temporal and 
spatial gradients related to climate change, such as variation in temperature and 
precipitation. Climate change studies that examine effects of climate on insects 
typically focus on direct effects of climate change parameters, especially tempera-
ture, on insect population dynamics (Stange and Ayres 2010). One conclusion from 
much of this research is that insect outbreaks are expected to increase in frequency 
and intensity (Dyer et al. 2012). Additional studies have examined indirect effects, 
such as disruption of community interactions (e.g., Nooten et al. 2014), changes in 
insect host plant chemistry (Dyer et al. 2013), and phenological asynchrony (Donoso 
et al. 2016; Mayor et al. 2017; Renner and Zohner 2018). Many of these studies 
have also focused on mean changes in climate parameters, but it is quite clear that 
the impacts of climatic variability are equally large. For example, we used parasit-
ism data from our rearing sites and combined these data with ten other sites to 
compare caterpillar-parasitoid interactions across a latitudinal and climatic gradient 
that included a clear range of variation in year-to-year precipitation (Stireman et al. 
2005). We found that a moderate increase in this rainfall variation was associated 
with a biologically significant decrease in levels of parasitism – from approximately 
27% to less than 7% over 15 geographically dispersed databases across the Americas. 
When dipteran versus hymenopteran parasitoids were considered separately, we 
found that the overall pattern was driven by the more specialized parasitic 
Hymenoptera. Phenological asynchrony was likely a mechanism causing this pat-
tern because specialist consumers are vulnerable to slight changes in host popula-
tions, while asynchrony among generalist parasitoids is less consequential due to 
greater dispersal abilities and ease of switching to alternative hosts. While caterpil-
lar populations are able to persist after floods and droughts via diapause, dispersal, 
or other adaptations, small parasitic wasps are possibly unlinked from their host 
phenology during such weather events. We experimentally confirmed this type of 
asynchrony in laboratory experiments, where increases in CO2 and temperature 
quickly delinked the development of caterpillars and their parasitoids, such that the 
caterpillars developed too fast and the parasitoid populations crashed (Dyer et al. 
2015). Given the important role of parasitoids in regulating insect herbivore 
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populations in natural and managed systems, we predicted an increase in the fre-
quency and intensity of caterpillar outbreaks through phenological asynchrony as 
climates become more variable (Stireman et  al. 2005; Dyer et  al. 2015). As we 
outline below, these predictions are being corroborated by our rearing data at one of 
our sites.

 Global Change, Caterpillar Declines, and Network Erosion

Recently, Humberto Garcia Lopez, a long-term caterpillar collector and researcher 
at La Selva, noted that it is fairly obvious that caterpillars and their parasitoids have 
steeply declined since he first started working with us in the 1990s. Careful data 
analysis has confirmed this (Salcido et al. 2020; Figs. 4–7), and the rate of loss of 
associated parasitoid richness is particularly noteworthy (Figs. 4d and 7b), causing 
reduction in parasitism frequency (Fig. 4f). This decrease in parasitism levels was 
predicted by previous papers using the rearing datasets (Stireman et al., 2005) and 
ancillary experiments (Dyer et al. 2013) to demonstrate that high variation in cli-
mate parameters and increases in extreme weather events, such as floods and 

Fig. 4 Time series data at two collection sites from the rearing projects across the Americas. (a) 
The shorter time series are data from the Great Basin and Sierra Nevada (9 years, 2009–2017). (b) 
A longer time series uses data from La Selva Biological Research Station Braulio Carrillo National 
Forest (22  years, 1997–2018; Salcido et  al. 2020). Diversity (Simpson’s species or interaction 
equivalents) trends for caterpillars (blue points), associated parasitoids (green), and interaction 
diversity (yellow) for the Great Basin (c) versus La Selva (d). Dotted lines depicting declines or 
increases are based on a Bayesian regression, with 95% credible intervals. Note the scale of the 
y-axis is different for the two sites (e, f). Percent parasitism for hymenopteran (orange) and dip-
teran (pink) parasitoids at the Great Basin (e) versus La Selva (f) sites
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droughts, are associated with substantial declines in parasitism – or even extinction 
of parasitoids within experimental microcosms (Dyer et  al. 2013). Phenological 
asynchrony is one mechanism linking extreme weather events to declines in parasit-
ism – caterpillars change their development rates or go into diapause in response to 
changes in weather conditions or due to floods, and parasitoids are unable to locate 
their hosts efficiently. Such asynchrony is more likely to affect parasitic 
Hymenoptera, which are more specialized and dependent on specific phenologies of 
one host versus the more generalist parasitic flies. Data from across the rearing sites 
corroborate this prediction (Stireman et al. 2005), and data from La Selva indicate 
that parasitic wasp diversity is declining more than that for tachinid flies (Fig. 4f).

The global change parameters most commonly examined with respect to the loss 
of biodiversity are climate change, habitat loss, fragmentation, invasive species, 
pesticides, and pollution. For La Selva, all of these are likely to affect both caterpil-
lars and their parasitoids and have likely contributed to their declines. Lowland 
tropical forests are facing rapid conversion to high-intensity, high-output agriculture 
from former homesteads and pastureland. La Selva is no exception. Similarly, all of 
our sites will eventually house very different tri-trophic webs due to these negative 
impacts. The very clear effect of climate change variables on caterpillar and parasit-
oid webs at La Selva was uncovered using structural equation models (Fig. 7b). 
While large shifts in climate variables are clearly responsible for these shifts and for 
the loss of parasitism as an ecosystem service, the path coefficient from time to 
caterpillar and parasitoid richness (which corrects for the effects of climate) was 
still quite large, suggesting that other unmeasured factors have contributed to these 
declines. These other factors likely include increased pesticide use (Fagan et  al. 
2002; de la Cruz et al. 2014) in Sarapiquí and the fragmented nature of La Selva.

In contrast, when we compare these patterns of diversity loss to our temperate 
site in the Great Basin, diversity does not appear to be declining (Fig. 4c), but there 
are steep declines in caterpillar abundances, as measured by the encounter fre-
quency for the most common caterpillar families (Fig. 5a). The networks have also 
changed, but the changes are not as severe – there is a much smaller drop in interac-
tion diversity from the beginning of the rearing effort to recent times (Fig. 6). There 
appear to be some effects of climate change parameters, particularly the large nega-
tive effects of increases in precipitation anomalies and minimum temperatures on 
caterpillar and interaction richness, which were similar for both sites (Fig.7). 
However, the limited time series (and associated lack of model fit due to limited 
data) make it difficult to be confident about those inferences. Furthermore, the nega-
tive effect on ecosystem services provided via biocontrol by parasitoids found at La 
Selva was not observed at the Great Basin site (Fig. 4e). It is clear that the length of 
the time series is very important for making appropriate inferences (Janzen and 
Hallwachs 2019) – if the La Selva dataset is cut to the past 9 years, the signal also 
diminishes to weak or nonexistent. This lack of appropriate time series could also 
be the case for other decade-long studies that do not detect signals of insect declines 
(Crossley et al. 2020; Outhwaite et al. 2020).

The limited temporal extent for the Great Basin database is likely to be one of the 
more important explanations for inconsistencies among changes over time in 
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Fig. 5 Family-level patterns in caterpillar densities (encounter frequencies) across the years for 
(a) the Great Basin and Sierra Nevada site and (b) the La Selva, Costa Rica site (Salcido et al. 
2020) displayed as point estimates for beta coefficients and associated 80% credible intervals. 
Family names are listed on the left margin, and probabilities of a decline are on the right margin. 
Units of the year coefficient are on a log-odds scale

Long Term and Wide Range Plant-Caterpillar-Parasitoid Studies



600

Fig. 6 Networks summarizing interactions for La Selva, Costa Rica, and the Great Basin datasets. 
For La Selva, the networks summarize the first (early) and last (recent) quartiles of the 20-year 
time series. The Sierra Nevada and Great Basin networks summarize the first and last quartiles of 
the 9-year dataset. Although the time series are different and the particulars of the network changes 
are distinct, it is clear that both sites are characterized by less reticulate webs in recent years. Mean 
interaction richness (0D) is included to the left of each network and was calculated by summarizing 
all unique plant-caterpillar and caterpillar-parasitoid interactions

Fig. 7 Structural equation models (SEM) estimating the effects of climate variables on caterpillar, 
parasitoid, and interaction richness for the Great Basin and Costa Rica sites. The same models 
(reported in Salcido et al., 2020, for Costa Rica) were examined for each site and focus on associa-
tions between time (year), richness, daily minimum temperatures, and precipitation anomalies; 
Costa Rica model fit: χ2: 0.02, p = 0.89, df = 1; Great Basin model fit: χ2: 3.2, p = 0.07, df = 1. Path 
coefficients are standardized, and the width of the arrows is scaled based on the magnitude of path 
coefficients. Arrows represent positive associations and lines with circle represent negative 
associations.
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diversity (Fig. 4c), abundance (Fig. 5a), and richness (Figs. 6, 7a) observed from 
data collected in the Great Basin – data from La Selva exhibited declines across all 
measures. However, it is also likely that site-level differences may explain the dif-
ferent patterns at the two sites. The 16 km2 of available sampling area at La Selva is 
quite small compared to the spatial extent of sampling sites in Nevada and California 
(~32,000 km2 centered on Reno), and it is clear that trophic interactions are likely to 
exhibit substantial site-to-site variation in their response to climate variables 
(Pardikes et al. 2015; Nice et al. 2019), so in addition to longer time series, future 
analyses using the Great Basin rearing data would benefit from greater sampling 
within elevational bands or within multiple specific focal sites across the Great 
Basin and Sierra Nevada. While models are likely to be context dependent as shown 
comparing these two sites, it is interesting to consider the consistently large effect 
of rising minimum temperature on caterpillar richness for both sites, which is con-
sistent with patterns observed elsewhere (Nice et al. 2019).

 Conclusion

Rearing projects fall squarely into the realm of natural history, and all ecological 
studies benefit from improved natural history. The methods described here are 
straightforward and transferable, and fortunately the number of similar caterpillar 
rearing projects continues to grow globally (Forister et al. 2015; Staude et al. 2016; 
Seifert et al. 2020). Whether the goal is to describe all of the species of caterpillars 
and their associated host plants and parasitoids in a region or to document the 
unwillingness of interaction accumulation curves to asymptote (Price et al. 1995), 
rearing caterpillars to adult moths or parasitoids is a worthwhile and important 
endeavor. Beyond the potential impacts to ecology and related fields, our rearing 
projects across the Americas have brought the worlds of metamorphosis, parasitism, 
species discovery, plant chemistry, and caterpillar frass to well over 1000 commu-
nity volunteers (Dyer et al. 2012). It has not escaped our notice that none of our time 
series are long enough to provide confident estimates of caterpillar declines, para-
sitoid reductions, or network erosion. Yet, sites like Costa Rica for which we have 
the most data provide strong evidence that the parasitoids are disappearing from our 
tropical food webs due to climate change and other factors, and the networks of 
interactions are dramatically changing. With continued focus and commitment, all 
of our sites across the Americas are inching closer to more thorough time series, 
allowing for careful estimation of how network parameters are changing across lati-
tude, along elevational gradients, within disturbance gradients, and for different 
subtaxa of Lepidoptera, Hymenoptera, and Diptera. The datasets have come a long 
way since Dyer, the first-year graduate student who collected that striking geome-
trid caterpillar back in the early 1990s (Fig. 1), first started this rearing project with 
his collaborator, Grant Gentry. The authors of this chapter will all continue to search 
for rare and common little caterpillars alike, and hopefully others will have the 
chance to be surprised by a mix of common little green Eois (Geometridae) 
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caterpillars and rare crazy snake mimics like Hemeroplanes triptolemus (Sphingidae) 
(Fig. 8). Rearing everything from the big, showy sphingids to smaller, more secre-
tive geometrids has a lot to tell us about science, and we are quickly losing a large 
chunk of caterpillar and parasitoid diversity, so now is the time to ramp up those 
rearing efforts.
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The most extraordinary instance of imitation I ever met with was that of a very large cater-
pillar, which…startled me by its resemblance to a small snake. The first three segments 
behind the head were dilatable at the will of the insect, and had on each side a large black 
pupillated spot, which resembled the eye of the reptile: it a poisonous or viperine species 
mimicked, and not an innocuous or colubrine snake, this was proved by the imitation of 
keeled scales on the crown, which was produced by the recumbent feet, as the caterpillar 
threw itself backwards. (HW Bates 1863, The Naturalist on the River Amazons, p. 509)

 Caterpillar Biology and Ecology in a Tritrophic World

 Beginnings Along the Amazon

Henry Bates was one of the early naturalists who first documented the unusual 
appearance and behavior of caterpillars, as well as interactions between caterpillars, 
their host plants, and their natural enemies. This early research was foundational to 
all that appears in this volume. It involved observations of adult oviposition, host 
plant associations, the behavior of caterpillars on their host plants and with their 
natural enemies, rearing caterpillars to adulthood, recording changes in morphology 
and behavior from one instar to the next, and discovering the environmental condi-
tions necessary for successful pupation and eclosion to adulthood.
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As a result of Bates’ work, a number of major ideas in ecology and evolution 
were first born. These include tritrophic interaction theory (Hairston et al. 1960; 
Price et  al. 1980; Abdala-Roberts et  al. 2019), coevolution between plants and 
angiosperms (Brues 1924; Ehrlich and Raven 1964), mimicry theory (Bates 1862), 
chemical ecology (e.g., Brower et al. 1968; Reichstein et al. 1968), and some of the 
first evidence for adaptations as the outcome of natural selection (Darwin 1862).

 Advances in Technology

In the absence of analog or digital photography, early caterpillar biologists docu-
mented their subjects by drawing and/or painting them on paper. We have come a 
long way since then: technology is making the study of caterpillars and their role in 
an anthropocentric world much more feasible. Since Stamp and Casey’s (1993) 
landmark volume, numerous advances allow us to understand more completely the 
biology of caterpillars. To start, we now have the ability to identify caterpillars to 
species level, using DNA barcoding, without resorting to rearing to adulthood. This 
technology can be an enormous time-saving, particularly for projects studying the 
community ecology of caterpillars in temperate regions where faunas are more well 
known. It is also most convenient when the exact conditions have not been discov-
ered that result in successful pupation and eclosion. Still, nothing can take the place 
of identification based on updated taxonomy. Family and subfamily taxonomic 
treatments at the global level (e.g., Marquis et  al. 2019b) are sorely needed at 
this time.

We can sequence caterpillar genes and modify those genes in traditional model 
organisms (Drosophila melanogaster), to assemble the evolutionary history of 
adaptations allowing caterpillars  to feed on toxic host plants (Karageorgi et  al. 
2019; Groen and Whiteman, Chapter “Ecology and Evolution of Secondary 
Compound Detoxification Systems in Caterpillars”, this volume). Gene sequencing 
and directed biochemistry allow us to understand how plant material is metabolized 
once ingested. The network analysis of plants, their herbivores, and associated natu-
ral enemies, not widely available as tool to ecologists in 1993, when the Stamp and 
Casey volume was published (Ings and Hawes 2018), allows us to picture the role 
of caterpillars in ecosystems (Salcido et al., Chapter “Plant- Caterpillar- Parasitoid 
Natural History Studies Over Decades and Across Large Geographic Gradients 
Provide Insight into Specialization, Interaction Diversity, and Global Change”, this 
volume). The techniques and associated data analysis methods are now available to 
quantify the metabolome of entire host plants with the goal of discovering just 
which plant traits influence host plant use by caterpillars (e.g., Endara et al., Chapter 
“Impacts of Plant Defenses on Host Choice by Lepidoptera in Neotropical 
Rainforests”, this volume). Even more recent than network analysis of species, the 
development of network analysis of secondary metabolites promises to reveal the 
evolutionary history of secondary metabolite pathways (Sedio 2017). This should 
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bring us one step closer to understanding the coevolutionary history between vascu-
lar plants and Lepidoptera.

We now have the tools to characterize the microbiome, the rich assemblage of 
microorganisms found within and on the surface of caterpillars, and how they influ-
ence the ability of the insect to successfully complete development (Hammer and 
Bowers 2015; Hammer et al. 2017). Finally, many of the questions that caterpillar 
biologists are puzzled by require large teams of researchers at multiple, protected 
locations to collect sufficiently large data sets to answer those questions. These 
teams have been assembling over the years and are making rapid advances. Large 
data sets are being gathered, requiring advances in statistical analysis (Braga and 
Diniz, Chapter “Trophic Interactions of Caterpillars in the Seasonal Environment of 
the Brazilian Cerrado and Their Importance in the Face of Climate Change”, this 
volume; Boege et al., Chapter “Impacts of Climatic Variability and Hurricanes on 
Caterpillar Diet Breadth and Plant- Herbivore Interaction Networks”, this volume; 
Salcido et al., Chapter “Plant- Caterpillar- Parasitoid Natural History Studies Over 
Decades and Across Large Geographic Gradients Provide Insight into Specialization, 
Interaction Diversity, and Global Change”, this volume). Citizen science is just 
coming into its own, allowing geographically widespread collection of original data 
and observations (e.g., iNaturalist: Pierce and Dankowicz, Chapter “The Natural 
History of Caterpillar- Ant Associations”, this volume) and making important con-
tributions in the area of bird and insect conservation. Certainly, the research out-
lined in Chapter “Caterpillar Patterns in Space and Time: Insights From and 
Contrasts Between Two Citizen Science Datasets” (Di Cecco and Hurlbert) and 
Chapter “Plant- Caterpillar- Parasitoid Natural History Studies Over Decades and 
Across Large Geographic Gradients Provide Insight into Specialization, Interaction 
Diversity, and Global Change” (Salicido et al.) reveals the major contributions that 
the general public can make to caterpillar science. At a smaller scale, but no less 
important, many important questions require teams of geneticists, organic chemists, 
biochemists, microbiologists, and neurobiologists to answer questions that intrigue 
the caterpillar biologist (Groen and Whiteman, Chapter “Ecology and Evolution of 
Secondary Compound Detoxification Systems in Caterpillars”, this volume).

 Forces Driving Coevolution

Major advances in ecology and evolution are represented on the pages of this book, 
with a focus on how caterpillars relate to neighboring trophic levels. A tritrophic 
view of the caterpillar world is one that drives much of current research in caterpil-
lar ecology. Caterpillars are “sandwiched” between their neighboring trophic levels 
(Abdala and Mooney 2015). There is mounting evidence that their biology thus 
represents a compromise between dealing with nasty food plants and nasty natural 
enemies (Lill and Weiss, Chapter “Host Plants as Mediators of Caterpillar- Natural 
Enemy Interactions”, this volume). The pages of this book are replete with exam-
ples of these trade-offs.
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Contrary to the more traditional view of reciprocal adaptation between plants 
and insects (Ehrlich and Raven 1964), caterpillars and other herbivorous insects 
may readily switch host plants over evolutionary time, at least ones that share simi-
lar defensive profiles (Endara et al., Chapter “Impacts of Plant Defenses on Host 
Choice by Lepidoptera in Neotropical Rainforests”, this volume). In the Inga sys-
tem (Fabaceous tropical tree), while herbivores collectively select for rapid diver-
gence in host defenses, the lack of congruence between phylogenies of hosts and 
herbivores supports frequent host shifts (see also Dobler et al. 2012). These results 
call into question how often reciprocal coevolution comes into play between plants 
and their insect herbivores. In contrast, results from the Inga system suggest that 
insects are jumping to new hosts repeatedly, imposing little diversifying selection 
on their hosts. Shaking the foundation even more, Singer et al. (Chapter “Predators 
and Caterpillar Diet Breadth: Appraising the Enemy- Free Space Hypothesis”, this 
volume) present evidence that predators must be considered as possible instigators 
of host plant shifts (see also Murphy 2004). Thus, secondary plant chemistry may 
no longer be the single linchpin upon which co-diversification depends. Importantly, 
it is likely that there is some combinatorial effect of the first and third trophic levels 
that influence host plant shifts (Lill and Weiss, Chapter “Host Plants as Mediators 
of Caterpillar- Natural Enemy Interactions”, this volume).

 Defenses Against Natural Enemies

A traditional view of caterpillars as prey is that they employ one of two general 
strategies to escape their natural enemies. One strategy is to forgo chemical and 
physical defense, escaping natural enemies by visual camouflage, either by crypsis 
(background matching) or by masquerade, resembling an inedible object (Skelhorn 
et al. 2010; Higginson et al. 2012; see examples in Wagner and Hoyt, Chapter “On 
Being a Caterpillar: Structure, Function, Ecology, and Behavior”, this volume). 
Alternatively, they may sequester or manufacture defensive compounds de novo to 
make themselves distasteful, often accompanied by aposematic coloration. Bowers 
(Chapter “Sequestered Caterpillar Chemical Defenses: From “Disgusting Morsels” 
to Model Systems”, this volume) has spent a career studying this latter strategy, 
building on the early theoretical writings of Darwin, Bates, and Wallace, and on 
experiments by Rothschild and the Browers, to understand the details of the phe-
nomenon: how do host plant chemistry and caterpillar species identity together 
affect sequestration level, how much is sequestered, and how do host plant age and 
caterpillar instar affect the process? Despite the fact that sequestration occurs 
throughout the Lepidoptera phylogeny (and in many other insect orders), Bowers’ 
chapter reveals that we know much less about the actual adaptive advantages of 
chemical sequestration in terms of escape from natural enemies.

In some cases, sequestration may actually reduce the immunocompetence of cat-
erpillars against parasitoids (Ode, Chapter “Caterpillars, Plant Chemistry, and 
Parasitoids in Natural vs. Agroecosystems”, this volume; Smilanich and Muchoney, 
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Chapter “Host Plant Effects on the Caterpillar Immune Response”, this volume). 
This begs the question as to the adaptive targets of sequestration, whether the ene-
mies are vertebrates, predatory arthropods, parasitoids, or some combination 
thereof. Singer et al.’s analysis (Chapter “Predators and Caterpillar Diet Breadth: 
Appraising the Enemy- Free Space Hypothesis”, this volume) suggests that seques-
tration is most effective against vertebrate predators. This question is not only 
important to ecologists and caterpillar biologists, but is immensely important in 
agriculture. We rely upon natural enemies, either introduced or native, to provide at 
least partial control of caterpillar pests in crop systems (Garfinkel et al. 2020). At 
the same time, we select for plant phenotypes that are sometimes elevated and 
sometimes diminished in secondary compounds. What is the corresponding effect 
of altered host chemistry on caterpillar phenotypes, and in turn, the vulnerability of 
the caterpillars to their natural enemies? Is vulnerability reduced compared to less 
managed ecosystems? Detailed studies of these interactions in agricultural systems 
are limited to a relatively few crop species, perhaps no more than 15 in total (Ode, 
Chapter “Caterpillars, Plant Chemistry, and Parasitoids in Natural vs. 
Agroecosystems”, this volume).

Kauer et  al. (Chapter “Surface Warfare: Plant Structural Defenses Challenge 
Caterpillar Feeding”, this volume), Groen and Whiteman (Chapter “Ecology and 
Evolution of Secondary Compound Detoxification Systems in Caterpillars”, this 
volume), Pierce and Dankowicz (Chapter “The Natural History of Caterpillar- Ant 
Associations”, this volume), and Koptur et al. (Chapter “Caterpillar Responses to 
Ant Protectors of Plants”, this volume) suggest a third adaptive option for caterpillar 
lineages in the face of natural enemy attack: chemicals may be synthesized or 
sequestered and used not as deterrents but as camouflage such that natural enemies 
do not recognize the larvae as prey. We do not know whether chemistry itself can 
provide sufficient camouflage or whether chemistry, morphology, color, and behav-
ior may work in concert to provide protection from enemies. This hypothesis has 
been the subject of little study outside of caterpillar interactions with ants, where 
chemistry is known to be important in the evolution of caterpillars that co-op ant 
behavior for their own protection. Here ants, normally predators, become protec-
tors, providing caterpillars with enemy-free space (Pierce and Dankowicz, Chapter 
“The Natural History of Caterpillar- Ant Associations”, this volume). Although 
most diverse and widespread in the Riodinidae and Lycaenidae, caterpillar-ant sym-
bioses have evolved at least 25 times in disparate lines scattered across the 
Lepidoptera phylogeny.

There is yet another strategy evolved by caterpillars to provide protection against 
natural enemies, and in some cases to mitigate low host plant quality and ameliorate 
a stressful abiotic environment, all simultaneously. Numerous clades of caterpillars 
have evolved the ability to use plant parts plus silk, and sometimes frass, to build 
“shelters” on their host plant (e.g., Braga and Diniz, Chapter “Trophic Interactions 
of Caterpillars in the Seasonal Environment of the Brazilian Cerrado and Their 
Importance in the Face of Climate Change”, this volume). These shelters can pro-
vide protection against predators (e.g., Baer and Marquis 2020, 2021), but they may 
increase susceptibility to attack by parasitoids (e.g., Gentry and Dyer 2002). 
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The factors that determine the balance between reduced versus increased suscepti-
bility depending on the natural enemy type are not known. The presence of these 
caterpillar-built shelters can have important implications for arthropod community 
structure on their host plants. The shelters are often subsequently occupied by other 
arthropods, often resulting in novel communities of host-associated arthropods not 
seen on shelter-free host plants. Marquis et al. (Chapter “The Impact of Construct 
Building by Caterpillars on Arthropod Colonists in a World of Climate Change”, 
this volume) present a predictive model of the impacts of such “shelters” on com-
munity structure, depending on the structure of the shelter and the behavior of the 
caterpillar shelter-builder. Shelter-building caterpillars comprise a large portion of 
the diversity of Lepidoptera, but their effects on other arthropods through sharing 
of host plants have been studied only recently.

 Development of Caterpillars in a Tritrophic World

A true frontier for future caterpillar research is the study of how developmental 
stage (instar) influences the myriad interactions between the caterpillar and its 
adjoining trophic levels. Each chapter of this book touches on this topic either 
directly or indirectly. Most current ecological data come from the study of late 
instars, as they are the easiest to work with. Early instars are often overlooked in 
ecological sampling, difficult to identify when found, and just as easily lost when 
collected. And yet profound effects are revealed when instar is incorporated into 
experimental and sampling designs.

Caterpillars frequently vary dramatically from one instar to the next not only in 
size but in color, shape, setal covering, and internal morphology. Often, changes are 
so dramatic that the uninitiated could understandably classify early and late instars 
as different species (Plates 1 and 2). Lepidopteran larvae show more diversity of 
form among instars and among species than all other herbivorous orders. It is this 
diversity of form that draws us to them. Part of this diversity must arise from the fact 
that hemimetaboly constrains development in other phytophagous orders: the 
Orthoptera, Phasmatodea, and Hemiptera. The Coleoptera, which are holometabo-
lous, are speciose, but their larvae are generally not as diverse in form as those of 
Lepidoptera, and they show relatively less change with ontogeny. Most herbivorous 
species of Coleoptera are internal plant feeders. These observations lead to the rea-
sonable hypothesis, yet to be tested, that interactions between host plants, caterpil-
lars, and the third trophic level have given rise to much of the diversity of form and 
function seen in caterpillars, both during development and across species (see also 
Wagner and Hoyt, Chapter “On Being a Caterpillar: Structure, Function, Ecology, 
and Behavior”, this volume). It also suggests that the greatest diversity in form will 
be found in externally feeding caterpillars.

These changes in external and internal caterpillar morphology influence how the 
caterpillar interacts with its host plants, natural enemies, and other non-predator 
arthropods. Caterpillars change in behavior with instar (e.g., parts of leaf consumed, 
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Plate 1 Variation in size, color, and morphology from one instar to the next in Hyparpax aurora 
(Smith) (Notodontidae) (Plate XXIV of Packard (1895))
Fig. 1 Stage I (first instar), dorsal view; (1a) side view; (1b) dorsal piliferons tubercule
Fig. 2 End of Stage I; (2a) side view; (2b) freshly hatched larvae, natural size
Fig. 3 Stage II (second instar); (3a) side view; (3b) third abdominal segment, side view; (3c) a 
thoracic leg
Fig. 4 Stage III (third instar); (4a) side view; (4b) dorsal tubercle; (4c) front view of the same; 
(4d) subdorsal tubercle; (4e) face; (4f) natural size
Fig. 5 Stage IV (fourth instar); (5a) side view; (5b) dorsal tubercle of the eighth abdominal seg-
ment; (5c) third abdominal segment, side view
Fig. 6 Last stage (fifth instar); (6a) side view; (6b) dorsal tubercle of the first abdominal and (6c) 
eighth abdominal segment
Fig. 7 Adult male, natural size



Plate 2 Variation in size, color, and morphology with instar in Heterocampa guttivitta (Smith) 
(now Cecrita guttivitta Walker) (Notodontidae) (Plate XXXI of Packard (1895))
Fig. 1 Stage I (first instar); (1a) side view; (1a’) prothoracic antlers; (1b, 1b’) antlers on the first 
abdominal segment; (1c, 1c’) antlers on the second to the seventh abdominal segments; (1d, 1d’) 
antlers on the eighth abdominal segment
Fig. 2 Stage II (second instar); (2a) side view
Fig. 3 End of Stage II; (3a) side view
Fig. 4 (4a) Stage III (third instar)
Fig. 5 (5a) Stage IV (fourth instar)
Fig. 6 (6a) End of Stage IV
Fig. 7 (7a) Stage V (fifth instar)
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level of aggregation, ballooning, internal vs. external feeding, shelter structure) 
(Zalucki et al. 2002). Food quality experienced by early instars can influence the 
subsequent phenotype of later instars, even so far as affecting caterpillar coloring 
and morphology (Akino et al. 2004; Koptur et al. 2015) and larval diapause (Hunter 
and McNeil 1997).

The tritrophic world in which caterpillars exist looks profoundly differently from 
the view of a 1-mm-long first instar than that of an 8-cm-long (or longer) fifth instar 
caterpillar (e.g., Packard 1895). To early instar caterpillars, leaf hairs can be an 
impenetrable, dangerous chaparral, in some cases full of barbs that can puncture the 
cuticle (Gilbert 1971), preventing access to the actual leaf surface (Zalucki et al. 
2002). Even on glabrous leaves, the surface texture takes on a vastly different land-
scape for the early versus late instar caterpillar (Kauer et  al., Chapter “Surface 
Warfare: Plant Structural Defenses Challenge Caterpillar Feeding”, this volume). 
We see, as a result, different strategies for dealing with plant morphological defenses 
as caterpillars mature (e.g., Keathley and Potter 2011; Kariyat et al. 2018; Boege 
et  al. 2019; Kauer et  al., Chapter “Surface Warfare: Plant Structural Defenses 
Challenge Caterpillar Feeding”, this volume).

The landscape of natural enemies and abiotic threats also changes with instar 
(Boege et al. 2019). Early instar caterpillars may be too small to be vulnerable to 
bird predation, but they are susceptible to predation by arthropods (Singer et  al. 
2017). As they mature, they are subject to a shifting community of parasitoids from 
early to late instars (Stireman and Shaw, Chapter “Natural History, Ecology, and 
Human Impacts on Caterpillar Parasitoids”, this volume). Instar affects the likeli-
hood of predation by ants, as demonstrated frequently for caterpillars found on 
plants with extrafloral nectaries (Koptur et al., Chapter “Caterpillar Responses to 
Ant Protectors of Plants”, this volume and references therein). Instar also affects 
sequestration (Quintero and Bowers 2018; Jones et  al. 2019), de novo chemical 
synthesis (Frankfater et al. 2009), susceptibility to predation by non-ant predators 
(e.g., Schwenk et al. 2010; Singer et al. 2017; Baer and Marquis 2020), and parasit-
ism (Lill 1999; Stireman and Shaw, Chapter “Natural History, Ecology, and Human 
Impacts on Caterpillar Parasitoids”, this volume). How acoustical strategies (Yack, 
Chapter “Acoustic Defence Strategies in Caterpillars”, this volume; Pierce and 
Dankowicz, Chapter “The Natural History of Caterpillar- Ant Associations”, this 
volume) and chemical signaling to attract ants (Pierce and Dankowicz, Chapter 
“The Natural History of Caterpillar- Ant Associations”, this volume) (and perhaps 
repel other predator types) change with instar is an area ripe for future research.

Consideration of the role of developmental stage is important because success 
prior to the pupal stage is a consequence of the cumulative demographic impacts of 
various ecological factors at all instars. Thus, a study that delimits the importance of 
an ecological factor for a particular instar may under- or overestimate the strength 
or totally overlook the impact of other factors at earlier and later instars. Our under-
standing of the factors that shape the ecology and evolution of caterpillars, their 
interactions with other trophic levels (Boege et  al. 2019), and those factors that 
impinge on their ability to survive in a changing world would be incomplete if our 
studies are limited to a few developmental stages. A key first step in an important 
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research program would be to document changes with instar by sampling species in 
individual clades or across the Lepidoptera tree of life. The next step would be to 
link such changes with changing selective pressures from one instar to the next.

 Caterpillars in a Changing World

There is mounting evidence that entire communities of insects are under threat (Van 
Klink et al. 2020; Wagner 2020; Wagner et al. 2021). Studies of individual species 
of Lepidoptera across the years demonstrate that butterflies in particular can be criti-
cally threatened by habitat destruction (e.g., adonis blue butterfly: Thomas 1983; 
Palos Verdes blue butterfly: Arnold 1987; monarch butterflies: Brower et al. 2012). 
If this were not sufficiently alarming news, there is mounting evidence from across 
the globe that entire regional faunas are declining in some places (e.g., California: 
Forister et  al. 2011; Great Britain: Warren et  al. 2001). Salcido et  al. (Chapter 
“Plant- Caterpillar- Parasitoid Natural History Studies Over Decades and Across 
Large Geographic Gradients Provide Insight into Specialization, Interaction 
Diversity, and Global Change”, this volume and associated references) demonstrate 
declines in diversity of caterpillar genera at their Costa Rican wet forest site over the 
last 20 years. Accumulating sufficient data to show a decline at a regional level is 
difficult because natural fluctuations that are likely to occur in the absence of human 
intervention (Marquis et al. 2019a; Schowalter et al. 2021; Boege et al., Chapter 
“Impacts of Climatic Variability and Hurricanes on Caterpillar Diet Breadth and 
Plant- Herbivore Interaction Networks”, this volume). Long-term data sets, like 
those described here (Braga and Diniz, Chapter “Trophic Interactions of Caterpillars 
in the Seasonal Environment of the Brazilian Cerrado and Their Importance in the 
Face of Climate Change”, this volume; Boege et al., Chapter “Impacts of Climatic 
Variability and Hurricanes on Caterpillar Diet Breadth and Plant- Herbivore 
Interaction Networks”, this volume; Salcido et  al., Chapter “Plant- Caterpillar- 
Parasitoid Natural History Studies Over Decades and Across Large Geographic 
Gradients Provide Insight into Specialization, Interaction Diversity, and Global 
Change”, this volume), are necessary to demonstrate statistically significant declines 
and discern their root causes.

All of the main interactions described in this book are potentially influenced by 
one or more factors driving global change. Uncovering the root causes for such 
declines, however, is exceedingly difficult because there are so many candidates 
(Wagner et al. 2021). The problem becomes even more knotty when one considers 
that climatic events (droughts, severe winter and dry seasons, late spring freezes) 
that cause local, temporary declines may actually be increasing in frequency because 
of human-driven climate change. One promising approach for better understanding 
the patterns and drivers of caterpillar abundance and phenology over large geo-
graphic scales is the analysis of data from citizen science projects such as iNatural-
ist and Caterpillars Count! (Hurlbert et al. 2019; Di Cecco and Hurlbert, Chapter 
“Caterpillar Patterns in Space and Time: Insights From and Contrasts Between Two 
Citizen Science Datasets”, this volume). If the rate of accumulation of these data 
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continues according to current trends, they will be a tremendous source of informa-
tion regarding where and in what environmental contexts declines or phenological 
shifts are of greatest concern.

The consequences for such losses are potentially enormous. Just the loss of 
Lepidoptera alone would have a major impact on insect and overall biodiversity 
(Wagner and Hoyt, Chapter “On Being a Caterpillar: Structure, Function, Ecology, 
and Behavior”, this volume). However, caterpillars, their pupae, and resulting adults 
(especially moths) provide major sustenance for insectivorous birds (Hurlbert et al. 
2021), multitudes of rodent species, and the majority of the world’s 11,000 species 
of bats. In addition, the vast diversity of hymenopteran parasitoids, likely the most 
species rich clade of the insect family tree, as well as the largest clades of dipteran 
parasitoids (Stireman and Shaw, Chapter “Natural History, Ecology, and Human 
Impacts on Caterpillar Parasitoids”, this volume), predominantly rely on Lepidoptera 
larvae as a food source.

We end with a plea for the continued use of caterpillars as the subjects of both 
research and education, as well as for the necessary infrastructure for conducting 
such research and education. On the research side, continued documentation of the 
basic natural history of caterpillars, their host plants, and their natural enemies pro-
vides the information needed for understanding broad patterns of ecology and evo-
lution, and our understanding of the growing human impacts on natural and managed 
ecosystems (Salcido et  al., Chapter “Plant- Caterpillar- Parasitoid Natural History 
Studies Over Decades and Across Large Geographic Gradients Provide Insight into 
Specialization, Interaction Diversity, and Global Change”, this volume). On the 
education side, teaching the life cycle of caterpillars in elementary school intro-
duces children to the biology of insects, metamorphosis, comparative anatomy, bio-
diversity, and natural history (Clayborn et al. 2020). Teaching the same to adults 
reinforces messages learned earlier and provides an introduction to the diversity of 
the most speciose clade of macroscopic life on Earth. Both can lead to an increased 
appreciation of nature, which is so critical for support for conservation in an increas-
ingly damaged world. Finally, it is important to recognize the critical role of muse-
ums and field stations for both research and education. Museums house voucher 
collections and are foci for education of the public. Field stations provide access to 
adjacent natural areas and basic laboratory facilities for caterpillar field research. 
Field stations also provide educational opportunities for students of all ages and all 
education levels. Together, these two forms of institutions facilitate the advances 
necessary for understanding the role of caterpillars in current and future ecosystems.
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Catalpa spp., 171
Catocala aholiba, 45
Catocala ilia, 38
Catocala illecta, 21
Catopsilia, 324, 337
Catopsilia pyranthe, 337
Ceanothus, 283
Ceanothus velutinus, 591
Cecrita guttivitta, 616
Cecropia, 300, 323, 329
Cecropia obtusifolia, 330
Centrosema virginiana, 304
Ceratomia catalpae, 171, 173, 175, 177, 184, 

425, 428–430, 455, 465, 475
Ceratomia undulosa, 184, 410, 455, 466
Cerconota achatina, 494, 498
Chalcididae, 239
Chalcidoidea, 228, 231, 232, 236, 238–242
Chalcopasta howardi, 45, 51
Chamaecrista (syn. Cassia) fasciculata, 300
Chamaecleini, 48
Chamise, 283
Charaxinae, 25
Chelone glabra, 165, 181
Cheloninae, 234
Chelonus, 230
Chetogena spp., 463
Chilades kedonga, 329
Chilades lajus, 347

Chilo partellus, 403
Chilopsis linearis, 175, 177
Chilo suppressalis, 404
Chioides catillus catillus, 486
Chionodes sp., 591
Chlamydastis platyspora, 486, 498
Chloridea, 16
Chloridea virescens, 14, 16
Chloropidae, 432, 437
Chlosyne, 28
Chlosyne gloriosa, 566, 573
Choreutidae, 28
Choristoneura fumiferana, 70
Choristoneura spp., 70, 243
Chrysauginae, 332
Chrysocharis laricinellae, 240, 412
Chrysochus auratus, 147
Chrysodeixis, 411
Chrysodeixis includens, 77
Chrysomela populi, 146
Chrysomelidae, 404
Chrysoperla carnea, 147
Chrysopidae, 328
Chrysotachina, 245
Cicadidae, 332
Cicinnus, 41
Cicinnus melsheimeri, 41
Cigaritis takanonis, 352
Cirrhochrista saltusalis, 333
Cleorodes lichenaria, 283
Cleridae, 242
Cnidoscolus urens, 85
Cobubatha, 42
Cobubatha dividua, 43
Coccinellid, 281
Colastes, 234
Colchicaceae, 170
Coleophora laricella, 240, 412
Coleophora xyridella, 48
Coleophoridae, 45, 233, 322, 332
Coleoptera, 614, 242, 515, 524, 511, 514
Colubrina spinosa, 583, 584
Comadia redtenbacheri, 25
Compsilura concinnata, 246, 250, 256
Conchylodes nolckenialis, 330
Copidosoma, 240
Copidosoma floridanum, 145, 407
Copidosoma sosares, 407
Cordia, 362
Cordia alliodora, 330
Corrachia, 364
Corylus, 168
Cosmia sp., 591
Cosmopterigidae/cosmopterigid, 43, 496
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Cossidae, 237
Cossus cossus, 20
Cotesia congregata, 407, 410, 463
Cotesia glomerata, 256, 409, 467
Cotesia marginiventris, 403, 404
Cotesia rubecula, 403
Cotesia sesamiae, 403
Cotesia sp., 229
Cotton boll weevil, 310
Coxina spp., 323, 329
Crambidae, 236, 322, 333
Crambidia, 333
Crambidia casta, 333
Crataegus, 168
Cremastinae, 236
Crematogaster, 322, 330–332, 352, 353, 363
Crematogaster mimosae, 329
Crematogaster nigriceps, 329
Crematogaster striatula, 330
Cristina's timema, 283
Cryptinae, 238
Ctenopelmatinae, 236
Cucullia verbasci, 168
Cucumis sativus, 78
Curetinae, 325, 344, 345
Curetis, 344
Curetis thetis, 344
Cyanocitta cristata, 172
Cyclomia disparalis, 584
Cyclotorna monocentra, 331
Cyclotorna spp., 322, 331
Cyclotornidae, 322, 327, 328, 331, 332
Cydia pomonella, 71, 511
Cyrtepistomus castaneus, 527, 524

D
Dalceridae, 566, 573
Dalcerina tijucana, 486
Dalea, 36
Dalmatian toadflax, 170, 182
Danainae, 281
Danaus gilippus, 173, 175
Danaus plexippus, 19, 27, 33, 82, 121, 135, 

137, 173, 175, 205–207, 243, 454, 
455, 458, 471, 472

Daphnia magna, 136, 473
Daphnis nerii, 136
Dasylophia eminens, 566, 573
Datana drexelli, 37
Datana eileena, 42
Datana eileena-perspicua, 42
Datura, 407
Datura stramonium, 81

Datura wrightii, 77, 120
Daucus carota, 70
Death’s head hawkmoth, 170
Deinopa biligula, 566, 573
Delphacidae, 404, 405
Deloneura, 325, 353
Depressaria pastinacella, 130, 140, 143, 406, 

407, 512–513
Depressaria radiella, 130, 131, 144, 512–513
Depressariidae, 545, 546
Desmodium, 304
Desmodium incanum, 304
Desmodium tortuosum, 305
Dexiinae, 242
Diabrotica virgifera virgifera, 404
Diadegma semiclausum, 145, 407
Dianesiini, 325
Diadegma semiclausum, 455
Diaphania jairusalis, 566
Dibrachys cavus, 241
Dibrachys microgastri, 250
Dichordophora, 40
Dichordophora phoenix, 39, 51
Digrammia continuata, 47
Digrammia sp., 591
Diloba caeruleocephala, 168
Dinomyrmex, 322
Diptera, 170, 227, 241, 279
Diurnea fagella, 213, 215
Dolichoderus, 322, 331, 337, 350
Dolichoderus gibbosoanalis, 332
Dolichogenidea homoeosomae, 397
Doryctinae, 233
Dorylus, 363
Drepana arcuata, 200, 201, 207, 208, 213, 

215, 532
Droseraceae, 35
Drosophila, 121, 124–127, 129, 134–136, 141, 

147, 148
Drosophila grimshawi, 127
Drosophila melanogaster, 119, 121, 124–127, 

129, 133–136, 141, 142, 147, 
148, 610

Drosophila mojavensis, 127
Drosophila subobscura, 142
Drosophila virilis, 127
Drypetes, 118
Dyops spp., 300, 323, 329

E
Eacles sp., 486
Eciton, 363
Ectatomma tuberculatum, 102
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Eggerthella lenta, 139
Egira, 23
Elachistidae, 244, 487, 492–494, 496, 499
Elaphria, 38
Eldana saccharina, 70
Emarginea, 42
Emarginea percara, 43, 51
Emesidini, 325
Emesis aurimna, 354
Emesis emesia, 566, 573
Empyreuma pugione, 136
Encyrtidae, 239, 240
Ennominae/ennomine, 25, 43
Ennomos subsignarius, 27
Enterobacter spp., 137, 138
Enterococcus faecalis, 456, 470
Enterococcus mundtii, 474
Enterococcus sp., 138
Eois, 408, 601
Eois apyraria, 408, 468
Eois nympha, 408, 468
Epargyreus clarus, 426, 427, 431–433, 527
Epipaschia superatalis, 566, 573
Epiplemidae, 39
Epipyropidae, 30, 242
Epirrita autumnata, 456, 458, 459, 466, 467
Eptesicus fuscus, 524
Erebidae, 93, 96, 104, 173, 175–177, 179, 182, 

234, 235, 244, 323, 333–335, 401, 
543, 545, 546

Ericaceae, 401, 591
Ericameria ericoides, 36
Erinnyis ello, 85
Eriocraniidae, 233, 234
Eriocranioidea, 233
Erora, 347
Erysimum, 117
Erythroxylum tortuosum, 495
Estigmene acrea, 17, 70, 179
Ethmia nr. similatella, 566, 573
Eublemma, 328
Eublemma albifascia, 323, 334
Eublemma spp., 334
Eucaterva variaria, 175–177
Eucelatoria, 245
Euceros, 238
Eucerotinae, 238
Euchaetes egle, 122
Euchrysops cnejus, 361
Eudesmia menea, 566, 573
Euliphyra, 350, 351
Eulophidae, 232, 240
Eulophus, 240
Eumaeus, 348

Euonymus europaeus, 168
Eupackardia calleta, 42
Eupelmidae, 242
Eupelmus vesicularis, 242
Euphorbiaceae, 85
Euphorinae, 233–235
Euphydryas, 28, 171, 172
Euphydryas anicia, 178
Euphydryas colon, 183
Euphydryas editha, 181
Euphydryas editha taylori, 181
Euphydryas phaeton, 172, 174–176, 181, 452, 

455, 465, 471, 475
Eupithecia, 30, 31, 40
Euplectrus, 240
Euploea core, 136
Euproctis chrysorrhoea, 42
Eurata semiluna, 494, 495
Eurema, 300
Eustema opaca, 494, 495
Eurybiina, 324, 354
Eurybiini, 325
Exoristinae, 242, 245
Exothecinae, 233, 234

F
Fabaceae, 312, 349, 397
Fagaceae, 412
Fagus grandifolia, 518, 546, 547
Feniseca, 364
Feniseca tarquinius, 350
Ficus, 98
Fischeria panamensis, 602
Flies, 227, 228, 241, 242, 244–247, 254
Formica, 333, 336
Formica podzolica, 439
Formicidae, 511
Fouquieria, 585–586

G
Galleria mellonella, 22, 25, 452, 454
Gelechiidae, 230, 235, 328, 492, 496
Gelechioidea, 96, 103
Genea, 245
Gentianaceae, 339
Geocoris sp., 437
Geometridae, 235, 244, 328, 544–546
Glaucopsyche lygdamus, 349
Gloriosa, 170
Gloriosa superba, 170
Gloveria, 42
Glycine max, 70, 409
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Glyptapantales, 251
Gnamptodontinae, 233, 234
Glycine max, 70
Glyptapantales, 251
Gnamptodontinae, 233, 234
Goniini, 245
Gracillariidae, 233, 234, 244
Graminicides, 183
Grammia incorrupta, 454–456, 460, 463, 466, 

471, 475
Graphogastrini, 244
Grapholitini, 43
Grotella tricolor, 45, 51
Guaiacum angustifolium, 39
Gymnelia salvini, 42
Gynaephora groenlandica, 27

H
Halia vauaria, 168
Halysidota tessellaris, 37
Haploa, 28
Harrisimemna, 46
Harrisimemna trisignata, 46
Helianthus, 413
Helianthus annuus, 78, 397
Helicobia, 244
Helicobia sp., 244
Heliconiidae, 167
Heliconiinae, 80
Heliconius charithonia, 84
Heliconius erato, 179
Heliconius melpomene, 135, 137
Heliconius pachinus, 82, 84
Heliconius sara-sapho, 280
Heliconius spp., 82, 178, 280
Helicopini, 325
Helicoverpa armigera, 70, 80, 83, 120, 121, 

129, 132, 133, 140, 141, 146, 404
Helicoverpa assulta, 133
Helicoverpa spp., 30, 133
Helicoverpa zea, 14, 69, 75, 122, 124, 130, 

133, 436, 474
Heliothis, 97, 98
Heliothis subflexa, 284, 457, 470, 476
Heliothis virescens, 71, 97, 98, 127, 128, 130, 

131, 284, 285, 470, 476
Heliothinae, 27, 30
Heliozelidae, 234
Hemeroplanes triptolemus, 602
Hemileucinae/hemileucine, 20
Hemiptera, 170, 173, 279, 515, 614
Hemocytes, 21, 451, 452, 458, 465, 466, 470, 

471, 475

Hepialidae/hepialid, 37
Hepialoidea, 233
Herminiinae/herminiine, 42
Herpetogramma theseusalis, 527
Hesperiidae, 304, 324, 336, 337, 496, 518, 

520, 526, 527, 532
Heterocampa guttivitta, 230, 616
Heterophleps, 45
Heterorhabditis bacteriophora, 25
Homodes spp., 323, 335
Homoeopteryx, 42
Homoeosoma electellum, 397
Homolobinae, 233, 235
Homoptera, 23
Hormiinae, 233, 234
Hyblaea, 16
Hylesia continua, 566, 573
Hylesia nigricans, 201, 208, 211
Hylesia sp., 566, 573
Hyles lineata, 12
Hymenoptera, 170, 227, 232, 241, 242, 247, 

248, 253, 495
Hymenothrix wrightii, 45
Hyparpax aurora, 615
Hypena madefactalis, 231
Hypercompe confusa, 566
Hypercompe scribonia, 16, 31
Hypercompe sp., 566, 573
Hyphantria cunea, 512, 526, 531
Hypocala andremona, 27
Hypochrysops, 360
Hypochrysops byzos, 360
Hypochrysops polycletus, 360
Hypochrysops pythias, 360
Hypolycaena, 346
Hypolycaena othona, 213, 216
Hypolycaenini, 346
Hyposmocoma, 49
Hyposmocoma molluscivora, 30
Hyposoter, 237
Hyposoter ebeninus, 145
Hystrichophora spp., 321, 329

I
Ichneumonidae, 231–233, 236–239, 410
Ichneumoninae, 236, 237
Ichneumonoidea, 228, 230, 232, 233, 243
Ichneutinae, 233, 234
Idalus lineosus, 494, 495
Inga, 95–98, 100, 103, 104, 108, 109
Inga capitata, 102
Inga jenmanii, 105
Inga thibaudiana, 102
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Iphierga, 321
Ipomoea aquatica, 409
Ippa, 321
Iridomyrmex, 321, 328, 357
Iridomyrmex humilis, 281
Iridomyrmex mayri, 358
Iridomyrmex purpureus, 331
Iridomyrmex rufoniger, 347

J
Jalmenus daemeli, 347
Jalmenus eichhorni, 328
Jalmenus evagoras, 328, 343, 359, 360
Juglans nigra, 512–513
Juniperus, 511, 585–586
Juniperus osteosperma, 591
Junonia coenia, 172, 175–177, 179–181, 429, 

455, 456, 464, 465, 468, 471, 475
Junonia coenia densovirus (JcDV), 455, 

456, 470–472

K
Keiferia lycopersicella, 75, 76, 83
Kipepeo kedonga, 329
Klebsiella, 138
Kolana ergina, 486
Krameria ramosissima, 39

L
Lacanobia oleracea, 410
Lachnocnema, 340
Lachnocnema laches, 350
Lagenaria siceraria, 79
Laportea canadensis, 82
Larentiinae/larentiine, 42
Lasiocampidae, 27, 543
Leptinotarsa decemlineata, 137, 142
Lasius, 331
Lasius emarginatus, 342
Lepidochrysops, 346, 347
Lepisiota capensis, 352
Leptinotarsa decemlineata, 137, 142
Leskia, 245
Lespesia archippivora, 243
Libytheana carinenta, 33
Limacodidae, 235, 496
Limenitidinae, 11, 42
Linaria dalmatica, 170, 175, 177, 182
Lipaphis erysimi, 286
Liphyra, 350, 351
Liphyra brassolis, 350, 351

Liphyra grandis, 350
Liptenini, 330
Lissonotus, 237
Lithophane, 23, 30
Lithophane lepida, 38
Lithosiine, 28
Lobesia botrana, 476
Lonomia, 47
Lophocampa caryae, 43
Lophocampa citrina, 566, 573
Lophocampa ingens, 456, 467, 468
Lotongus calathus, 324, 336
Lotus corniculatus, 168
Lotus pentaphyllum, 168
Lycaeides argyrognomon, 357–358
Lycaeides melissa, 453, 460, 468, 474
Lycaenidae, 99, 235, 320, 324, 325, 327, 333, 

338, 339, 343
Lycaeninae, 325, 349
Lycopersicon esculentum, 75, 81, 83, 84
Lycopersicon hirsutum, 76, 83
Lycopersicon hirsutum f. glabratum, 83
Lycopersicon spp., 80, 83, 413, 432
Lycopersicum pennellii, 83
Lycosa carolinensis, 180
Lydella, 245
Lygropia cernalis, 330
Lymantria dispar, 42, 239, 256, 401
Lymantriidae, 499
Lyonetiidae, 233
Lypha, 245

M
Macalla sp., 330
Macaranga, 362
Macaria aemulataria, 439
Macaria wauaria, 168
Machimia tentoriferella, 512–513
Macrocentrinae, 233, 235
Macrocentrus, 235
Maculinea, 338, 346
Maieta guianensis, 330
Malacosoma americana, 512–513
Malacosoma americanum, 28, 32, 41, 48
Malacosoma californicum pluviale, 458
Malacosoma disstria, 33, 244
Mamestra brassicae, 132, 205, 399, 402
Mamestra configurata, 401
Manduca sexta, 22, 23, 74, 75, 78–81, 83–85, 

120, 138, 281, 407, 432, 433, 451, 
453, 454, 456, 459, 461, 463, 466, 
467, 470

Mantis religiosa, 181

Taxonomic Index



638

Mantispidae, 242
Mantis religiosa, 181
Margaroniini, 333
Marmara, 25, 29
Mechanitis isthmia, 84, 337
Mechanitis menapis, 85
Mechanitis polymnia, 142, 143
Medicago sativa, 454, 460, 468, 475
Megalopyge lanata, 485
Megalopygidae, 234, 496
Melanchroia vazquezae, 566, 573
Melitaea cinxia, 135, 456, 465, 470, 474
Menzie’s goldenbush, 428
Mesochorinae, 238
Mesogona sp., 591
Meris alticola, 43
Mermithidae, 245
Mesochorinae, 238
Meteorini, 233–235
Meteorus sp., 234
Metopiinae, 236
Metzneria lappella, 230
Microgastri, 250
Microgastrinae, 233, 251
Microplitis demolitor, 410
Micropterigoidea, 233
Miletinae, 349–351, 361
Miracinae, 325
Miletus, 350
Miletus biggsii, 340
Mimallonidae, 42, 496
Minute pirate bug, 436
Miracinae, 233, 234
Mischocyttarus flavitarsis, 281
Misogada unicolor, 231
Misoria amra, 564, 566
Momphidae, 234
Monarch, 173, 175, 178–180, 182, 183, 185
Moraceae, 36
Morpho, 42
Morus alba, 70, 120
Muesebeckiini, 233, 234
Munona robpuschendorfi, 330
Mymaridae, 240, 241
Mymariform, 241
Myotis sodalis, 524
Myrascia, 41
Myrmecophiles, 327, 329
Myrmecophytes, 435
Myrmecoxenous, 328
Myrmecozela, 331
Myrmecozela ochraceella, 321
Myrmecozelinae, 321
Myrmica, 339, 346

Myrmica rubra, 146
Myrmicaria opaciventris, 330
Myrmicinae, 331
Myrtaceae, 401
Mythimna unipuncta, 33
Myzus persicae, 281, 286

N
Nanohymenoptera, 236
Nematoda, 245
Nemeobiinae, 325
Nemoria, 40
Nemoria arizonaria, 26, 27
Nemoria bifilata planuscula, 38
Neoponera villosa, 356
Neostauropus, 336
Nephelodes minians, 243
Nepticulidae, 233, 234
Nepticuloidea, 233
Neuroptera, 242
Neuropteroidea, 242
Nicotiana attenuata, 120, 433
Nicotiana spp., 407
Nicotiana tabacum, 74, 83, 437, 459
Nilaparvata lugens, 404
Niphanda fusca, 345, 347
Niphopyralis, 322
Niphopyralis aurivillii, 333
Niphopyralis chionesis, 333
Niphopyralis myrmecophila, 333
Noctuidae, 25, 96, 120, 123, 234, 235, 244, 

323, 329, 496, 544–546
Notodontidae, 323, 336, 544–546
Nudina artaxidia, 323
Nyctaginaceae, 39
Nymphalidae, 19, 82, 84, 85, 181, 231, 234, 

244, 336, 337, 429, 543
Nymphidiini, 324, 325, 354–356

O
Oaks, 515, 517, 519–522, 524–526, 528
Oboronia punctatus, 333
Oecophoridae, 235, 322, 332, 492, 496
Oedemopsini, 237
Oecophylla, 322, 323, 330, 332, 334, 335, 

338, 346, 350, 351, 357, 363
Oecophylla longinoda, 330, 332–334, 336
Oecophylla smaragdina, 333, 335
Ogyris, 360
Ogyris amaryllis, 361
Ogyris barnardi, 361
Ogyris olane, 361
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Ogyris oroetes, 361
Omphalea, 33
Omphalocera, 520
Omphalocera munroei, 434
Operophtera brumata, 412
Ophioninae, 236
Ophryocystis elektroscirrha, 145, 185, 458, 

472, 476
Orgilinae, 233, 234
Orgyia manto, 37
Orgyia sp., 73, 564, 566
Origanum vulgare, 339
Orius tristicolor, 437
Orobanchaceae, 178, 181
Orthoptera, 170, 614
Orthosia alurina, 26
Orussoidea, 227
Oryza rufipogon, 404
Oryza sativa, 86, 397, 404
Osmanthedon domaticola, 322
Ostrinia nubilalis, 69, 70
Oxteninae, 42
Oxytenis, 42

P
Pachypodistes goeldii, 322, 332
Pantoea, 138
Pantographa limita, 515
Papilio canadensis, 130
Papilio cresphontes, 23
Papilio glaucus, 130
Papilio homerus, 240
Papilio machaon aliaska, 439
Papilio major, 178, 180
Papilio multicaudatus, 130
Papilionidae, 240, 543
Papilio polyxenes, 70, 130, 143
Papilio spp., 130
Papilio troilus, 23
Papilionoidea, 336, 337, 583
Paracles rudis, 401
Paralobesia viteana, 16
Paraponera, 310
Paraponera clavata, 280
Parasemia plantaginis, 466
Pardasena diversipennis, 85
Passiflora adenopoda, 82
Passiflora biflora, 179
Passifloraceae, 84, 178
Passiflora incarnata, 80, 82, 84
Passiflora lobata, 82, 84
Passiflora spp., 84, 280
Passionflower, 179

Pasteuria ramosa, 473
Pastinaca sativa, 512–513, 532
Pelargonium× hortorum, 77
Peridroma saucia, 33
Perilampidae, 241
Perisceptis carnivora, 30, 49
Perisoreus canadensis, 130, 172
Petunia hybrida, 77
Phaseolus, 413
Phasmatodea, 614
Phaseolus lunatus, 397
Phaseolus vulgaris, 80, 305
Pheidole, 330, 333
Phengaris, 338, 346, 347, 357
Phengaris arion, 339, 346
Phengaris rebeli, 346
Phobetron hipparchia, 486
Phoebis philea, 97, 300, 303, 310, 312, 337
Phoebis sennae, 300, 310, 312
Phoebis spp., 300, 307, 311, 313
Phoradendron juniperinum, 38
Phoridae, 242, 244
Phorocera, 245
Phrynosoma platyrhinos, 84
Phrynosomatidae, 84
Phthorimaea operculella, 69, 76, 77, 83
Phycita nebulella, 511
Phyllocnistis, 29
Phyllonorycter malella, 200, 208
Phyllotreta armoraciae, 146
Physalis spp., 284, 470
Phytodietini, 237
Picea glauca, 70
Pieridae, 324, 336, 399, 402, 409, 410
Pieris brassicae, 69, 71, 72, 128, 146, 402, 

410, 467
Pieris oleracea, 256
Pieris rapae, 69, 81, 120, 121, 123, 132, 138, 

140, 145, 146, 256, 401–403, 
409, 467

Pieris spp., 118, 132, 143, 146
Pimpla hypochondriaca, 410
Pimplinae, 237, 238
Pimplini, 237
Pinus, 28
Pinus edulis, 467
Pinus rigida, 38
Piper, 98, 100, 408, 585–586, 602
Piperaceae, 408
Piper cenocladum, 408
Piper imperiale, 408, 468
Pipevine swallowtail, 429
Plagodis alcoolaria, 38
Plantago, 407
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Plantago lanceolata, 173, 175, 177–183, 
464–466, 471

Plantago major, 172, 464, 465, 471
Plantaginaceae, 165, 170, 173, 175, 177, 178, 

181, 182
Platygastroidea, 232, 236
Platynota rostrana, 486
Plebejus idas, 342
Plodia interpunctella, 459
Plutella spp., 118, 131, 146
Plutella xylostella, 68–71, 82, 120, 121, 123, 

124, 144, 147, 401, 407, 433, 455
Plutellidae, 69, 82, 120, 236, 399, 401, 407
Poaceae, 397, 403, 404
Podalia annulipes, 486
Pogonomyrmex rugosus, 83, 433
Polideini, 245
Polistes comanchus, 275
Polygrammate, 25
Polygrammate hebraeicum, 25, 26
Polyommatini, 346
Polyommatus icarus, 358
Polyrhachis, 331
Polyrhachis bicolor, 333
Polyrhachis dives, 332
Polytela gloriosae, 170
Populus, 28
Poritiinae, 325, 351–353, 361
Porizontinae, 236
Pristomyrmex punctatus, 358
Proboscidea louisianica, 459
Prochoerodes lineola, 229
Prodoxus, 28
Prolimacodes, 39, 42
Prolimacodes badia, 39
Proteaceae, 492
Protium, 98
Prunus, 28, 512–513
Prunus spinosa, 168
Pseudocedrela, 309
Pseudomonas, 137, 138
Pseudomonas aeruginosa, 456, 470
Pseudomyrmex, 329
Pseudoplusia, 411
Pseudoplusia includens, 411
Pseudotelphusa quercinigracella, 523
Psychidae, 321, 331
Psylliodes chrysocephala, 138
Pteromalidae, 241, 242
Pueraria montana, 432
Putranjiva, 118
Pyralidae, 234–236, 242, 322, 330, 332, 333, 

492, 496

Pyralinae, 333
Pyrisitia, 300
Pyrrharctia, 28

Q
Quercus alba, 512, 518, 522, 523, 532
Quadrus cerealis, 468
Quercus imbricaria, 512–513
Quercus macrocarpa, 512–513
Quercus robur, 412
Quercus rubra, 38
Quercus sp., 28, 38, 509, 517, 520–524, 

532, 585–586
Quercus stellata, 512–513

R
Ramalina, 283
Recurvaria sp., 591
Ribes nigrum, 168
Ribes rubrum, 168
Riodinidae, 96, 235, 324, 327, 333, 338, 339, 

353, 354, 356, 496
Riodinini, 325
Rogadinae, 233–235, 237
Romalea guttata, 173, 281
Rosaceae, 339
Rosema dentifera, 323, 329
Roupala montana, 493, 495
Rubiaceae, 492

S
Saccharum, 70
Saccharum alopecuroides, 70
Salix, 28, 168
Saltmarsh caterpillar, 179
Sarcophagidae, 244, 245
Saturniidae, 24, 244, 324, 329, 496
Satyrium, 347
Saucrobotys futilalis, 49
Scaptomyza, 127
Scaptomyza flava, 121, 126, 127
Scaptomyza nigrita, 128
Scelionidae, 236
Schinia, 27, 29, 30
Schistocerca americana, 284
Scolitantides orion, 215–217
Scrophulariaceae, 168
Semiothisa aemulataria, 201, 208
Semutophila saccharopa, 321, 331, 357
Senna chapmanii, 301–303, 307, 310, 311
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Senna mexicana, 337
Senna mexicana chapmanii, 301
Senna occidentalis, 300
Senna spp., 300, 310, 311
Serratia marcescens, 456, 470
Sesiidae, 235, 322, 328
Setomorpha, 331
Setomorpha melichrosta, 321
Shirozua jonasi, 345, 347
Sicya morriscaria, 38
Sinapis alba, 286, 401
Siphonini, 244
Skipper caterpillars, 304, 306, 307, 515, 526
Solanaceae, 83–85, 142, 270
Solanum acerifolium, 85
Solanum aethiopicum, 78
Solanum anguivi, 67
Solanum berthaultii, 76
Solanum carolinense, 78, 81
Solanum elaegnifolium, 81
Solanum glaucescens, 67
Solanum grandiflorum, 78
Solanum grandifolium, 79
Solanum lycopersicum, 79, 137, 437
Solanum melongena, 79
Solanum spp., 84, 142, 432
Solanum tarijense, 77
Solanum tuberosum, 74
Solenopsis invicta, 301, 302, 307, 310, 

312, 313
Somatolophia ectrapelaria, 43, 51
Sorbus, 168
Sorghum bicolor, 67
Spalgis, 350, 364
Sparganothis sulfureana, 401
Speyeria, 28
Sphinctini, 237
Sphingidae, 75, 78, 85, 244, 432, 496, 543
Sphinx sequoia, 591
Spilomelinae, 333
Spilosoma congrua, 175, 176, 179, 184
Spilosoma obliqua, 70
Spodoptera, 69
Spodoptera androgea, 15
Spodoptera exempta, 452, 460, 462
Spodoptera exempta 

nucleopolyhedrovirus, 453
Spodoptera eridania, 140
Spodoptera exigua, 19, 33, 76, 83, 145, 281, 

397, 403, 404, 409, 474
Spodoptera frugiperda, 22, 69, 74, 123, 132, 

133, 137, 138, 285, 404, 408, 
409, 474

Spodoptera littoralis, 77, 119, 120, 124, 131, 
171, 404, 453, 454, 460–463

Spodoptera littoralis 
nucleopolyhedrovirus, 453

Spodoptera litura, 132
Spodoptera spp., 132
Spragueia, 29
Squamata, 84
Stalachtis, 325, 355
Stathmopoda sp., 322, 328, 332
Stauropus, 323, 336
Stauropus fagi, 336
Stenachroia myrmecophila, 322
Stenoma cathosiota, 494
Sternus vulgaris, 584
Stiria, 23, 29
Stiria intermixta, 24
Stiriinae/stiriine, 29
Stiropiini, 234
Sturnidae, 584
Strymon melinus, 39, 591
Sturmia bella, 257
Styx, 364
Sugar cane borer, 70
Syllepis hortalis, 566, 573
Symmachiini, 325
Symphyta, 227, 234
Sympiesis sericeicornis, 200
Sympistis, 40
Sympistis badistriga, 231
Synanthedon acerni, 511
Synanthedon exitiosa, 511
Synargis calyce, 355
Synchlora, 28, 48
Synchlora faseolaria, 51
Synchlorine Geometridae, 48, 49
Synchlorini/synchlorine, 38, 40
Syssphinx mexicana, 324, 329

T
Tachinidae, 228, 232, 238, 239, 241, 242, 

248, 252
Tachininae, 242, 245
Tachinini, 245
Taraka, 364
Taraka spp., 350
Tarchon felderi, 449
Telea polyphemus, 201
Telenomus, 236
Tenthredinoidea, 234
Tetramorium aculeatum, 330
Tetraponera penzigi, 329
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Thaumetopoea pityocampa, 43, 244
Thaumetopoeinae, 26, 27
Theclinae-Polyommatinae, 345
Theroa, 36
Thisbe irenea, 356
Thurberiphaga, 40, 41
Thurberiphaga diffusa, 41, 51
Thyrididae, 37, 496
Thysanoptera, 515
Tilia americana, 515
Timena cristinae, 283
Timema podura, 283
Timema sp., 283
Tineidae, 321, 328, 333
Tischeriidae, 234
Toadflax defoliator, 170, 176, 182
Tobacco, 433
Tolype prop. innocens, 486
Tomato, 432
Tortricidae, 235, 236, 321, 328, 331, 357, 496, 

545, 546
Torymidae, 239
Trachypetidae, 232
Trichogramma bournieri, 403
Trichogramma brassicae, 71
Trichogramma minutum, 433
Trichogrammatidae/trichogrammatid, 236, 

240, 241
Trichoplusia, 137
Trichoplusia ni, 40, 73, 81, 124, 132, 135, 141, 

406, 454
Triclema lamias, 347
Trictena atripalpis, 31
Trigonalidae/Trigonalyidae, 227, 238
Trigonospila brevifacies, 256
Triphassa, 333
Triplaris melaenodendron, 330
Tryphoninae, 237
Tryphonine ichneumonids, 237
Turtlehead, 165, 181

U
Ugni molinae, 401
Urania, 33
Urbanus esmeraldus, 520, 527
Urbanus proteus, 304, 306, 307
Urera baccifera, 520
Uresiphita reversalis, 281
Urodidae, 566, 573
Uroleucon ambrosiae, 284
Urticaceae, 82

V
Vaccinium corymbosum, 401
Vachellia, 321, 362
Vachellia cornigera, 329
Vachellia drepanolobium, 328, 329
Valerian, 171
Valerianaceae, 171
Valeriana officinalis, 171
Vanessa atalanta, 82
Vanessa cardui, 27, 33, 173, 175, 181, 

456, 473
Vanessa gonerilla, 20
Verbascum, 168
Vespidae, 273, 275
Vigna, 361
Vigna radiata, 70
Vigna unguiculata, 122, 285
Vireo griseus, 12
Vitus vinifera, 476
Vochysiaceae, 492
Voriini, 242

W
White peacock, 176, 181
Wild cotton, 436
Wolf spider, 180
Winthemia sp., 243
Wockia chewbacca, 566, 573
Wurthiini, 333

X
Xanthium strumarium, 230
Xenorhabdus nematophila,  

453, 462

Y
Yponomeutidae, 23

Z
Zabuella paucipuncta, 355
Zanthoxylum coriaceum, 302
Zale, 35
Zea mays, 69, 437
Zizeeria knysna, 358
Zygaena, 168
Zygaena filipendulae, 168
Zygaenidae, 235
Zygaenoidea/zygaenoid, 23, 45
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